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ABSTRACT This study was designed to evaluate
the effects of y-irradiated Astragalus polysaccharides
(IAPS) on growth performance, cecal microbiota
populations, and concentrations of cecal short-chain
fatty acids of immunosuppressed broilers. A total
of 144 one-day-old broiler chicks were randomly
assigned into 3 groups: nontreated group (control),
cyclophosphamide (CPM)-treated groups fed either a
basal diet or the diets containing 900 mg/kg TAPS,
respectively. On day 16, 18, and 20, broilers in the
control group were intramuscularly injected with
0.5 mL sterilized saline (0.75%, wt/vol), and those
in the CPM and TAPS groups were intramuscularly
injected with 0.5 mL CPM (40 mg/kg of BW). The
trial lasted 21 d. Compared with the control group,
CPM treatment decreased the broiler average daily
gain (ADG) and feed intake (P < 0.05) but did not
affect the overall microbial diversity and composi-
tions, as well as the concentrations of cecal acetate,

propionate, and butyrate in cecum of broilers
(P > 0.05). Dietary IAPS supplementation increased
broiler ADG, Shannon index, and decreased Simpson
index (P < 0.05). Specifically, broilers fed diets
containing TAPS showed lower abundances of Fae-
calibacterium, Bacteroides, and Butyricicoccus and
higher proportions of Ruminococcaceae UCG-014,
Negativibacillus, Shuttleworthia, Sellimonas, and
Mollicutes RF39 norank, respectively (P < 0.05).
The TAPS treatment also increased butyrate con-
centration (P < 0.05) and tended to elevate acetate
concentration (P = 0.052) in cecal digesta. The re-
sults indicated that IAPS are effective in increasing
the cecal beneficial bacteria and short-chain fatty
acids production, contributing to improvement in
the growth performance of immunosuppressive
broilers. These findings may expand our knowledge
about the function of modified Astragalus poly-
saccharides in broiler chickens.
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INTRODUCTION

The gastrointestinal tracts (GIT) of broilers house a
complex and dynamic microbial community that gener-
ally comprised of 15 phyla and 288 genera bacteria, mak-
ing contribution to the nutrient absorption, short-chain
fatty acids (SCFA) synthesis, inhibition of intestinal
pathogens, and the development of host immune system
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(Sekirov et al., 2010; Xiao et al., 2017). Meanwhile, the
composition of the intestinal microbiota is dependent
on the diet variation, pathological environment, and
antibiotic therapy (Cisek and Binek, 2014). Broilers suf-
fer from overcrowding, environmental ammonia, physio-
logical stress, and typically virus infection are
potentially under the condition of immunosuppression,
which shift the microbial structure and ultimately
disrupt the intestinal function (Hoerr, 2010). Some plant
polysaccharides that reach the distal gastrointestinal
tract can be fermented by gut microbiota and further
regulate the intestinal microenvironment (Zhang et al.,
2018a).

Astragalus polysaccharides (APS) is one of the main
active components of the traditional Chinese medicinal
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herb Astragalus membranaceus (Fisch.) Bunge (family
Fabaceae) originated in Northern China (Li et al.,
2019a). The major monosaccharides existed in Astraga-
lus are mannose, D-glucose, D-galactose, xylose, and L-
arabinose (Kallon et al.. 2013). The biological activities
of polysaccharides are closely related to their molecular
weight, specific spatial structures, and the degree of
polymerization (Choi and Kim, 2013). Among these, mo-
lecular weight is one of the most critical factors medi-
ating the bioactivities of polysaccharides (Choi and
Kim, 2013). The vy-irradiation is an ionic, nonthermal
method of preservation which is applied in modifications
of macromolecular polysaccharides through crosslinking,
grafting, and degradation (Choi and Kim, 2013; Ren
et al., 2018). Our previous studies have indicated that
v-irradiation decreased the molecular weight and the
viscosity of natural APS and increased its water solubi-
lity (Ren et al., 2018; Li et al., 2019a). Besides, y-irradi-
ated Astragalus polysaccharides (IAPS) increased
growth performance, promoted intestinal development,
and maintained a better immune function of broiler
chickens under the immunosuppression status (Li
et al., 2019a, 2019b). These findings indicated that
IAPS possessed stronger immunomodulatory effect
than natural APS. However, whether the protective ef-
fects of IAPS for maintaining better growth performance
and immune function of immunosuppressive broilers is
also closely related to its moderating effect to gut micro-
biota populations is still unknown. Therefore, the pur-
pose of this study was to evaluate the effects of dietary
supplementation with TAPS on cecal microbial composi-
tion and diversity and concentrations of SCFA in cecum
of immunosuppressed broilers.

MATERIALS AND METHODS

Preparation of IAPS

Natural APS with a determined purity of 87.64% was
purchased from Tianjin Sainuo Pharmaceutical Co.,
Ltd. (Tianjin, China). The sample modification was car-
ried out using a BFT-IV cobalt-60 source irradiator
(BINE High-Tech Co., Ltd., Beijing, China) at an
ambient temperature of 25 * 0.5°C in XiYue Irradiation
Technology Co., Ltd. (Nanjing, China). The Co-60
gamma source strength was 2 X 10° Ci, and the irradi-
ation dose was 25 kGy, with a rate of 4 Gy/s. Then,
TAPS samples were stored at —20°C for further use.

Birds and Experimental Design

The experimental protocol was approved by the Insti-
tutional Animal Care and Use Committee of Nanjing
Agricultural University. A total of 144 one-day-old
healthy Arbor Acres broiler chicks (Shengnong Co.,
Ltd., Jiangsu, China) with a similar initial weight
(44.81 = 0.44 g) were randomly allocated into 3 dietary
treatments devoid of antibiotics: 1) control group, 2)
cyclophosphamide (CPM) group, and 3) IAPS group.
Each treatment consists of 6 replicates (1 replicate per

cage; cage size, 100 cm X 60 cm X 40 cm) with 8 broilers
per replicate. Broilers in the control and CPM groups
were fed with a basal diet. Birds in IAPS group were
fed with the same basal diets containing 900 mg/kg
IAPS. The whole experiment lasted 21 d. On day 16,
18, and 20, all birds in the control group were injected
with 0.5 mL sterile saline (0.75%, wt/vol) at pectoralis
major muscle, and the birds in CPM and IAPS treat-
ment groups were intramuscularly injected with
0.5 mL CPM solution (40 mg/kg of BW) in the same
manner (Li et al., 2019a). All broilers were housed in
3-tier wired cages for the 21-day feeding trial and had
free access to feed and water during the entire rearing
period. The ingredient composition and nutrient levels
of the basal diet are presented in Table 1. The basal
diet was formulated to meet or exceed the nutrient re-
quirements of broiler chickens recommended by the Na-
tional Research Council (NRC, 1994). All diets were fed
in mash form. The temperature of the experimental
room was maintained at 33°C for the first week and
then decreased by 3°C each week until it reached 25°C.
On 21 d, body weight and feed consumption for each
replicate were recorded to calculate the average daily
gain (ADG), average daily feed intake (ADFI), and
feed to gain ratio (F/G, g: g).

Sample Collection

At 21 d, one broiler with similar weight close to the
average weight of their replicate was selected, electri-
cally stunned (50 V, alternating current, 400 Hz for 5 s
each bird), and then slaughtered wvia exsanguination of
the left carotid artery. Thereafter, carcasses were
dissected, and the digesta of 2 ceca were ligated with cot-
ton thread, removed, and collected in the sterile freezing

Table 1. Ingredient composition and calculated nutrient levels of
the basal diets, on an as-fed basis.

Ingredient (%) 1-21d
Corn 57.61
Soybean meal (44% crude protein) 31.00
Corn gluten meal (60% crude protein) 3.29
Soybean oil 3.11
Dicalcium phosphate 2.00
Limestone 1.20
Salt 0.30
1-Lysine HC1 0.34
pr-Methionine 0.15
Premix' 1.00
Calculated Nutrient levels (%)
Metabolizable energy (MJ/kg) 12.56
Crude protein 21.00
Calcium 1.00
Total phosphorus 0.70
Available phosphorus 0.46
Lysine 1.20
Methionine 0.50
Methionine + Cysteine 0.85

'Premix provided per kilogram of diet: vitamin A, 12,000 IU; vitamin
D3, 2,500 IU; vitamin E, 20 IU; menadione sodium bisulfate, 1.3 mg;
thiamin, 2.2 mg; riboflavin, 8 mg; nicotinamide, 40 mg; calcium panto-
thenate, 10 mg; pyridoxine HCl, 4 mg; biotin, 0.04 mg; folic acid, 1 mg;
vitamin Bjs, 0.013 mg; choline chloride, 400 mg; Fe, 80 mg; Cu, 8 mg; Mn,
110 mg; Zn, 60 mg; I, 1.1 mg; Se, 0.3 mg.
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tubes. All samples were stored at —80°C for the further
analysis.

Genomic DNA Extraction, PCR
Amplification, and lllumina MiSeq
Sequencing

Total bacterial genomic DNA of the cecal digesta (0.30 g)
was extracted according to a bead-beating method
(Satokari et al., 2001). The DNA concentration was
measured using a NanoDrop spectrophotometer (ND-
1000UV-Vis; ThermoFisher Scientific, Wilmington, DE)
and diluted to 1 ng/pL with sterile water. The V4-V5 hyper-
variable regions of the bacteria 165 rRNA gene were ampli-
fied by PCR using primer pair 341 F/806R (341F:
CCTAYGGGRBGCASCAG, 806R: GGAC-
TACNNGGGTATCTAAT). All PCR components con-
tained 15 pl of Phusion High-Fidelity PCR Master Mix
(New England Biolabs, Beverly, MA), 0.2 pmol of forward
and reverse primers, 10 ng of template DNA, and double-
distilled water filled to 30 pL.. The thermal cycling condition
was as follows: 95°C for 2 min; 25 cycles of 95°C for 30 s,
55°C for 30 s, and 72°C for 30 s, followed by 72°C for
5 min. The PCR products were purified with the GeneJET
Gel Extraction Kit (Thermo Fisher Scientific, Waltham,
MA). Then, the DNA library was constructed using puri-
fied amplicons and sequenced on an Illumina MiSeq plat-
form and 250 bp/300 bp paired-end reads were generated.

Sequencing Data Processing

The paired-end sequence reads were merged using
FLASH (Version 1.2.7, http://cchb.jhu.edu/software/
FLASH/) (Mago¢ and Salzberg, 2011). Sequence ana-
lyses were performed using UPARSE software (Version
7.0.1001,  http://driveb.com/uparse/)  with  the
UPARSE-OTU and UPARSE-OTUref algorithms
(Edgar, 2013). The unique sequence set was classified
into operational taxonomic units (OTU) when sequences
were at 97% similarity. Taxonomic classification (form
phylum to genus level) of these OTU sequences was per-
formed with the Ribosomal Database Project classifier
(version 2.2 http:/ /sourceforge.net /projects
rdpclassifier/) with the default 80% confidence threshold
(Wang et al., 2007). To determine the community diver-
sity of cecal microbiota, alpha diversity analysis was
made using the OTU table. Diversity indices (Shannon,
Simpson) and richness estimators (Chaol) of each sam-
ple was calculated by MOTHUR (version 1.31.2)
(Schloss et al., 2009). The principal coordinate analysis
was applied to estimate B-diversity based on the
Weighted UniFrac distance metric.

SCFA Analysis

The concentrations of acetate, propionate, and buty-
rate in cecal digesta was measured using gas chromatog-
raphy after metaphosphoric acid derivation as
previously described with minor modifications (Zhang
et al., 2018b). Briefly, 0.20 g of thawed sample was

diluted with 2 mL double-distilled water in a sterile
screw-capped tube, then homogenized, and centrifuged
at 5,000 X g for 10 min at 4°C. A volume of 1 mL of su-
pernatant was then transferred to another Eppendorf
tube and mixed with 0.2 mL, 25% (wt/vol) ice-cold
metaphosphoric acid solution. Subsequently, this solu-
tion was kept at —20°C overnight and centrifuged at
12,000 X g for 10 min before analysis. The supernatant
was then filtered with a 0.22 pm membrane, and an in-
jection volume of 0.4 pL of sample solution was analyzed
on a capillary column gas chromatograph (GC-14B; Shi-
madzu, Kyoto, Japan) equipped with a capillary column
(Agilent HP-5MS; 30 m X 0.32 mm X 0.25 pm, Agilent
Technologies Inc., Santa Clara, CA) and a flame ioniza-
tion detector. The carrier gas was nitrogen at a flow rate
of 2.0 mL/min. The column temperature program: held
at 90°C for 2 min and then heated at 25°C/min to 250°C
(held for 5 min). The concentrations of acetate, propio-
nate, and butyrate were calculated and expressed as
pmol per g of wet cecal digesta.

Statistical Analysis

The data of growth performance, microbial diversity,
the relative abundances of bacteria, and the SCFA con-
centrations in cecal digesta were analyzed by one-way
analysis of variance (ANOVA) using SPSS 20.0 statisti-
cal software (version 20.0, SPSS Inc., Chicago, IL). The
growth performance data were analyzed with the repli-
cate (each replicate in one cage) as the experimental
unit, and other data were analyzed with the individual
sampled bird from each replicate as the experimental
unit (n = 6). The differences among treatments were
examined using Duncan’s multiple range tests. All re-
sults were presented by mean values and the standard er-
ror of the mean (SEM). Differences were considered
significant as P < 0.05, unless otherwise stated.

RESULTS

Growth Performance

As shown in Table 2, CPM stimulation decreased the
ADG and ADFI of 21-day broilers compared with the
control group, whereas dietary supplementation with
900 mg/kg TAPS improved ADG of CPM-treated
broilers (P < 0.001). No significant difference on F'/G ra-
tio was observed among control, CPM, and TAPS groups
(P> 0.05).

The Quality Analysis of Sequencing Data

Following the removal of low-quality or chimeric se-
quences, the average number of reads generated from
the cecal digesta sample per bird was 42,914 (28,898-
55,187). The estimate of Good’s coverage reached
greater than 99.6% for all cecal samples. A Venn dia-
gram (Figure 1A) was constructed to illustrate the
shared and unique OTU distribution among all groups.
The Venn diagram (Figure 1A) showed that 623 OTU


http://ccb.jhu.edu/software/FLASH/
http://ccb.jhu.edu/software/FLASH/
http://drive5.com/uparse/
http://sourceforge.net/projects/rdpclassifier/
http://sourceforge.net/projects/rdpclassifier/

276

Table 2. Effect of “°Co y-ray irradiated Astragalus polysaccharides
(IAPS) on the growth performance of cyclophosphamide (CPM)
immunosuppressed broilers from 1 to 21 d.

Treatments'
Items” Control CPM TAPS SEM  P-value
ADG (g/day-bird)  34.26*  31.92°  33.55" 0.29  <0.001
ADFI (g/day-bird) ~ 49.27°  46.82"  47.79™"  0.40 0.024
F/G (g:g) 1.4 1.47 1.43 0.01 0.245

*PDjfferent letters in the mean value of the same row indicate a signif-
icant difference (P < 0.05). Data are represented as means with pooled
SEM (n = 6).

!Control, broilers were fed a basal diet and injected with saline; CPM,
CPM-injected broilers were fed a basal diet; IAPS, CPM-injected broilers
were fed a basal diet containing 900 mg/kg IAPS.

2ADG, average daily gain; ADFI, average daily feed intake; F /G, feed to
gain ratio.

were shared by all 3 groups, and the unique OTU
numbers corresponding to control, CPM, and ITAPS
were 36, 31, and 85, respectively.

Microbial Diversity

The bacterial o diversity indices among the groups are
presented in Figure 1. The Chaol, Shannon, and Simp-
son indices were not affected by the CPM challenge

compared with the control group (P > 0.05;
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Figures 1B-1D). By contrast, IAPS treatment increased
Shannon index and decreased Simpson index in compar-
ison with the control and CPM groups (P < 0.01;
Figures 1C and 1D). The principal coordinate analysis
reflected the P diversity by revealing overall microbial
profiles of all the groups. As shown in Figure 2, we noted
that bacterial communities in cecal samples collected
form the CPM and control groups clustered more
closely, whereas the sample form birds fed IAPS diet
clustered separately from the bacteria of the control
and CPM groups.

Microbial Community Compositions

To assess the differences induced by CPM and IAPS in
the bacterial community members of the cecal micro-
biota, taxonomic compositions were analyzed at the
phylum and genus levels. Phylum level microbiota anal-
ysis showed that Firmicutes, Bacteroidetes, Proteobac-
teria, and Tenericutes were the most 4 dominants,
together accounting for over 99.80% of the total se-
quences of broiler cecal microbiota in all groups
(Figure 3A and Table 3). No significant difference was
found in the relative abundance of all bacterial commu-
nity at phylum level among 3 treatment groups

(P > 0.05). Nevertheless, IAPS treatment had a
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Figure 1. OTU analysis and alpha diversity index analysis among groups. (A) Venn diagram based on OTU and Box plot of (B) Chaol index, (C)
Shannon index, and (D) Simpson index intergroup differences among groups. Means without a common letter significantly differ (P < 0.05). Control,
broilers were fed a basal diet and injected with saline; CPM, CPM-injected broilers were fed a basal diet; IAPS, CPM-injected broilers were fed a basal
diet containing 900 mg/kg IAPS. Abbreviations: CPM, cyclophosphamide; IAPS, ®°Co y-ray irradiated Astragalus polysaccharides.
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Figure 2. Principal coordinate analysis (PCoA) plot of cecal micro-
biota composition based on unweighted UniFrac in broilers. Control,
broilers were fed a basal diet and injected with saline; CPM, CPM-
injected broilers were fed a basal diet; IAPS, CPM-injected broilers
were fed a basal diet containing 900 mg/kg IAPS. Abbreviations:
CPM, cyclophosphamide; IAPS, ®°Co vy-ray irradiated Astragalus
polysaccharides.

tendency for decreasing the relative abundance of Bac-
teroidetes in comparison with other groups (P = 0.097).
At the genus level, CPM treatment had no significant
influence on overall bacterial compositions compared
with the control group except for decreasing the relative
abundance of Negativibacillus (P < 0.001; Figure 3B and
Table 4). Compared with the control and CPM groups,
IAPS group was characterized by lower relative abun-
dances of Faecalibacterium, Bacteroides, and Butyrici-
coccus, higher proportions of Ruminococcaceae UCG-
014, Negativibacillus, Shuttleworthia, Sellimonas, and
Mollicutes RF39 norank, respectively (P < 0.05).

The Concentrations of SCFA in Cecal
Digesta

The concentrations of cecal SCFA are presented in
Table 5. No significant statistic differences on the con-
centrations of cecal acetate, propionate, and butyrate
were observed between the CPM and control groups
(P > 0.05). Feeding diets containing TAPS significantly
increased butyrate concentration (P < 0.05) and tended
to elevate acetate concentration (P = 0.052) in cecal
digesta of CPM-injected broilers in comparison with
those in the control and CPM treatments.

DISCUSSION

Previous evidences indicated CPM-induced immuno-
suppression resulted in damaged immune system,
altered gut microbiota, and even reduced growth perfor-
mance of broilers (Yang et al., 2011; Li et al., 2019a).

Herein, we found a decrease of growth performance, as
characterized by the decreased ADG and ADFT in birds
of CPM group compared with the control group,
whereas dietary supplementation with 900 mg/kg
IAPS improved ADG of CPM-treated broilers, indi-
cating that IAPS had growth-promoting effect in
broilers under immunosuppressive status.

The gastrointestinal microbiota exists in a symbiotic
relationship with its host through the regulation of
digestion, intestine development, nutrients absorption,
as well as the innate and adaptive immune system
(Mahmood and Guo, 2020). In reverse, the composition
of microbiota is chiefly affected by health status of host
and indigestible feed ingredients. Previously, immuno-
suppressive models were respectively established on
chickens and mice via CPM injection, both of which
exhibited poorer richness of intestinal bacteria (Yang
et al., 2011; Huo et al., 2020). Whereas, no significant
differences in richness and abundance between control
and CPM groups were observed in the current study.
We thus speculated CPM injection—induced microbes
perturbation is very limited, resulting in a recover to
the initial state instantly. By feeding diets supplemented
with TAPS, the numbers of OTUs were amplified
compared with the control and CPM group, suggesting
that the bacterial communities were enriched and tend
to be diversification by degrading IAPS. It was reported
that pectic heteropolysaccharides of Camellia sinensis L.
increased the indexes of Chao and Shannon of fecal
microbiota in CPM treated mice, indicating that prebi-
otics could improve the richness and evenness of micro-
organisms under immunocompromised condition (Chen
et al., 2019). Similarly, it was noted that broilers in the
IAPS group had higher diversity of microbial commu-
nities than those both in the control and CPM groups.
This is generally thought to be desirable for ecological
stability. Species-rich communities contain high func-
tional response diversity, allowing functionally similar
species to fill the niche when compromised by an envi-
ronmental disturbance (Lozupone et al., 2012). In this
regard, functional redundancy in the diverse microbial
communities can confer resilience through a wide reper-
toire of responses to chaotical fluctuation or biodiversity
loss because of blooms of subpopulations, consequently
avoiding pathogen infection and transmission (Backhed
et al., 2005; Keesing et al., 2010). Besides, the abundant
species are less susceptible to overpopulation and inva-
sion caused by eutrophication because there are limited
dietary nutrients for different species specialized to
each potential resources that would be used in a more
efficient way (Lozupone et al., 2012).

Previously, 915 species-equivalent OTUg 43 were
detected in the chicken sequence collections, where Fir-
micutes, Bacteroidetes, and Proteobacteria represented
713, 172, and 157 OTUg 3, respectively (Wei et al.,
2013). In general terms, the ratio of Firmicutes to Bac-
teroidetes is of significant relevance in the gut micro-
biota composition as well as the capacity for energy
harvest by host (Kasai et al., 2015). Study on broiler
chickens drew the results that Firmicutes and
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Figure 3. Composition of cecal microbiota of 21-day broilers at (A) phylum and (B) genus levels. Control, broilers were fed a basal diet and injected
with saline; CPM, CPM-injected broilers were fed a basal diet; IAPS, CPM-injected broilers were fed a basal diet containing 900 mg/kg IAPS.
Abbreviations: CPM, cyclophosphamide; IAPS, %°Co y-ray irradiated Astragalus polysaccharides.

Bacteroidetes accounted for 71.36% and 23.40% in fat
chickens and 53.44% and 41.09% in lean chickens,
respectively (Hou et al., 2016). In this experiment,
TAPS tended to decrease the relative abundance of cecal
Bacteroidetes of broilers, which was in line with their
increased body weight gain compared with other groups.
It is documented that Bacteroidetes are involved in

Table 3. Effect of “°Co y-ray irradiated Astragalus polysaccharides
(IAPS) on the cecal microbiota composition and abundances of
cyclophosphamide (CPM) immunosuppressed broilers on the
phylum level.

Treatments'
Items Control CPM IAPS SEM P-value
Firmicutes (%) 80.36 80.65 88.22 2.82 0.462
Bacteroidetes (%) 12.41 16.43 5.48 2.03 0.097
Proteobacteria (%) 6.29 2.49 4.93 0.94 0.262
Tenericutes (%) 0.87 0.33 1.23 0.17 0.166

Data are represented as the means with pooled SEM (n = 6).

IControl, broilers were fed a basal diet and injected with saline; CPM,
CPM-injected broilers were fed a basal diet; IAPS, CPM-injected broilers
were fed a basal diet containing 900 mg/kg IAPS.

many important metabolic activities, including fermen-
tation of carbohydrates, induction of critical glycolytic
enzymes in the enterocytes, utilization of nitrogenous
substances, biotransformation of bile acids, and preven-
tion of pathogen colonization (Rubio et al., 2015). How-
ever, some members of this phylum have strong
pathogenic behaviors through producing polymer-
degrading enzymes that recorded as virulence factors
targeting host cellular components, contributing to the
destroyed extracellular matrix of animals (Thomas
et al., 2011). Tt was reported that birds fed with Achyr-
anthes bidentata polysaccharides had a reduced level of
cecal Bacteroidetes and an enhanced immune systematic
activity (Liu et al., 2018). This revealed the prerequisite
process for these undigested macropolymers exerting
immunomodulatory functions are participating in mi-
crobial fermentation and improving the structure of in-
testinal microflora.

The pattern of a strengthened biodiverse microeco-
system influencing host well-being is depended on the
functional roles played by individual species and those
who are amplified or lost from intestinal communities
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Table 4. Effect of “°Co y-ray irradiated Astragalus polysaccharides (IAPS) on the cecal
microbiota composition and abundances of cyclophosphamide (CPM) immunosuppressed
broilers on the genus level.

Treatments'
Items Control CPM IAPS SEM P-value
Faecalibacterium (%) 25.37" 25.48* 4.46" 3.01 <0.001
Bacteroides (%) 10.68%"  14.41* 3.56" 1.89 0.049
Lachnospiraceae_ uncultured (%) 7.35 8.10 12.26 1.21 0.208
Oscillibacter (%) 8.66 5.77 10.31 1.06 0.215
Ruminococcaceae UCG-014 (%) 3.26" 4.19" 817*  0.74 0.006
Clostridiales vadinBB60 group _mnorank (%) 4.24 4.49 5.50 0.82 0.818
Ruminococcaceae_uncultured (%) 3.03 3.85 5.40 0.53 0.187
[Ruminococcus/ torques group (%) 4.53 3.30 3.01 0.46 0.376
FEisenbergiella (%) 2.38 2.53 4.19 0.59 0.406
Subdoligranulum (%) 0.32 2.72 4.75 0.81 0.071
Flavonifractor (%) 2.03 2.01 3.06 0.40 0.504
Ruminiclostridium 5 (%) 2.42 1.89 2.77 0.37 0.642
Ruminiclostridium 9 (%) 2.21 3.02 1.43 0.36 0.203
Lachnoclostridium (%) 2.78 1.00 2.87 0.41 0.097
Negativibacillus (%) 1.35" 0.49¢ 4.46" 0.37 <0.001
GCA-900066575 (%) 0.76 3.55 1.45 0.52 0.053
Alistipes (%) 1.73 2.02 1.91 0.38 0.957
Butyricicoccus (%) 3.34% 1.95P 0.31° 0.45 0.011
Ruminiclostridium (%) 1.98 1.62 1.82 0.34 0.924
Rhodospirillales _norank (%) 1.24 0.59 2.83 0.62 0.302
Shuttleworthia (%) 0.22" 0.96" 2.99°  0.38 0.002
FEscherichia-Shigella (%) 1.71 1.16 0.41 0.34 0.304
Bilophila (%) 1.60 0.37 1.18 0.31 0.270
Parasutterella (%) 1.55 0.43 0.47 0.26 0.087
Sellimonas (%) 0.14" 0.18" 220 0.33 0.006
Mollicutes RF39 _norank (%) 0.18" 0.20" 1.07" 013  <0.001

““Different letters in the mean value of the same row indicate a significant difference (P < 0.05).
Data are represented as the means with pooled SEM (n = 6).

!Control, broilers were fed a basal diet and injected with saline; CPM, CPM-injected broilers were
fed a basal diet; IAPS, CPM-injected broilers were fed a basal diet containing 900 mg/kg TAPS.

(Keesing et al., 2010). The phylum Firmicutes, genus
Faecalibacterium is generally considered as one of the

et al., 2007). This partially elucidated the decreased
relative abundance of Faecalibacterium in broilers

most important bacteria that had great benefits for
host by producing formate, D-lactate, and butyrate
through glucose fermentation, therefore providing en-
ergy for colonic epithelium cells, inhibiting inflamma-
tion, and modulating oxidative stress (Zhou et al.,
2018). It is noteworthy that Faecalibacterium showed
limited ability to utilize polysaccharides including ara-
binogalactan, xylan, and soluble starch and was
adapted to be cross-fed by other members of the intes-
tinal microflora (Ferreira-Halder et al., 2017). Conse-
quently, the number of Faecalibacterium is
susceptible to the modulated microflora that inhibits
its growth by producing adverse substances when
exposed to polysaccharides (Thompson-Chagoyan

Table 5. Effect of ®°Co y-ray irradiated Astragalus polysaccharides
(IAPS) on the concentrations of cecal short-chain fatty acids of
cyclophosphamide (CPM) immunosuppressed broilers.

fed TAPS found in this study. Furthermore, Faecali-
bacterium showed less response to reduced dietary
carbohydrate and was in weak relationship with fecal
butyrate concentration, illustrating the contribution
of this bacteria genus to fecal butyrate formation
was small (Duncan et al., 2007). Bacteroides,
belonging to phylum Bacteroidetes, is a Gram-
negative, nonspore forming, obligate anaerobic bacte-
ria which represents one of the predominant anaerobic
genera in the chicken cecum (Houston et al., 2010). It
is known for its fermentative end products in form of
different types of SCFA and glycans that aid the
mutualism by utilizing complex polysaccharides
(Comstock, 2009). While some species of Bacteroides
genus harbor particular pathogenic potential in facili-
tating epithelial penetration of intestinal bacteria and
inducing diarrhea through producing enterotoxin to
the lateral surface of enterocyte (Wells et al., 1996).
Guo et al. (2004) observed that feeding diets supple-

Treatments'
Ttems Control  CPM___ IAPS  SEM  Pvalie ~ mented with different polysaccharide extracts reduced
the number of harmful Bacteroides spp. in
ﬁfg;?giii?ﬂi)lg) 33:82 3;:;3 52:?3 g:gg 8:?22 Apramycin-treated broiler chickens. Likewise, we
Butyrate (umol/g/) .88 245" 436 031 0.019 found that birds consuming TAPS had a lower abun-

“PDjfferent letters in the mean value of the same row indicate a signif-
icant difference (P < 0.05). Data are represented as the means with pooled
SEM (n = 6).

!Control, broilers were fed a basal diet and injected with saline; CPM,
CPM-injected broilers were fed a basal diet; IAPS, CPM-injected broilers
were fed a basal diet containing 900 mg/kg IAPS.

dance of Bacteroides compared with the CPM group.
It can be inferred the effects of prebiotics on particular
beneficial regulations are made at the expense of some
intestinal  bacteria, for example, Bacteroides
(Macfarlane et al., 2006).
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Genus Ruminococcaceae UCG-014 from phylum Fir-
micutes is recognized as a SCFA producer that autoch-
thonously inhabits in the cecum and colon (Donaldson
et al., 2016; Tian et al., 2019). Generally, members of
Ruminococcaceae are equipped with endo-1,4-beta-
xylanase and cellulase genes that are responsible for
the degradation of diverse cellulose and hemicellulose
components of plant material (Biddle et al., 2013). It
has been reported that the growth of Ruminococcaceae
is amplified by degrading fucoidan from Laminaria
japonica, which subsequently modify the microbial
structure of mice (Shang et al., 2016). Genus Negativiba-
cillus in phylum Firmicutes is a kind of bacillus with a
Gram-negative cell wall structure (Ricaboni et al.,
2016). Zhao et al. (2019) figured out that Negativibacil-
lus performed in line with Ruminococcaceae UCG-014,
both of which were enriched in a growing abundance
microecological environment. Similar results were ob-
tained in the present study after feeding broilers with
IAPS, where there were higher diversity of microbial
communities accompanied with increased relative abun-
dance of Ruminococcaceae and Negativibacillus. Some
previous studies found that the abundance of Rumino-
coccaceae and Negativibacillus had positive correlation
with body weight gain of male rats and obese mice,
respectively (Yan et al., 2017; Wang et al., 2019). Simi-
larly, birds from TAPS group showed a higher ADG in
this study. This might ascribe to the butyrate secreting
property of Ruminococcaceae UCG-01/ which contrib-
uted to provide energy for enterocytes and improve gut
health by influencing intestinal barrier function and im-
mune system (Fukui, 2017; Louis and Flint, 2017).

Phylum Firmicutes, genus Shuttleworthia, is recog-
nized as saccharolytic bacteria that produce acetate,
butyrate, and lactate as end-products of glucose fermen-
tation (Downes et al., 2002). Our current results demon-
strated that feeding TAPS increased the body weight
gain of birds and the relative abundance of Shuttlewor-
thia in the cecum. In line with this, Gonzdlez-Recio
et al. (2018) pointed out that Shuttleworthia had a signif-
icant Spearman correlation with feed efficiency value. It
is speculated that Shuttleworthia could participate in
carbohydrate and lipid metabolism and regulate endo-
crine system via secreting SCF A, which potentially con-
tributes to the weight gain of the host (Lee et al., 2017).
Genus Sellimonas, belonging to phylum Firmicutes, is a
gram positive and obligately anaerobic bacterial genus
that involved in host nutrient metabolism. In this exper-
iment, the relative abundance of Sellimonas was
elevated in TAPS treatment. This was similar to the
result found by Zhang et al. (2020) who exhibited that
diets containing 8% resistant starch increased the rela-
tive abundance of Sellimonas. It is presumably the high-
ly frequent genes directed by Sellimonas that coded
metabolisms including amino acid and carbohydrate
transport as well as energy production and conversion,
conducing to better growth performance of broilers
(Mufioz et al., 2020).

The SCFA are predominantly the by-product of the
intestinal microbial fermentation of nondigestible

carbohydrates, basically composed of acetate, propio-
nate, and butyrate, which differ in their targeting tissue
distribution and microbial origin that selectively
affected by dietary composition and gut physiology
(Louis and Flint, 2017). Acetogens, like enteric bacteria,
are obligately anaerobic bacteria that use reductive
acetyl-CoA and via Wood-Ljungdahl pathway as the
main mechanism for energy conservation and acetate
synthesis (Ragsdale and Pierce, 2008). Metagenome pre-
diction analysis of the bioreactor suggests microorgan-
isms in the Ruminococcaceae family were mainly
involved in acetate production and consumption and
were showed being positively associated with plasma ac-
etate levels and subcutaneous adipose tissue in obese
subjects (Esquivel-Elizondo et al., 2017; Moreno-
Navarrete et al., 2018). Acetate could drain into liver
through portal vein where it is oxidized in the tricarbox-
ylic acid cycle or used as a substrate for synthesis of
cholesterol, ketone bodies, and long-chain fatty acids
(den Besten et al., 2013). Whereas butyrate is the
preferred energy source for colonocytes and is locally
consumed (Bedford and Gong, 2018). The biological
functions of butyrate contain activating intestinal gluco-
neogenesis, inhibiting inflammation and carcinogenesis,
reinforcing various components of the colonic defence
barrier and decreasing oxidative stress (Hamer et al.,
2008; De Vadder et al., 2014). Ruminococcaceae UCG-
014 and Shuttleworthia that express butyryl-
CoA:acetate CoA-transferase and butyrate kinase
contribute to butyrate formation (Louis and Flint,
2017; O’Hara et al., 2018). Moreover, the relative abun-
dance of Ruminococcaceae in CPM-treated mice could
be enhanced by administration of polysaccharides from
purple sweet potato (Tang et al., 2017). In this trial,
broilers injected with CPM presented higher concentra-
tions of acetate and butyrate after feeding IAPS. Similar
results exhibited that the concentrations of SCFA in
immunosuppressive mice were inversely regulated by di-
etary polysaccharides extracted from C. sinensis L. and
fruits of Lycium barbarum (Chen et al., 2019; Ding et al.,
2019). This indicated that SCFA could be promoted by
specific beneficial bacteria via fermenting polysaccha-
rides and further improve the host immunity and
metabolism.

CONCLUSION

In summary, intramuscularly injection with CPM
resulted in poorer growth performance of broilers but
did not affect the overall microbial richness and diver-
sity, as well as the SCFA concentrations in cecal digesta.
In contrast, dietary supplementation with 900 mg/kg
IAPS increased the microbial diversity, enriched the pro-
portion of beneficial bacteria in the host, and elevated
SCFA production in cecum of broilers, contributing to
the subsequent improvement in growth performance.
These findings may expand our knowledge about the
function of modified Astragalus polysaccharides in
broiler chickens.
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