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ABSTRACT This study was aimed to investigate
whether 1-deoxynojirimycin (DNJ) affects the digestion
system of young geese and assess whether mulberry leaf,
which contains this substance, has disadvantages that
compromise its value as poultry feed. One hundred and
twenty-eight 12-day-old male Wanxi white geese were
randomly assigned into 4 treatment groups. The control
group was fed an ordinary diet without DNJ. The other
groups namely L-DNJ, M-DNJ, and H-DNJ had their
basic diets supplemented with 0.05 mg/g, 0.1 mg/g, and
0.15mg/g DNJ, respectively. The geese were fed for 6 wk,
and the apparent digestibility test was conducted in the
last week. Intestinal parameters, digestive organs, and
enzymes were determined. 16S rRNA gene sequencing
was conducted for cecal flora composition. The results
revealed that DNJ decreased body and liver weight and
increased feed conversion ratio in comparison with the
control (P < 0.05); however, it did not influence the
weight and length of the intestine or the pancreas weight.
The utilization of organic matter, metabolizable energy,
ether extract, acid detergent fiber, and calcium in feed
were reduced in the M-DNJ and L-DNJ groups compared

with those in the control (P < 0.05); however, the utili-
zation of crude protein was increased in all DNJ-treated
groups (P < 0.01). In the H-DNJ group, the usage of
soluble phosphorus was also increased (P < 0.05). High-
dose DNJ increased the activity of trypsin in the
pancreas but reduced those of amylase (P < 0.05) and
lipase (P > 0.05) in the pancreas and duodenum. The
intestinal villi were short, even impaired, in DNJ-treated
groups. High-throughput sequencing data revealed that
DNJ supplement reduced the a-diversity indices of the
cecal microbiota. The principal component analysis
further suggested a difference in community structure
between the DNJ treatment groups and control. High-
dose DNJ increased the relative abundance of Bacter-
oides, Fscherichia-Shigella, and Butyricicoccus but
reduced that of unclassified Ruminococcaceae compared
with the control (P < 0.05). In conclusion, changes in the
digestive system caused by DNJ seriously affected the
metabolism of nutrients in geese and reduced their
growth performance. Attention should be paid to the
adverse effects of DNJ when using mulberry leaves as
poultry feed.
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INTRODUCTION

Mulberry (Morus alba) is a widely distributed multi-
purpose agro-forestry plant in tropical, subtropical,
and temperate areas, that has a large biological yield
(Zhang et al., 2001). Mulberry leaves are rich in organic
substances, vitamins, and minerals. The content of crude
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protein and carbohydrate in mulberry leaves is signifi-
cantly higher than those in other green forage and is
comparable to that of high-quality legume forage such
as alfalfa (Doran et al., 2007). At present, as a feed or
feed additive, mulberry leaf has been widely used in
the breeding of ruminants, rabbits, and pigs and has
been reported to significantly improve the yield and
quality of meat and milk (Chhay et al, 2010;
Venkatesh Kumar et al., 2015; Ma et al., 2017; Hou
et al., 2020D).

However, the nutritional value of mulberry leaf and its
effect in promoting production are not obvious in
poultry breeding. Mulberry leaves do not significantly
increase the production of poultry meat and eggs, nor
do they accelerate the growth rate of poultry
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(Saenthaweesuk, 2009; Olteanu et al., 2015).
Researchers have suggested that diets containing >4%
mulberry leaf powder would inhibit feed intake and
body-weight gain of poultry (TtzaOrtiz et al., 2010;
Wang et al., 2016). However, it is not known why
nutrient-rich mulberry leaves are unsuitable for poultry.

Mulberry leaves contain flavonoids, polysaccharides,
superoxide dismutase, sitosterol, isoquercitrin, r-amino
acids, 1-deoxynojirimycin, and other bioactive sub-
stances. As a result, they can have various biological ef-
fects, including antioxidant, antimicrobial, glucosidase
inhibition, anti-hyperlipidemic, and anti-
atherosclerotic (Chan et al., 2016; Sanchez-Salcedo
et al., 2017; Hou et al., 2020a). These bioactive compo-
nents in mulberry leaves affect the digestive function of
the gastrointestinal tract and the absorption capacity
of nutrients (Liang et al., 2012; Hu et al., 2018). The
compound 1-deoxynojirimycin (DNJ), an important
piperidine alkaloid, is a potent a-glucosidase inhibitor
that affects the digestion of disaccharides and the ab-
sorption of glucose in animals (Yatsunami et al., 2008).
Carbohydrate/sugar is an important energy source,
and insufficient energy supply leads to weight loss in an-
imals, as well as reduces production performance
(Mikkelsen et al., 2000). It has been found that DNJ im-
proves the metabolism of glucose, lipid, and amino acid
in mice with type-2 diabetes (Liu et al., 2011b; Hu
et al., 2017), indicating that it can affect the metabolic
processes of various nutrients in animals. However,
most studies on DNJ have focused on its role in the treat-
ment and prevention of obesity and diabetes (Tsuduki
et al., 2013; Hu et al., 2017), while few have focused on
its effect on dietary nutrients digestion and the gastroin-
testinal function of animals.

Wanxi white goose is a superior local goose breed,
which is raised in mulberry gardens in many parts of
China. It is famous for its large size, fast growth, strong
disease resistance, and good meat quality. In this study,
we investigated the effect of mulberry-derived DNJ on
digestive enzyme activity, intestinal flora, and apparent
digestibility of nutrients in young Wanxi white goose, to
reveal whether DNJ contributes to effect exerted by mul-
berry leaves on the goose digestive system, compro-
mising the value of mulberry leaf in feed.

MATERIALS AND METHODS

Preparation of DNJ

DNJ was extracted from mulberry (M. alba L.) leaves
and purified by an LC-MS system (Waters, St. Milford,
MA) as described by Liu et al. (2015). The purity of DNJ
was confirmed to be more than 96.5% by HPLC analysis.
The yield of DNJ was about 0.24% wet weight of
mulberry leaves and 0.04% of the dry matter.

Apparent nutrient availability (%)
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Animal and Experimental Design

Animal experiments were performed according to the
national guidelines for the care and use of experimental
animals with approval from the Institutional Animal
Care and Use Committees of Jiangsu University of
Science and Technology.

The experiment was conducted in the fall of 2019. A to-
tal of 128 twelve-day-old male Wanxi white geese
(376 = 11.35 g) were obtained from the National Water-
fowl Gene Pool in Taizhou, Jiangsu, and randomly
assigned into 4 treatment groups of 4 replicates with 8
birds per replicate. The Con group (control) was fed a
basic diet without DNJ, while the L-DNJ, M-DNJ, and
H-DNJ groups were fed basal diet supplemented with
0.05 mg/g, 0.1 mg/g, and 0.15 mg/g DNJ, respectively.
The basic diet was prepared with reference to NRC
(1994) goose standard and Chinese feed nutrient compo-
sition list. Compositions and chemical analyses of the
basic diet are shown in Table 1. During the pretest period,
all the geese were fed the basic diet for 1 wk. In the formal
feeding trial, the geese were fed the allocated group diets
and clean water for 6 wk, and maintained at 18°C ~25°C,
with average relative humidity of 65%. The geese were
vaccinated according to the routine procedure, and the
health status of each goose was observed every day.
Body-weight and feed intake were recorded weekly.

Apparent Nutrient Utilization

In the last week of the feeding tria, 3 geese were
selected according to the average body-weight from
each replicate (n = 12 each treatment) and raised in
metabolic cages. The animals fasted for 6 h before the
start of the metabolic test, and then each goose was
fed 160 g of diet per day with unlimited drinking water.
The test was divided into 2 stages: the pretest period
lasted 4 d and the formal test period lasted 3 d. In the
formal test period, excreta were collected continuously
for 3 d by the method of full fecal collection. Dander
and feathers were taken out with tweezers.

The feed and excreta samples were dried at 65°C and
ground to pass through a 0.5-mm screen, and then stored
in wide-mouth bottles for analysis of dry matter, organic
matter, crude protein, ether extract, and gross energy
based on the Association of Official Analytical Chemists’
procedures (AOAC, 2000). Neutral detergent fiber and
acid detergent fiber were determined as described by
Goering and Van Soest (1970). Calcium content was
determined by potassium permanganate titration; solu-
ble phosphorus content was extracted using sodium bi-
carbonate solution, and then examined by the
molybdenum-antimony colorimetric method.

The apparent availability of dietary nutrients was
calculated by the following formula:

= [(nutrient content in diet — nutrient content in excreta) / nutrient content in diet] X100
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Tablel. The composition and nutrient level of basic diet (air-dry basis).

Ingredients Nutrient levels %
Corn 57.78 Metabolizable energy”/(MJ/kg) 11.63
Soybean meal 28.72 Crude protein 19.15
Corn stalk 7.65 Crude fiber 6.18
Fish meal 2.49 Neutral detergent fiber 17.15
Soybean oil 0.48 Acid detergent fiber 6.35
Calcium hydrogen phosphate 1.15 Soluble phosphorus 0.40
Calcium carbonate 0.91 Calcium 0.84
Sodium chloride 0.3 Lysine 1.06
Trace elements’' 0.5 Methionine + Cysteine 0.62
Multivitamin® 0.02

The trace elements provided the following per kg of diets: Fe 90 mg, Cu 6 mg, Mn 85 mg,

Zn 85 mg, I 0.42 mg, Se 0.3 mg, Co 2.5 mg.

2The multivitamin provided the following per kg of diets: VA 1 500 IU, VD3 200 IU, VE
12.5 mg, VK3 1.5 mg, VB; 2.2 mg, VB, 5.0 mg, nicotinic acid 65 mg, pantothenate 15 mg,
VB¢ 2 mg, biotin 0.2 mg, folic acid 0.5 mg, choline 1,000 mg.

3Calculated value.

Determination of Digestive Organ and
Enzyme Activity

At the end of the experiment, 3 experimental geese
were taken from each replicate (n = 12 each treatment)
and sacrificed humanely. Organs, including large intes-
tine, small intestine, liver, and pancreas, were individu-
ally dissected and weighed. The abdominal cavity was
opened, and the pancreas and duodenum were sepa-
rated. Samples were collected from the pancreatic
head, body, and tail. The duodenum was cut longitudi-
nally to collect chyme and intestinal mucosa. Ten times
the volume of 4°C deionized water was added to the sam-
ple and homogenized at a low temperature. The homog-
enate was centrifuged at 4°C for 20 min (1,200 X g), and
the supernatant was collected. Trypsin, amylase, and
lipase activity in the pancreas and duodenum were
measured according to the respective kit instructions.
All kits were purchased from Nanjing Jiancheng Insti-
tute of Biological Engineering.

Jejunum  tissues were separated and paraffin
embedded for hematoxylin and eosin (HE) staining. Se-
rial sections (5-pum) were cut onto slides using a rotary
microtome (Leica, Wetzlar, Germany) and deparaffi-
nized before staining with Gill-2 hematoxylin and eosin
Y (HE staining, Sigma-Aldrich St. Louis, MO), accord-
ing to the manufacturer’s instructions. A light micro-
scope (BX51, Olympus, Tokyo, Japan) was used for
capturing images.

DNA Extraction and 16S rRNA Gene
Sequencing

Caecum contents were collected from geese in each
treatment (n = 8). A total of 500 mg of content was
used for DNA extraction with the Power Soil-htp 96
Well Soil DNA Isolation Kit (Mobio Laboratories Inc.,
Carlsbad, CA). The quality of DNA was determined us-
ing Onedrop OD-1000+ spectrophotometer (Onedrop,
Shanghai, China) and 1% agarose gel electrophoresis.
Subsequently, the V4 region of the 16S rRNA gene was
amplified using the universal barcode PCR primer pair

(515 F/806R) by the GoTaq Hot Start Colorless Master
Mix and DNA polymerase (Promega, Madison). The
PCR products were evaluated using PicoGreen fluores-
cent real-time DNase assay (Invitrogen, Carlsbad,
CA). Samples were purified using 2% agarose gel and
QIAquick PCR Purification Kit (Qiagen, Hilden, Ger-
many). Final quality was evaluated by PicoGreen fluo-
rescent real-time DNase assay and Agilent 2,200
Tapestation System (Agilent Technologies, Santa Clara,
CA). Tllumina Miseq pair-end 300 sequencing platform
was used for16S rRNA gene sequencing.

Data Processing and Analysis

Raw reads were processed using Trimmomatic software
(version 0.32, http://www.usadellab.org/cms/?
page=trimmomatic). Data splicing was performed using
FLASH (v1.2.7; http://ccb.jhu.edu/software/FLASH/),
while data filtering was conducted using Qiime (v1.9.1;
http://qiime.org/scripts/split_libraries fastq.html) and
UCHIME algorithm (http://www.drive5.com/usearch/
manual /uchime algo.html).  Operational taxonomic
units (OTUs) were analyzed using Mothur software
(http://www.mothur.org/) with 97% identity. The OTU
annotation was performed by SILVA rRNA database
(http://www.arb-silva.de/), and alignment was carried
out using the Ribosomal Database Project (RDP) classi-
fier. The relative abundance of OTUs at each taxonomic
level (confidence threshold of 70%) was analyzed using
the RDP classifier. The alpha and beta diversity index
(Unweighted UniFrac distance) indicators were calcu-
lated. Principal component analysis (PCA) and heatmap
analysis were performed based on the beta diversity index
Unweighted UniFrac distance.

Statistical Analyses

The results were subjected to analysis of variance
(ANOVA), using PROC GLM in SAS software (SAS
9.2), and comparison of means through the Least Signif-
icant Difference (LSD) test with a significance level of
P < 0.05. All data were expressed as mean * SD.
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Differences in the relative abundances of OTUs between
groups were analyzed using Mann-Whitney U test.

RESULTS
Effect of DNJ on Growth Performance

At the end of the experiment, the weight of geese in
the DNJ treated groups was lower than that in the con-
trol group (P < 0.05, Figure 1A). The body-weight of the
geese in the L-DNJ and M-DNJ treatments were similar,
and both were higher than that in the H-DNJ treatment.
The DNJ supplement did not significantly affect the feed
intake of the geese (P > 0.05, Figure 1B). The feed con-
version ratio was calculated according to the body-
weight gain and feed intake and increased in DNJ-
treated groups (P < 0.05, Figure 1C). High-dose DNJ
in the H-DNJ treatment increased the feed conversion
ratio by almost half.

Effect of DNJ on Nutrient Utilization

As showed in Table 2, the apparent utilization of
organic matter, metabolizable energy, ether extract,
acid detergent fiber, and calcium were lower in the M-
DNJ and L-DNJ groups than those in the control
(P < 0.05), while that of crude protein was enhanced
in all the DNJ treated groups (P < 0.01). A high dose
of DNJ in the H-DNJ group improved the utilization
of soluble phosphorus (P < 0.05). The DNJ supplement
did not significantly affect the utilization of dry matter
and neutral detergent fiber (P > 0.05).

Effect of DNJ on Digestive Organ and
Enzymes Activity

DNJ treatments reduced liver weight in the geese
(P < 0.01, Figure 2A), but did not influence the weight
of the total intestine and pancreas (Figure 2A) or the
length of the small intestine and total intestinal
(Figure 2B). Histopathology analysis using HE staining
showed that the intestinal villi in the control group were
normal and the finger-like structures were clearly
observed. With increased of DNJ in the diets, the epithe-
lial cells of the small intestinal mucosa vacuolated; also,
the villi length was significantly shortened, became
sparse and partially fractured, and was shed. In the
M-DNJ and H-DNJ groups, the infiltration of inflamma-
tory cells into the submucosa of the intestinal wall
increased, and a greater secretion of mucus caused a light
staining color. Dotted hemorrhagic foci were also seen in
the lamina propria of the intestinal wall in M-DNJ and
H-DNJ groups (Figure 2C).

As can be seen from Table 3, a high dose of DNJ in the
H-DNJ group increased the activity of trypsin in the
pancreas (P < 0.01) but lowered that of amylase in
the duodenum (P < 0.05). The activity of amylase in
the pancreas was inhibited in all the DNJ treated groups
(P < 0.05). Lipase activity in the pancreas and duo-
denum was reduced slightly (P > 0.05).
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Figure 1. Effects of mulberry-derived 1-deoxynojirimycin on body
weight (A), average daily feed intake (B), and feed conversion ratio
(C). *P < 0.05 vs. control.

Effect of DNJ on Intestinal Flora

Mulberry-derived DNJ reduced the ACE, Chao 1, and
Shannon indices, and the OTU number of the intestinal
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Table 2. Effects of mulberry-derived 1-deoxynojirimycin on nutrient apparent

utilization of Wanxi white geese'.

Treatments %o
Ttems Con L-DNJ M-DNJ H-DNJ SEM P value
Dry matter 76.49 76.81 76.90 77.10 3.24 0.267
Organic matter 7870 7752  75.30P 70.47¢ 3.37 0.007
Metabolizable energy 69.07*  68.05" 64.76" 62.49" 1.21 0.004
Crude protein 66.62° 69.40" 71.84%P 73.74* 2.96 0.006
Ether extract 80.89*  79.79™*  76.93" 69.46° 2.38 0.002
Neutral detergent fiber ~ 39.37  39.75 39.73 39.55 1.33 1.245
Acid detergent fiber 24.58*  23.21%"  22.35" 20.94° 1.67 0.022
Calcium 36.35  35.31% 31.87" 30.58" 2.48 0.005
Soluble phosphorus 36.53"  36.65" 37.07*"  38.16* 2.30 0.013

““Values in the same row with different letter superscripts were significantly different

(P<0.05).

'Data represent the means of 12 replicates.

microorganisms in the geese (Table 4, P < 0.05 or
P < 0.01), indicating that the abundance and diversity
of the bacteria decreased. The coverage values of the
samples were all greater than 0.999, indicating that the
species in the samples had a high probability of being
detected. The rarefaction curves are shown in
Supplementary Figure 1. The OTU clustering analysis
was conducted after the sequence declutter optimiza-
tion, and the rarefaction curves indicated that the data
volume of the sequencing was reasonable.

Principal component analysis based on the Un-
weighted UniFrac distance showed mulberry-derived
DNJ treated samples were distinct from the control

Organ weight (g) »
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(Figure 3). Heatmap analysis based on OTU abun-
dance at the genera level is shown in Supplementary
Figure 2.

Figure 4A showed the Bacteroides, unclassified Rumi-
nococcaceae, and Escherichia-Shigella were the domi-
nant genera in the intestinal flora of the geese. The
DNJ increased the relative abundance of Bacteroides
(35.73 ~ 51.66%) in geese compared with the control
(30.52%, P < 0.05, Figure 4B). High-dose DNJ in H-
DNJ group increased the abundance of FEscherichia-
Shigella (18.76 vs. 1.19%) and Butyricicoccus (3.68 vs.
0.17%, P < 0.05) and reduced the unclassified Rumino-
coccaceae (4.82 vs. 5.43%, P < 0.05) compared to the

20
0-

Organ length (cm)

Figure 2. Effects of mulberry-derived 1-deoxynojirimycin on organ weight and length. (A) The weight of total intestinal, liver, and pancreas. (B)
The length of small intestine and total intestinal. (C) Representative pictures of HE histopathology analysis for small intestine (200 X microscope).

**P < 0.01 vs. control.
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Table 3. Effects of mulberry-derived 1-deoxynojirimycin on digestive enzyme activities of Wanxi

white geese'.

Treatments U/g

Organs Items Con L-DNJ M-DNJ H-DNJ SEM P value
Pancreas Trypsin 192.35° 196.14° 200.27%P 206.25" 16.31 0.008
Amylase  45975% 44720° 44539" 43702" 2,311.21 0.010
Lipase 200.98 199.18 199.04 196.24 8.65 1.561
Duodenum  Trypsin 29.41 29.53 29.73 29.90 1.21 1.385
Amylase  74513" 74438 73872 72673" 2,696.14 0.041
Lipase 18.08 18.04 17.94 17.72 1.05 0.260

*PValues in the same row with different letter superscripts were significantly different (P < 0.05).

'Data represent the means of 12 replicates.

control. The abundances of Pseudofiavonifractor
(0.12 ~ 0.63%), Oscillospira (0.20 ~ 0.67%), unclassi-
fied_S24 7 (0.18 ~ 0.34%), and unclassified Clostri-
diales (0.01 ~ 1.03%) were low in the intestinal
bacteria of the geese, the proportions of these bacteria
were also varied between groups (Figure 4 and
Supplementary Table 1).

DISCUSSION

TtzaOrtiz et al. (2010) reported that, with an increase
of mulberry flour in diet, a linear decrease in the body-
weight of broilers was observed, together with a
quadratic effect in feed intake and conversion. In the
study by Wang et al. (2016), geese fed mulberry leaf
meal exhibited low weight gains, elevated feed consump-
tion, and increased feed to gain ratio compared with
geese without mulberry in their diet. However, it
remained unclear why nutrient-rich mulberry leaves
could not be used in poultry feed or widely used. Our
study showed that DNJ from mulberry leaves inhibited
the body-weight gain and increased the feed conversion
ratio in geese. Indeed, DNJ was one factor in mulberry
leaf that affected the digestion system of the geese.

Previous studies have shown that mulberry leaves
affect feed intake and intestinal development in animals,
prolong the retention of chyme in the intestinal tract,
and increase intestinal weight (Prasad et al., 2003;
Simol et al., 2012; Hou et al., 2020b). In our study,
DNJ did not greatly affect feed intake, neither did it
affected intestinal development or cause chyme accumu-
lation. In these respects, it was different from the effect
of mulberry leaves, indicating that DNJ was not the

component in mulberry leaf that affected feed intake
and intestinal development in healthy animals. Howev-
er, DNJ does reduce food intake and so can be used to
prevent and treat obesity. As a study on high-fat-
induced obesity mice reported, DNJ regulates body-
weight by increasing adiponectin levels in the hypothal-
amus, which affects food intake (Kim et al., 2017).
Metabolome analysis showed that mulberry-derived
DNJ administration had positive effects on glucose,
lipid, and amino acid metabolism in mice with type-2
diabetes (T2DM) (Liu et al., 2011b; Hu et al., 2017).
In this study, the apparent digestibility data showed
that the metabolism of most nutrients in feed was
affected by the DNJ supplement. Many enzymes are
involved in the metabolism of nutrients, and the activity
of enzymes determines the rate of nutrients metabolism.
DNJ and its derivatives strongly inhibit the activities of
many carbohydrases, including glucoamylase, -
amylase, and sucrose (Samulitis et al., 1987). The regu-
lation of glucose and lipid metabolism by DNJ has been
demonstrated in many animal models (Kim et al., 2011;
Li et al., 2019). Carbohydrates and lipids are important
energy sources for animal growth (Singh et al., 2013),
but DNJ slows down their metabolism. To compensate
for the lack of energy needed by the body, the geese
improved their ability to digest proteins and amino acids
by stimulating the activity of trypsin; this was consistent
with the findings of a previous research on mice (Hu
et al., 2017). Another evidence for reduced nutrient di-
gestibility comes from the reduced liver weight and
damaged villi of the small intestine. The liver is an
important digestive gland in poultry. It secretes bile,
participates in the metabolism of sugars, proteins, and

Table 4. Effects of mulberry-derived 1-deoxynojirimycin on gut microbiotagdiversity
indexes of Wanxi white geese'.

Treatments
Indexes Con L-DNJ M-DNJ H-DNJ SEM P value
ACE 176.35" 175.28" 154.76" 157.10" 7.23 0.006
Chao 1 177.45 175.40" 156.41° 161.35° 9.69 0.006
Shannon 2.49* 1.83° 2.06™" 2.04" 0.21 0.005
Simpson 0.25 0.38 0.32 0.27 0.08 0.253
OTU number  169.25% 151.86" 145.12° 139.12° 7.11 0.005
Coverage 0.9997" 0.9994" 0.9997" 0.9996>"  0.0001 0.043

2bValues in the same row with different letter superscripts were significantly different

(P < 0.05).

"Data represent the means of 8 replicates.
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fat and has important functions such as detoxification
and provision of immunity (Hu et al., 2019). The liver
weight of the geese in DNJ-treated groups was lower
(P < 0.01) than that in the control group. A goose liver
that is significantly less than the normal weight may
have suffered injury and become incapacitated (van
Zutphen et al., 2016). The villi of the small intestine
enlarge the surface area of intestinal epithelial cells in
contact with nutrients; however, the shortened or
damaged villi caused by exposure to DNJ were not
conducive to the digestion and absorption of nutrients
in the intestines of the geese (Kumar and Patra, 2017).
Most of the liver weight loss is due to the reduced liver
fat content, which is consistent with DNJ’s hypoglyce-
mic and lipid reduction effect (Tsuduki et al., 2013).
Nutritional deficiencies, inflammation, and stress can
all lead to villi damage (Liu et al., 2017; Murugaiah
et al., 2017; Tli¢ et al., 2018). At present, it has not
been reported that DNJ can directly damage intestinal
villi, but the effect of DNJ on animal digestive meta-
bolism may indirectly cause structural changes in intes-
tinal villi.

Diet has a dominant role in shaping intestinal micro-
biome (Zhang et al., 2010). Numerous bacteria in the in-
testinal tract are capable of digesting and supplying
nutrients (Yin and Huang, 2016). With sufficient OTU
coverage to accurately describe the bacterial composi-
tion of each sample, our sequencing results showed
that both the richness indices (ACE, Chao 1, and
OTU number) and diversity indices (Shannon) were
decreased by DNJ supplementation. The principal
component analysis further indicated differences in
cecum microbiota community structure between DNJ
treatments and the control. Thus, we concluded that
feeding mulberry leaves containing DNJ could change
the intestinal bacterial community of geese, which
agreed with the results of a previous study in which
DNJ improved glycolipid metabolism by restoring the
structure of intestinal flora (Zheng et al., 2019b).

Figure 4. The relative abundance of intestinal bacteria at genus level
of geese in the 4 groups. (A) The relative abundance of several genera
with more than 0.1% relative abundance. (B) The relative abundance
of genera with >1% relative abundance. *P < 0.05 vs. control.
P < 0.01 vs. control. *P < 0.05 vs. L-DNJ. *#P < 0.01 vs. L-DNJ.
P < 0.01 vs. M-DNJ.

In this study, Bacteroides, unclassified Ruminococca-
ceae, and FEscherichia-Shigella were considered the
dominant genera of intestinal bacteria in geese, which
was consistent with the report of Liu et al. (2011a). Bac-
teroides was the most dominant genus in the geese
cecum contents and was increased by DNJ supplementa-
tion. Gut Bacteroide are beneficial in preventing obesity
and insulin resistance, and it has been reported that DNJ
can produce therapeutic effects by increasing the abun-
dance of Bacteroide (Yan et al., 2016; Yang et al.,
2016; Sheng et al., 2017). It has also been reported
that the relative abundance of Bacteroides in lean pigs
is higher than that in obese pigs (Yan et al., 2016),
and an increased abundance of Bacteroides in the cecum
indicates improved meat quality in chicken (Stanley
et al., 2014; Zheng et al., 2019a).

Members of the genus Shigella are phenotypically
similar to Escherichia coli and, with the exception of
Shigella boydii serotype 13, would be considered the
same species by DNA-DNA hybridization analysis and
whole-genome sequence analysis (Strockbine et al.,
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2015). Reduced diversity of bacterial species and greater
abundance of Fscherichia-Shigella are considered harm-
ful and can cause irritable bowel syndrome (IBS), which
is a common disorder that affects the large intestine.
Signs and symptoms include cramping, abdominal
pain, bloating, gas, and diarrhea or constipation that
causes changes in defecation habits (Distrutti et al.,
2016). Many species within the phylum Firmicutes are
thought to exert anti-inflammatory effects. Butyrate-
producing bacteria are promising probiotic candidates
to target microbial dysbiosis in gastrointestinal disorders
such as inflammatory bowel diseases (Geirnaert et al.,
2015). DNJ increased the abundance of Escherichia-
Shigella and Butyricicoccus in the goose gut, indicating
that the defecation habit of the geese had changed,
and the cause of the change was probably enteritis.

Ruminococcaceae is a big family from the order Clostri-
diales that specialize in the degradation of complex plant
material and has been associated with the maintenance
of gut health (Biddle et al., 2013). A high-dose of NDJ in
the H-DNJ group reduced the abundance of unclassified
Ruminococcaceae in the goose gut. This decrease in the
abundance of Ruminococcaceae was not conducive to
the digestion of the coarse fiber in the feed, which may be
one reason for the low apparent digestibility of fiber.

The relative abundances of many other intestinal bac-
teria were also changed by the addition of mulberry DNJ
in feed. Changes in the structure of the intestinal flora
are often linked to nutrient metabolism and energy.

In brief, DNJ inhibited the activities of amylase and
lipase, reduced liver weight, induced shorter or impaired
intestinal villi, reduced the abundance and diversity of
the intestinal flora, and changed its composition. All
these changes in the digestive system caused by DNJ
seriously affected the metabolism of nutrients in the
feed and were related to the decrease in the growth per-
formance of the geese. Thus, it can be concluded that
DNJ may be one factor influencing the utilization value
of mulberry leaf in poultry feed. Attention should be
paid to the role of DNJ when using mulberry leaves as
feed for poultry.
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