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Coix seed has traditionally been used in traditional Chinese medicine to fortify the spleen and inhibit dampness, and
has shown anticancer effects in humans. However, it is not known whether coix seed improves post-weaning growth
performance and productivity, and the mechanism of interaction between coix seed and gut microbiota remains
unknown. In this study, we established four groups: (i) control, (ii) antibiotic-fed, (iii) coix seed powder-fed, and (iv) coix
seed extract-fed. The feeding experiment was conducted for 4 weeks. Coix seed extract significantly increased aver-
age weight gain and reduced the feed/meat ratio in weaned pigs, in addition to reducing the pH of their gastric juice.
Further assays demonstrated that coix seed promotes an increase in the density and length of the gastrointestinal
villi. Next, 16s sequencing of gut microbiota showed that coix seed significantly increased the abundance of phylum
Bacteroidetes and genus Lactobacillus (p < 0.05) and reduced the abundance of phylum Prevotella (p <0.05) in the

gut microbiota. In contrast, the abundance of phylum Bacteroidetes and genus Lactobacillus decreased in the control
group and antibiotic group, whereas the abundance of phylum Prevotella increased. Our findings indicate that coix
seed improves growth performance and productivity in post-weaning pigs by reducing the pH value of gastric juice,
increasing the density and length of gastrointestinal villi, and modulating gut microbiota. Thus, coix seed has good
potential for use as a feed supplement in swine production.

Introduction

Weaning transition is a critical period in the growth of
piglets (Wolter et al. 2002). During this period, the diges-
tive and immune systems are in their developmental
phases, and piglets experience a wide variety of stresses,
such as an abrupt shift in diet from high-fat, low-carbo-
hydrate breast milk to high-carbohydrate and low-fat
feed, which can lead to poor health and growth perfor-
mance (Thexton et al. 1998). Thus, antibiotics are widely
used to treat bacterial infections and stress-induced
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and indicate if changes were made.

gastrointestinal dysfunction. Misuse and overuse of anti-
biotics increase antimicrobial resistance, which is a seri-
ous threat for human, animal, and environmental health
(Stein and Dong 2006; Coffin et al. 2013; Gellin et al.
1989; Lee et al. 2000). This threat has been increasingly
recognized, and several solutions have been proposed.
These include reducing or limiting the use of antibiot-
ics and strictly checking the excess of antibiotics used in
animal production (Centner 2016; Spiro et al. 2011; Pet-
tigrew 2012; Van Der Fels-Klerx et al. 2011); however, the
threat still persists (Hamscher et al. 2003; Sapkota et al.
2006; Murphy et al. 2007; Ferguson et al. 2016). Herbal
alternatives such as traditional Chinese medicine (TCM)
are widely accepted as high-efficiency and low-toxicity
“medicinal diets” that are capable of preventing certain
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side effects (Williamson et al. 2013; Hsiao and Liu 2010;
Normile 2013; Fu et al. 2015). Moreover, the majority of
TCM treatments also contain certain food components
that provide benefits beyond basic nutrition (Bao 2017);
therefore, some TCMs can be used in the animal indus-
try as alternative supplements to modulate gut macro-
biota and promote growth, as well as to reduce the threat
posed by antibiotics to animal and human health (Gao
et al. 2010; Zhang et al. 2008; Hui et al. 2011; Jin et al.
2008; Li et al. 2008; Chen et al. 2009). In addition, most
TCMs are rich in polysaccharides, polyphenols, phytos-
terols, and lactams, which are increasingly recognized
for their anti-cancer, anti-oxidant, and anti-inflamma-
tory effects; endocrine regulation; blood pressure and
fat reduction; and immune regulation (He and Dai 2011;
Zhao et al. 2014; Zhou et al. 2017).

Coix seed belongs to the family Poaceae, and is widely
distributed in China, Japan, Thailand, and Burma. Coix
seed contains a high content of essential amino acids,
lipids, proteins, polysaccharides, polyphenols, phytos-
terols, and lactams, and has favorable physiological and
pharmacological effects, including those mentioned
above. As such, it has long been used in TCM (Liu et al.
2010; Kaneda et al. 1992; Tokuda et al. 1990; Qu et al.
2016; Yu et al. 2008). Coix seed has also been used as a
substitute for rice or wheat in animal feed because of its
high starch, oil, and protein content (Yu et al. 2008; Weng
2013; Jin et al. 2011). However, the use of coix seed for
anti-stress effects during the weaning transition process
has not been reported. Only a handful of studies have
shown that the beneficial effects of coix seed might be
associated with gastrointestinal microorganisms (Liu
etal. 2019).

In this study, we investigated the effects of coix seed
on the weaning transition in piglets and its subsequent
effects on gastrointestinal villi, gastrointestinal pH, and
the composition of gastrointestinal microbiota. Coix seed
promoted higher average weight of piglets and a lower
feed/meat ratio, which was associated with alteration in
the structure of the gut microbiota and gut pH. The gut
microbiota is known to respond to fluctuations in dietary
composition; reciprocally, changes in the microbiome
have profound effects on animals, including piglets.

Methods and materials

Preparation of coix seed

Coix seed was purchased from Donglan Medical Co.,
Ltd. The seed was then dried and ground into fine pow-
der for direct mixing with feed. The extraction process
of coix seeds was as follows: (1) Extract: the dry coix
seed was added to the extraction tank, soaked in drink-
ing water at six times the weight of the drug for 12 h,
and cooked twice (boiling, temperature 95-100 °C).
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Water was added at six times the drug weight and vol-
ume for 1.5 h each time, and the extract was filtered
twice. (2) Concentration: the extract was concentrated
at a relative density of 1.10 at 50 °C by mixing the fil-
trated extract collected in step 1. (3) Drying: dextrin
(1% by weight) was added to the concentrated liquid,
which was stirred evenly and dried by spraying; the
temperature in the drying tower was 90-95 °C. (4) Sieve
mixing: the spray-dried powder was passed through an
80-160 mesh sieve, mixed evenly, and packaged to be
used in the next step.

Study animals and treatment

In total, 40 weaned piglets (Duroc x Landrace x York-
shire; male to female ratio=1), with an initial average
body weight of 7.315+0.93 kg and weaned at 21 +1 day
of age, were purchased from Guangming Farm and Ani-
mal Husbandry Co., Ltd. (Fujian, China). They were
randomly and equally divided into four groups: the (i)
control group, (ii) antibiotic group, (iii) coix seed pow-
der group (TCMP), and (iv) coix seed extract group
(TCME). The piglets were ear-labeled and their weights
were recorded individually, followed by feeding with the
experimental diets for 4 weeks. The basal diet was for-
mulated to meet the NRC (2012) recommendations for
the nutrient requirements of piglets. The ingredients
and compositions of the basal diet are shown in Table 1.
The piglets were maintained under standard light (14 h
light/dark) and temperature (25+2 °C) conditions. The
control group (n=10) was fed the basal diet. The piglets
in the antibiotic group were provided fodder contain-
ing 1/10,000 amoxicillin powder for animals (antibiot-
ics group, n=10). The piglets in the coix seed powder
group were given fodder containing 5/100 coix seed
powder (TCMP group, n=10). The piglets in the coix
seed extract group were provided with fodder containing
1/100 coix seed extract (TCME group, n=10).

Table 1 Basic diet and nutrients

Corn, % 50
Wheat peel, % 4
Soybean meal, % 30
Fish meal, % 6
Premix, % 10
Total, % 100
Digestible energy DE (MJ Kg~") 13.87
Crude protein CP, % 19.5
Lysine Lys, % 1.1
Calcium Ca, % 0.9
Available phosphorus AP, % 045
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Calculation of average body weight and feed/meat ratio
All piglets were weighed after overnight fasting on the
morning of day 1 as well as on day 15 and day 28 of the
feeding trial. The feed intake of each pig was recorded
daily throughout the trial to calculate the feed/meat ratio
(F:G).

Determination of gut pH value and the gastrointestinal
tract villi

At the end of the 28-day trial, the piglets were sacrificed
in accordance with the experimental animal procedures
of the Institutional Ethics Committee/Animal Care and
Use Committee, and the pH values of the stomach, duo-
denum, small intestine, colon, ileum, cecum, and rec-
tum contents were measured using a pH meter (PHS-5C
PH, Guangzhou, China). Tissues (1 cm) from the stom-
ach, duodenum, small intestine, colon, ileum, cecum,
and rectum were collected from the piglets and fixed for
12 h in 5 mL 4% paraformaldehyde. The fixed tissue was
sequentially passed through 50%, 70%, 80%, 90%, 100%,
and 100% alcohol for 35 to 45 min at each concentration
and clarified using 100% C,H;OH + xylene (1:1) for 30 to
40 min. The tissues were then immersed in paraffin (1:1)
for 30 min. Sections of 6—-12 pum thickness were cut (aver-
age 7-8 um), placed onto slides, and stained with hema-
toxylin and eosin. The sections were observed and villus
length was measured under a microscope.

Sample collection and extraction of genomic DNA

from gastrointestinal microorganisms

The contents of the stomach, duodenum, small intestine,
colon, ileum, cecum, and rectum were collected from the
piglets, and total genomic DNA from these samples was
extracted using the CTAB/SDS method. The DNA con-
centration and purity were monitored on 1% agarose gels.
The DNA was diluted to 1 ng/pL using sterile water.

PCR and sequencing of gastrointestinal microorganisms
The 16s rRNA sequences of the gastrointestinal micro-
organisms were amplified using the specific primer for
16S v3-4: ACTCCTACGGGAGGCAGCA and GGA
CTACHVGGGTWTCTAAT (MK351252.1). The raw
sequencing data were uploaded into the NCBI Sequence
Read Archive database (SRA; http://www.ncbi.nlm.nih.
gov/Traces/sra/) under accession number SRP156563.
All PCR were carried out with 25 uL sample volumes and
12.5 uL of Phusion® High-Fidelity PCR Master Mix (New
England Biolabs), 0.2 pmol forward and reverse primers,
and 10 ng template DNA. Thermal cycling was started
with initial denaturation at 98 °C for 10 min followed by
35 cycles of denaturation at 98 °C for 10 s, annealing at
50 °C for 40 s, and elongation at 72 °C for 50 s, and a final
elongation at 72 °C for 10 min.
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Library preparation and sequencing

Sequencing libraries were generated using an NEB Next®
Ultra™ DNA Library Prep Kit for Illumina (NEB, USA)
following the manufacturer’s recommendations, and
index codes were added. The library quality was assessed
on a Qubit@ 2.0 Fluorometer (Thermo Scientific) and
an Agilent Bioanalyzer 2100 system. Finally, the library
was sequenced on an Illumina HiSeq 2500 platform and
250 bp paired-end reads were generated.

Data analysis

Sequence analysis was performed with the UPARSE soft-
ware package using the UPARSE-OTU and UPARSE-
OTUref algorithms. In-house Perl scripts were used
to analyze the alpha (within samples) and beta (among
samples) diversity. Sequences with >97% similarity were
assigned to the same OTUs. We selected representative
sequences for each OTU and used an RDP classifier to
annotate the taxonomic information for each representa-
tive sequence. In order to compute the alpha diversity,
we rarified the OTU table and calculated three metrics:
Chaol, which estimates the species abundance; observed
species, which estimates the number of unique OTUs
found in each sample; and Shannon index. Rarefaction
curves were generated based on these three metrics.

Community distribution

A graphical representation of the relative abundance of
bacterial diversity from the phylum to species level can be
visualized using a Krona chart. Cluster analysis was pre-
ceded by principal component analysis (PCA), which was
applied to reduce the dimension of the original variables
using the QIIME software package. QIIME can calculate
both weighted and unweighted UniFrac distances, which
are phylogenetic measures of beta diversity. We used
unweighted UniFrac distances for principal coordinate
analysis (PCoA) and the unweighted pair group method
with arithmetic mean (UPGMA) clustering. PCoA helps
to obtain principal coordinates and visualize them from
complex, multidimensional data. The maximum variation
factor is demonstrated by the first principal coordinate,
the second-largest one is demonstrated by the second
principal coordinate, and so on. UPGMA clustering is a
hierarchical clustering method that uses average linkage
and can be used to interpret the distance matrix.

Statistical analysis

To confirm the differences in the abundances of indi-
vidual taxae between groups, Metastats software
(Version:1.0) was utilized. LEfSe was used for the quanti-
tative analysis of biomarkers within different groups. This
method was designed to analyze data in which the num-
ber of species is much higher than the number of samples
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and to provide biological class explanations to establish
statistical significance, biological consistency, and effect-
size estimation of the predicted biomarkers. To iden-
tify the differences in microbial communities between
groups, ANOSIM and MR PP (multi-response permuta-
tion procedure) were performed based on the Curtis dis-
similarity distance matrices.

Results

Growth performance

The average body weights of piglets are shown in Fig. 1.
Body weight on day 28 was found to have increased under
diets containing coix seed and antibiotics (p<0.05).
Meanwhile, the TCMP group on day 14 showed higher
body weight in pigs fed diets with coix seed powder than
that of pigs fed diets with either antibiotics or coix seed
extracts (p <0.05). However, on day 28, the highest body
weight was measured in the TCME group. In addition,
a lower F:G was observed in pigs fed a coix seed diet as
compared to those on the antibiotic diet and control diets
(p<0.05).

Gastrointestinal pH value

The pH value of the gastrointestinal tract is closely
related to the digestion and absorption of nutrients. It
affects the microenvironment for the growth of gastroin-
testinal microbiota and plays an important role in regu-
lating microbial growth. In this study, we found that the
pH value of the succus gastricus in the coix seed group
(TCMP and TCME) was between 2 and 3 (Fig. 2), and
was lower than those of the antibiotic group and control
group (p<0.05). This is also the optimal activation condi-
tion for pepsin A and pepsin B. Moreover, compared with
the control group and antibiotic group, the pH values of
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the colon, rectum, and cecum in the coix seed powder
group significantly increased on day 28 (p <0.05).

Morphological changes in gastrointestinal villi in piglets
The results of the gastric villus morphology assay are
shown in Fig. 3. On day 28, the villus height was more
in piglets fed a coix seed diet (TCP and TCME) than in
piglets fed an antibiotic diet or control diet (p<0.05).
Villus height in the colon, ileum, and cecum also clearly
increased in piglets on a coix seed diet compared to that
in piglets fed a normal diet or an antibiotic diet (Fig. 4).
The maximum villus height was observed in piglets fed
coix seed extract. In addition, there were some differ-
ences in villus height between the antibiotic group and
control group on day 28.

Coix seed treatment altered the gut microbiota of weaning
piglets

In order to investigate the effect of coix seed on the com-
position of gut microbiota, we analyzed the bacterial
populations of the succus gastricus, colon, ileum, and
cecum on day 14 and day 28. The weaning pigs fed a coix
seed diet showed a high relative abundance of the genus
Bactobaccillus and phylum Firmicutes in the succus gas-
tricus as compared to the other groups, with a significant
increase from day 14 to day 28 (Fig. 5). Meanwhile, pigs
supplemented with the extract of coix seed showed a
clear decrease in abundance of genus Prevotellaceae and
genus Lactobacillus in the ileum. The antibiotic group
and control group showed no changes in genus Prevotel-
laceae in the ileum; simultaneously, the genus Lactobacil-
lus in the ileum of both the antibiotic group and control
group declined from day 14 to day 28 (Fig. 6). In wean-
ing pigs fed with a coix seed diet, both genus and phy-
lum Bacteroides in the colon showed higher abundance
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as compared to that in the antibiotic group and control
group. From day 14 to 28, the genus Bacteroides in the
colon showed an increase in TCMP and TCME, but was
significantly decreased in the other groups (Fig. 7). We
also observed that treatment with coix seed decreased
the abundance of genus Prevotella and increased the
abundance of genus Bacteroides in the cecum (Fig. 8).

Discussion

Here, we demonstrated for the first time that feeding
weaning pigs a coix seed diet can result in significantly
improved growth and a reduced F:G. The coix seed diet
also significantly reduced the pH of the succus gastricus,
increased villus length, and significantly modulated the
composition of gut microbiota.
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Weaning pigs often are exposed to a multitude of
stressors such as diet conversion, littermate separation,
and disturbances in the surrounding environment, which
frequently cause intestinal dysfunction, pathogen inva-
sion, appetite decrease, feed intake decline, microeco-
logical imbalance, and growth retardation (Blecha and
Kelley 1981; Funderburke and Seerley 1990; Ahrens et al.
2009; Hyun et al. 1998; Moeser et al. 2017). Therefore,

maintaining normal gut health and microecological bal-
ance is vital to the growth performance of weaned pigs
(Lalles et al. 2002). At present, antibiotics and additives
have been widely used to alleviate the negative effects
of weaning stressors (Lucas et al. 1959; Choi et al. 2011;
Stahly et al. 1981). However, misuse and overuse of anti-
biotics increase antimicrobial resistance, which poses
a serious threat of growing concern to human, animal,
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and environmental health (Hamscher et al. 2003; Sap-
kota et al. 2006; Murphy et al. 2007; Ferguson et al. 2016).
Therefore, some herbal TCMs have been considered
as substitutes for antibiotics. Rhizoma Coptidis, Rhi-
zoma Atractylodis, Pericarpium Citri Reticulatae, Fruc-
tus Mume, Fructus Psoraleae, Poria Cocos, and Semen

Lablab Albumis are commonly used for their anti-
diarrheal or antimicrobial activity (Wang et al. 2017;
Dong et al. 2007; Zhang 2005; Geng et al. 2011; Cheng
et al. 2017; Fuchs et al. 2006). Coix seed is a plant mate-
rial with considerable anti-insufficiency of spleen yang,
anti-cancer, and anti-inflammatory properties (Han et al.
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2017); it has also been shown to increase the immune response both in vitro and in vivo in human health (Liu
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animal feed has shown some growth-promoting effects
in cows (Luo et al. 2016), but the underlying mechanism
has not been reported. Our results showed that coix seed
actually improved growth performance and productivity
post weaning. Furthermore, we found that coix seed sig-
nificantly reduced the pH of the succus gastricus. Gastric
acidity in piglets is known to promote the secretion and
activity of digestive enzymes and plays a vital role in the
process of piglet growth. Suckling piglets have relatively
constant gastric acidity due to lactose fermentation, and
thus dietary pH has little effect on their gastric pH. After
weaning, the pigs lack a supply of lactose, which results
in increased gastric pH, leading to gastrointestinal dys-
function and greater opportunity for pathogenic bac-
terial colonization. We found that a coix seed feed diet
stabilized the gastric acidity in weaning pigs (pH 2-3.5),
providing optimal activation conditions for pepsin in gas-
tric juice (Bednarzewski 1968; de Gara et al. 1986). This
increased activity of gastrointestinal digestive enzymes in
weaned pigs further promotes the digestion and absorp-
tion of nutrients and improves growth performance and
productivity. Additionally, lower gastrointestinal pH
provides a favorable growth environment for Lactobacil-
lus (Ramos et al. 2014). In our study, the coix seed group
showed greater abundance of the genus and phylum Lac-
tobacillus as compared with the antibiotic and control
groups, whereas the abundance of genus Prevotellaceae
in the ileum was low. Therefore, we conclude that coix
seed might reduce gastric pH and promote pepsin secre-
tion and the growth of Lactobacillus in piglets. However,
the specific mechanisms require further research.

The integrity of gastrointestinal villus morphology
is the premise of animal health, because it plays a criti-
cal role in nutrient digestion, absorption, and resistance
to the invasion of pathogenic bacteria (Yang et al. 2013;
Chen et al. 2008). However, at weaning, a carbohydrate-
based diet damages the integrity of intestinal mucosa in
piglets. In our control group and antibiotic group, the
gastrointestinal villi showed emerging atrophy and dis-
ruption. This can largely be explained by the gastroin-
testinal epithelial cell damage and shedding caused by
weaning. However, in the coix seed groups (TCMP and
TCME), the gastrointestinal villi showed greater integrity
and length. It is possible that the rich active components
of esters, unsaturated fatty acids, sugars, and lactams in
coix seed afforded sufficient nutrition for the growth of
the intestinal villus epithelial cells.

It is well-established that gut microbiota affect host
metabolism, induce metabolic disease, and play an
important role in the health of animals and humans
(Velagapudi et al. 2010; Cani et al. 2013). Gut microflora
perform a wide variety of metabolic transformations,
in which a variety of phytochemical compounds can
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be metabolized into products required for physiologi-
cal activity (Eyssen 1973; Goldin 1990; Frick et al. 2012).
Most oral medicines unavoidably affect gut microorgan-
isms; however, traditional Chinese medicines are widely
accepted as high-efficiency and low-toxicity “medicinal
diets” that are capable of avoiding certain side effects
and can be used to treat gastrointestinal discomforts by
regulating microbiological balance (Chen et al. 2015).
In this study, weaned pigs fed a coix seed diet showed a
significant increase in Lactobacillus and Bacteroides in
the gastrointestinal system, along with a decline in the
abundance of Prevotellaceae. Because coix is similar to
other cereals, starch is its main component, accounting
for approximately 60%, and the content of oil, polysac-
charides, and protein is higher than that in conventional
cereals like rice and wheat; this makes coix a good culture
medium for gut microbiota (Yang et al. 2011). In addi-
tion, the components of proteins and polysaccharides
in coix seed play an important role in regulating water
transport and afford a good growth environment for gut
microbiota.

Previous studies have demonstrated that coix seed
can increase the abundance of Lactobacillus and Copro-
coccus, induce imbalance of intestinal microbiota, and
increase levels of probiotic bacteria (Caesar et al. 2015).
Another report showed that coix seed enriches microbial
metabolic pathways such as glycerolipid metabolism, bio-
synthesis of unsaturated fatty acids, the sulfate transport
system, the manganese/iron transport system, and the
glutathione transport system (Liu et al. 2019). Therefore,
coix seed is a useful dietary supplement for the treat-
ment of imbalanced gut microbial ecology (Wang et al.
2015). Thus, we speculated that coix seed would improve
growth and reduce F:G in weaned pigs, which could be
associated with increased amounts of Lactobacillus and
Bacteroides and the enrichment of microbial metabolic
pathways.

Collectively, the present study provides the first evi-
dence that coix seed has beneficial effects on intestinal
villus development and intestinal barrier function in
weaned pigs, which might partly explain why the growth
performance of pigs was improved by dietary coix seed
supplementation.
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