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Elephant grass supplementation
in the feed of fattening pigs
affects growth performance,
carcass characteristics, blood
profiles and intestinal
microorganisms
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Xianfeng Yi2*, Chris S. Jones3* and Jiyu Zhang1*

1State Key Laboratory of Grassland Agro-Ecosystems, Key Laboratory of Grassland Livestock
Industry Innovation, Ministry of Agriculture and Rural Affairs, Engineering Research Center of
Grassland Industry, Ministry of Education, College of Pastoral Agriculture Science and Technology,
Lanzhou University, Lanzhou, China, 2Guangxi Institute of Animal Sciences, Nanning, China, 3Feed
and Forage Development, International Livestock Research Institute, Nairobi, Kenya
To investigate the effects of the dietary inclusion of elephant grass on the

growth performance, blood profiles, carcass characteristics, ileum and

stomach microbiota of fattening pigs, pigs were fed one of seven diets

including a basal diet (Control), and six treatments, where the basal diet was

supplemented with 10%, 15% or 20% of elephant grass, Cenchrus purpureus cv.

Guiminyin (CpGui10, CpGui15, CpGui20) or cv. Purple (CpP10, CpP15, CpP20).

Results showed that supplementation of 20% CpGui in the diet significantly

increased (P < 0.05) average daily gain (ADG) and gain to feed (G/F) ratio by the

end of the experiment. Additionally, pigs fed the CpGui20 diet showed higher

(0.01 < P < 0.05) slaughter weight and tended to have increased loin-eye area

and lean meat percentage, and, decreased backfat thickness compared with

control pigs. Furthermore, 16S ribosomal DNA gene amplicon profiling showed

that the inclusion of elephant grass in the diet was associated with modulation

of the ileum and stomach microbiota composition at the order level. Relative

abundance of the Lactobacillales order in the ileum and stomach increased

with different proportions of elephant grass, while that of Enterobacteriales

decreased. In conclusion, these results indicate that at up to 20% inclusion in

the diet of pigs, elephant grass can promote enhanced growth performance

and carcass characteristics, and, modulate the ileum and stomach microbiota

composition of the pigs.
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Introduction

On a worldwide basis, corn and soybean meal are the main

staples in the diet of pigs, providing most of the energy and

nutrients required (Leeson, 2012; Lv et al., 2013). Unfortunately,

although it has been argued that some grains, such as wheat, and

by-products, such as rice bran and distiller’s grains, can be used

as alternative feeds in some parts of the world, the quantities

available are not sufficient to replace corn and soybean meal for

the global pig industry (Yu D. et al., 2019; Yu M. et al., 2019).

With more attention being paid to small-scale family farming,

there are opportunities for a more diversified diet composition

with respect to feedstuffs included, to improve food security and

minimize negative impacts on the environment and climate. The

potential feed resources for animals in many Asian countries are

primarily derived from vegetable foods and agroindustrial by-

products, such as cassava leaves, sweet potato vines, spinach, rice

bran, cassava residues, beer lees, and tofu residues (Hang et al.,

2009; Ly et al., 2010; Nguyen Cong et al., 2019). Although they

represent underutilized feeds, most have a high fibre content

which may impose limitations to their use in the diets of

monogastric animals, especially young animals.

The cost of feed plays an important role in determining the

profitability of a pig producer because it accounts for 70% of the

variable costs of pig production (Upadhaya et al., 2016). The

supply of soybean meal, as a conventional feed resource for

livestock protein in China, has declined in recent years while the

demand has continued to rise, resulting in soaring prices for feed

purchasing in livestock production. Consequently, it is necessary

to lower feed costs to improve the economic benefits of the pig

industry. One of the most effective methods is to try to look for

the unconventional green feed to replace the increasingly

expensive conventional feed under the premise of good

management for sustainable development of the pig industry.

In addition, along with growth in demand with the increasing

global human population, consumers are increasingly

demanding high-quality meat products due to the growing

focus on the relationship between nutrition and health (Franco

et al., 2014). Taking all of these aspects into account, it is

absolutely imperative to look for a pig feed that could improve

animal welfare and disease resistance as well as supporting the

production of organic, health-promoting foods with high

nutritional value, in response to growing consumer demands.

Elephant grass (Cenchrus purpureus), also known as Napier

grass or Uganda grass, is a species of perennial tropical forage

grass native to Sub-Saharan Africa which is planted across the

global tropics (Yan et al., 2021a; Yan et al., 2021b). It is

considered to be one of the most important tropical forages

(Franco et al., 2014) due to its high potential for biomass

production (Meng et al., 2019), adaptability to a variety of

ecosystems and good acceptance by the animals (Muktar et al.,

2019). Elephant grass is widely used to feed cattle both in cut and
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carry systems and in the form of pasture, but especially as silage.

Elephant grass is also considered a useful feedstuff for pigs

because of its high soluble carbohydrate content that is

conducive to good fermentation (Ferreira et al., 2014). In

addition, due to its high fibre content and quality, elephant

grass is of interest in improving the well-being of modern pigs

(which are often given food below voluntary food intake

potential) by providing bulk in the diet and thereby increasing

satiety. Anthocyanin-rich plant material has powerful

antioxidant properties, which are considered beneficial for

both humans and animals that consume it (Kruger et al.,

2014). The leaf anthocyanin content of C. purpureus cv. Purple

is higher than that of other cultivars of C. purpureus (Yan et al.,

2021a) and was used to determine any beneficial effects

of anthocyanins.

However, to our knowledge, few studies have reported on

the effect of elephant grass supplementation in the diet on the

growth performance of fattening pigs, thus restricting the

potential use of elephant grass by livestock producers.

Therefore, the purpose of this study was to evaluate the

growth performance, meat quality characteristics, ileum and

stomach bacterial microbiota of fattening pigs fed diets

containing an increasing proportion of elephant grass.
Materials and methods

The experiments of the current study were carried out

following the experimental field management protocol (file

NO: 2017-1 and 2017-2) approved by the Animal Ethics

Committees of Guangxi Institute of Animal Sciences.
Diet preparation

Cenchrus purpureus Schumach cv. Guiminyin (CpGui) and

cv. Purple (CpP) were established at Guangxi Institute of Animal

Sciences (Guangxi Province, China) by vegetative propagation in

March 2017. Plants were maintained without irrigation and

nitrogen and compound fertilizer was applied every 40 days.

The fresh elephant grass was harvested in June 2018 at the

jointing stage and then chopped by passing through a crop straw

rubbing filament machine (9RC-50, Zhengzhou Muchang

Agricultural Machinery Manufacturing Co., Ltd.). The control

group was fed a basal diet, including 71% maize, 20% soybean

meal, 5% wheat bran and 4% compound premix, including

vitamins (vitamin A, D3, E, K3, B1, B2, B5, B6, Nicotinic acid,

folic acid), trace elements (Fe, Cu, Zn, Mn, Se), amino acids

and sodium chloride (NaCl). The other dietary treatments

included the control diet+10%, 15%, 20% cv. Guiminyin and

control diet+10%, 15%, 20% cv. Purple. In addition, 0.5% micro-

stock feed fermenting agent was sprayed evenly on the diets.
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Afterwards the extruded material was compacted with a punch

press, packed in polyethylene bags and ensiled to produce

“extruded silage” (Guangxi Institute of Animal Sciences).
Chemical analyses

All the feed samples were taken, immediately frozen and stored

at -20°C until further analysis. The dry matter (DM) content of the

feed was determined after drying for 24 h at 103°C. The crude

protein content (CP = total N × 6.25) was determined using a

Kjeldahl apparatus (Gerhart Vapodest 50 s, Germany) according to

the procedure described by the Association of Official Agricultural

Chemists (Li et al., 2020). Crude ash content was determined after

incineration at 550°C for 6 h. The ash was then digested in aqua

regia (HCl/HNO3 mixture), and the solution was used for calcium

(Ca) and phosphorus (P) determination (Ao et al., 2019).
Experimental design, animals
and housing

A total of 168 (n = 24) Guike Black fattening pigs with a

similar initial body weight (BW) of 66.4 ± 5.6 kg were provided

by Guangxi Institute of Animal Sciences (Guangxi Province,

China). They were selected from different litters and raised at a

single facility, until they were 135 days old. Then they were

randomly assigned to seven dietary treatments arranged in a

completely randomized design, with six animals in each

experimental group. Pigs in the six treatment groups received

increasing levels of elephant grass meal (0, 10%, 15% and 20%

CpGui, or CpP) respectively. Water was made available ad

libitum via nipper drinkers throughout the experiment.

During the whole experiment, the ambient environmental

temperature and humidity of the indoor environment were

thermostatically controlled at 25°C and 60%, respectively. The

composition and nutrient content of the experimental diets are

presented in Table 1. All the pigs were fed three times daily on a

limited feeding program at 08:00, 13:00 and 18:00 hours,

respectively. Each pig was weighed before the morning feed on

days 0, 30 and 60 to determine the average daily gain (ADG).

The feed consumption per pen was determined to calculate

average daily feed intake (ADFI) and gain/feed ratio (G/

F) accordingly.
Sample collection

On day 60, 21 pigs (three from each group) were randomly

selected from each pigsty. After fasting for about 12 h, pigs were

euthanized via electrical stunning and exsanguination to

alleviate animal suffering. Blood samples were collected from

the jugular vein into a sterile syringe (5 mL) and centrifuged at
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3000 g at 4°C for 15 min. Serum was decanted and immediately

stored at −20°C until analysis (Fu et al., 2019).
Measurement of carcass characteristics
and meat quality

The carcass weight (CW) was measured within 30 minutes

of slaughter to calculate the dressing percentage of the pigs. The

lean meat was separated and weighed five hours after slaughter

following the conventional slaughterhouse procedure. The lean

meat percentage was calculated based on the relationship

between slaughter weight and lean weight (See et al., 2004).

Briefly, the average backfat thickness was measured at the first

rib, lumbar, and the last rib of the left side (Li et al., 2018; Yu M.

et al., 2019). The loin muscle area was measured using the

longitudinal dorsal muscle at the last rib in a vertical direction

according to the following equation: Loin muscle area (cm2) =

Loin muscle height (cm) × Loin muscle width (cm) × 0.7 (Luo

et al., 2019). The water-holding capacity and shear force were

measured and calculated according to previous publications

(Kauffman et al., 1986; Li et al., 2009). pH24h was measured

using a portable pH meter (Cat. No. HI 9025, HANNA, Italy)

equipped with a glass electrode which was inserted into

the muscle.
Analysis of serum biochemical values
and blood hormones

Concentrations of serum total protein (TP), albumin (ALB),

globulin (GLO) and blood urea nitrogen (BUN) were

determined using the colorimetric methods of commercial test

kits according to the manufacturers’ instructions (Shanghai

Kehua bioengineering Co., Ltd, Shanghai, China). Serum

activities of alanine aminotransferase (ALT), aspartate

aminotransferase (AST) and g-glutamyltransferase (g-GT) were
measured using an Automatic Biochemical Analyzer (Shenyang

Pulide Trading Co., Ltd., China).
MetaVx ™ library building and illumina
MiSeq sequencing

At day 60, after fasting overnight, individual piglets from each

group was randomly selected for sampling. The gastrointestinal

tract of each piglet was removed immediately after slaughter and

segments (stomach and ileum) were identified and ligated before

separation. Digesta of the stomach and ileum were collected and

stored at -70°C until analysis. Next generation sequencing library

preparations and Illumina MiSeq sequencing were conducted at

GENEWIZ, Inc. (Suzhou, China) (Feye and Ricke, 2019). DNA

samples were quantified using a Qubit 2.0 Fluorometer
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(Invitrogen, Carlsbad, CA, USA). 30-50 ng DNA was used to

generate amplicons using a MetaVx™ Library Preparation kit

(GENEWIZ, Inc., South Plainfield, NJ, USA). V3 and V4

hypervariable regions of prokaryotic 16S rDNA were selected

for generating amplicons and the following taxonomy analyses.

GENEWIZ designed a panel of proprietary primers aimed at

relatively conserved regions bordering the V3 and V4

hypervariable regions of bacteria and Archaea. The V3 and V4

regions were amplified using forward primers with the sequence

“CCTACGGRRBGCASCAGKVRVGAAT” and reverse primers

with the sequence “GGACTACNVGGGTWTCTAATCC”. First

round PCR products were used as templates for second round

amplicon enrichment PCR. At the same time, indexed adapters

were added to the ends of the 16S rDNA amplicons to generate

indexed libraries ready for downstream sequencing on the

Illumina Miseq. DNA libraries were validated on the Agilent

2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA),

and quantified by a Qubit 2.0 Fluorometer. DNA libraries were

multiplexed and loaded onto an Illumina MiSeq instrument

according to the manufacturer’s instructions (Illumina, San

Diego, CA, USA). Sequencing was performed using a 2x300

paired-end (PE) configuration; image analysis and base calling

were conducted using theMiSeq Control Software (MCS) which is

embedded in the MiSeq instrument.
Statistical Analysis

Growth performance, blood profile, and carcass characteristics

data were analyzed using the SPSS software package (SPSS v. 20.0,

SPSS Inc., Chicago IL, USA). Data were expressed as the mean ±
Frontiers in Animal Science 04
SEM. Mean values and total standard error of mean were calculated

using one-way analysis of variance (ANOVA), and significant

differences between groups were determined by Duncan’s test.

The probability level of P ≤ 0.05 was regarded as statistically

significant, and 0.05 < P < 0.10 was considered as a trend.

The MiSeq raw data were demultiplexed, quality-filtered

using QIIME (version 1.9.1, http://qiime.org/scripts/assign_

taxonomy.html) and sequence which did not fulfill the

following criteria were discarded: sequence length > 200bp, no

ambiguous bases, mean quality score >= 20. Then the sequences

were compared with the reference database (RDP Gold

database) using the UCHIME algorithm to detect chimeric

sequences, and chimeric sequences were removed. The

remaining effective sequences were used in the final analysis.

Sequences were grouped into operational taxonomic units

(OTUs) using the clustering program VSEARCH (1.9.6)

against the Silva 119 database pre-clustered at 97% sequence

identity. The Ribosomal Database Program (RDP) classifier was

used to assign a taxonomic category to all OTUs at a confidence

threshold of 0.8. The RDP classifier uses the Silva 123 database

which has taxonomic categories predicted to the species level.

Sequences were rarefied prior to calculation of alpha and beta

diversity statistics. Alpha diversity indexes were calculated in

QIIME (version 1.9.1, http://qiime.org/scripts/assign_

taxonomy.html) from rarefied samples using the Shannon

index for diversity, the Chao1 index for richness and for

making a rarefaction curve (Caporaso et al., 2010). Data for

microbiota in the ileum and stomach, the statistical differences

in bacterial diversity, bacterial richness, and bacterial evenness

between treatments groups was assessed using the Kruskal–

Wallis with Dunn’s post‐hoc test in SPSS.
TABLE 1 Composition and nutrient levels of the experimental diets.

Control CpGui10 CpGui15 CpGui20 CpP10 CpP15 CpP20

Ingredient composition

Wheat bran (kg) 5 4 3.5 3 4 3.5 3

Grass (kg) 0 10 15 20 10 15 20

Maize (kg) 71 63.4 59.6 55.8 63.4 59.6 55.8

Soybean meal (kg) 20.0 19.4 19.1 18.8 19.4 19.1 18.8

Compound premix (kg) 4.0 3.2 2.8 2.4 3.2 2.8 2.4

Nutrient levels

DM (g/kg) 88.6 82.4 82.0 79.6 82.7 83.1 76.3

Crude protein (%) 15.93 15.94 16.29 16.41 16.15 16.42 16.43

Crude fat (g/kg) 18.75 20.21 19.02 19.66 16.55 16.75 19.28

Crude fibre (g/kg) 32.76 38.83 38.91 41.11 38.96 42.76 48.23

Crude ash (%) 5.51 5.30 5.17 4.99 5.54 5.49 5.46

Ca(g/kg) 5.39 4.09 3.64 2.86 3.13 3.14 2.73

P(g/kg) 4.99 4.69 4.70 4.48 4.33 4.51 4.51

Metabolisable energy (kcal/kg) 3.13 3.14 3.15 3.14 3.14 3.13 3.14
frontie
Different lower case letters mean significant difference among different treatments at 0.05 level.
DM, dry matter; Ca, calcium; P, phosphorus; CpGui, Cenchrus purpureus cv. Gui Min Yin; CpP, Cenchrus purpureus cv. Purple; CpGui10, diet with CpGui at 10% DM; CpGui15, diet with
CpGui at 15% DM; CpGui 20, diet with CpGui at 20% DM; CpP10, diet with CpP at 10% DM; CpP15, diet with CpP at 15% DM; CpP20, diet with CpP at 20% DM.
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Results

Chemical composition of the diet

The basic composition and nutrient levels of the

experimental diets are presented in Table 1. Overall, the

values obtained for most dietary components were in the

range of those previously reported by other authors (Graham

et al., 1986). In addition, the diets containing elephant grass had

a higher amount of crude fibre compared to the control diet,

with the highest value in the diet ‘CpP20’. The crude protein

content of the group containing elephant grass was higher than

that of the control group, which suggested that elephant grass

could potentially be used as a quality protein source for pigs.
Growth performance

The effects of different dietary compositions on the

performance of fattening pigs are summarized in Table 2. The

pigs remained healthy throughout the experiment. In the early

phase (d 0 to 30 of the experiment), compared to pigs fed the

control diet, ADG and G/F were higher for pigs fed the CpP20

diet, and there was a quadratic response in ADG and G/F (P <

0.05). At the end of the experiment, the ADG of pigs from the

CpGui20 group showed an increased trend (32.08%) compared

with the control group (P = 0.074). ADFI of supplemented

groups showed a quadratic response compared to the control

throughout the course of the experiment (P < 0.05).
Carcass and meat quality traits

Carcass characteristics and meat quality traits are shown in

Table 3. The slaughter weight of pigs fed the CpGui20 diet was

significantly higher (P = 0.012) than those fed the control diet,

but no differences were observed in carcass weight and dressing

percentage (P > 0.05). Nevertheless, there was a trend to reduced
Frontiers in Animal Science 05
backfat thickness and increased lean meat percentage and loin

muscle area of pigs fed the CpGui20 diet compared with those

fed the control, although this was not statistically significant (P >

0.05). No effect of dietary elephant grass inclusion was detected

on meat quality (24h pH value, shear force or water

holding capacity).
Serum indexes

Table 4 presents the serum biochemical indicators of fattening

pigs. Pigs fed the CpP10 diets had heightened total protein levels

in blood plasma compared to the CpGui10 diet group (P < 0.05).

In addition, a slightly higher urea concentration compared to the

control group was observed in the CpGui10 group (P > 0.05). The

albumin concentration of pigs fed the CpP10 diet was significantly

lower (P < 0.05) and the globulin concentration was significantly

higher (P < 0.05) compared to the CpP15 group. The activity of

ALT and g-GT was markedly lower in the CpP20 and CpP10

groups compared to the control. The activity of AST in blood

serum was different, ranging from 47.00 to 54.00 U/L, however,

the differences were not significant (P > 0.05).
The alpha diversity of bacteria flora in
all samples

The raw 16S sequencing data was deposited in the NCBI

Sequence Read Archive (SRA) under the accession number

PRJNA689655. Alpha diversity is commonly used to analyze the

complexity of species diversity of a sample, therefore, we selected

two indices (rarefaction curves and rank-abundance curves) to

identify community richness and diversity (Supplementary

Figure S1). Rarefaction analysis refers to whether each sample

is sufficient to reflect the microbial species composition contained

in the community sample at the current sequencing depth. The

observed species following the sequencing reads increased and

was maintained constant after 30,000 reads, indicating that the
TABLE 2 Growth performance of pigs with different feed composition diets.

Item Dietary treatment P-value

Control CpGui10 CpGui15 CpGui20 CpP10 CpP15 CpP20

day 30

ADG, kg/d 0.56 ± 0.02ab 0.63 ± 0.04b 0.58 ± 0.02ab 0.57 ± 0.04ab 0.50 ± 0.05c 0.48 ± 0.04c 0.75 ± 0.04a 0.003

ADFI, kg/d 2.28 ± 0.01f 2.45 ± 0.03d 2.88 ± 0.01b 2.91 ± 0.04a 2.28 ± 0.01g 2.36 ± 0.01e 2.81 ± 0.01c 0.000

G/F, kg/kg 0.24 ± 0.01abc 0.25 ± 0.01ab 0.20 ± 0.01cd 0.19 ± 0.01d 0.22 ± 0.02bcd 0.20 ± 0.02cd 0.27 ± 0.01a 0.009

day 60

ADG, kg/d 0.53 ± 0.02bc 0.57 ± 0.07abc 0.64 ± 0.03abc 0.70 ± 0.02a 0.62 ± 0.07abc 0.52 ± 0.03c 0.67 ± 0.02ab 0.074

ADFI, kg/d 2.32 ± 0.02cd 2.54 ± 0.04bc 2.82 ± 0.07ab 2.09 ± 0.23d 2.91 ± 0.01a 2.86 ± 0.03a 3.08 ± 0.06a 0.000

G/F, kg/kg 0.23 ± 0.01 0.22 ± 0.02 0.23 ± 0.01 0.34 ± 0.05 0.21 ± 0.02 0.18 ± 0.01 0.22 ± 0.001 0.01
front
a-evalues in the same rows with different letters differ significantly (P < 0.05).
ADG, average daily gain; ADFI, average daily feed intake; G/F, gain to feed ratio.
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depth of sequencing was sufficient and sampling was reasonable,

so it accurately reflected the bacterial communities of the pig

samples. Rank abundance curves directly reflect the richness and

evenness of species in the sample where species richness can be

regarded as the range of the curve in the horizontal direction. The

results demonstrated that the curves of all samples have almost

approached the saturation plateau, which indicates that the 16S

rDNA gene sequence database was very abundant, and the current

analysis had sufficient depth to capture most of the microbial

diversity information.

In the present study, a total of 1,467,525 and 1,427,853 raw

paired end (PE) reads were identified from the ileum and

stomach samples respectively (Tables 5, 6; Supplementary

Table S1). After trimming, processing, and removing chimera

sequences, we obtained a total of 1,338,984 and 1,276,308

effective PE reads in all the samples of ileum and stomach,

respectively, with an average of 63,761 and 60,776 PE reads per

sample. In addition, the average length of effective reads was over

400 bp and the effective reads were over 85% of all reads for all

samples, indicating that these reads can provide good insights
Frontiers in Animal Science 06
into the microbial community composition and diversity. The

OTU groups of the bacterial communities were classified by 16S

rDNA sequences sharing over 97% similarity. The indices of

OTUs, abundance based coverage estimator (Ace) and Chao1

index (Chao1) provide an estimate of the richness of the

bacterial community, while the Shannon and Simpson indices

provide an indication of the diversity. The Good’s coverage

estimator values were approximately 1 for all samples, which

indicated that the present sequencing results accurately reflect

the situation of microorganisms in the sample. However, there

were no statistically significant differences in the Ace, Shannon

or Simpson’s indices among the treatments (P > 0.05). Analysis

of bacterial 16S rDNA gene fragments revealed that the diversity

indices and the number of observed species generally increased

with increasing amounts of elephant grass in the diets, indicating

high bacterial biodiversity in the ileum and stomach microbiota.

A total of 86 shared OTUs, present in at least 50% of samples at

each sampling location, are presented in Figure 1. It is

noteworthy that the greatest number of OTUs were detected

in individuals fed the SG (CpP20) diet.
TABLE 4 Effect of different feed composition diets on blood profiles in fattening pigs.

Items Treatment P-value

Control CpGui10 CpGui15 CpGui20 CpP10 CpP15 CpP20

BUN, mmol/l 4.36 ± 0.77a 4.50 ± 0.80a 4.09 ± 0.38ab 4.45 ± .0.66a 2.28 ± .0.35b 3.83 ± .0.41ab 4.07 ± 0.60ab 0.198

TP, g/l 67.33 ± 2.96ab 61.67 ± 2.03b 64.00 ± 2.08ab 65.33 ± 0.67ab 69.33 ± 1.20a 67.00 ± 0.58ab 65.67 ± 1.20ab 0.125

ALB, g/l 38.67 ± 1.20ab 35.67 ± 1.33bc 37.33 ± 0.88abc 36.00 ± 1.52abc 34.00 ± 0.58c 39.33 ± 0.88a 36.67 ± 0.67abc 0.045

GlO, g/l 28.67 ± 2.03ab 26.00 ± 1.00b 26.67 ± 1.85b 29.33 ± 2.03ab 33.67 ± 2.33a 27.00 ± 1.53b 29.67 ± 1.20ab 0.01

A/G, g/l 1.36 ± 0.08a 1.37 ± 0.05a 1.41 ± 0.11a 1.25 ± 0.13ab 1.02 ± .0.87b 1.47 ± 0.11a 1.24 ± 0.07ab 0.011

ALT, U/L 47.67 ± 2.40a 45.33 ± 1.20a 43.67 ± 1.20a 42.33 ± 1.20a 43.33 ± 0.88a 46.33 ± 4.10a 36.00 ± 1.53b 0.029

AST, U/L 48.33 ± 1.21a 47.00 ± 4.36a 51.33 ± 1.45a 54.00 ± 5.86a 49.33 ± 1.85a 48.67 ± 0.33a 50.33 ± 4.91a 0.842

g-GT, U/L 54.33 ± 2.40a 56.67 ± 1.45a 52.33 ± 1.45ab 52.00 ± 1.73ab 47.33 ± 0.88b 54.00 ± 2.64ab 55.33 ± 2.91ab 0.105
front
a,b,c Means in the same row with different superscripts differ (P < 0.05).
TP, total protein; BUN, blood urea nitrogen; ALB, albumin; GLO, globulin; A/G, globulin ration; ALT, alanine aminotransferase; AST, aspartate aminotransferase; g-GT,
g-glutamyltransferase.
TABLE 3 Carcass characteristics in fattening pigs with different feed composition diets.

Items Treatment P-value

Control CpGui10 CpGui15 CpGui20 CpP10 CpP15 CpP20

WHC, N 2.66 ± 0.02 2.69 ± 0.04 2.64 ± 0.02 2.67 ± 0.03 2.69 ± 0.02 2.67 ± 0.02 2.65 ± 0.01 0.737

SF, N 44.31 ± 7.40 42.59 ± 2.02 43.38 ± 1.51 35.40 ± 6.04 36.46 ± 1.67 47.07 ± 3.22 33.39 ± 3.72 0.240

PH24h 6.57 ± 0.14 6.53 ± 0.05 6.43 ± 0.02 6.32 ± 0.0.17 6.54 ± 0.02 6.51 ± 0.04 6.50 ± 0.01 0.472

Slaughter weight, kg 88.27 ± 2.45c 100.17 ± 1.67bc 105.83 ± 3.67ab 118.87 ± 10.94a 106.60 ± 1.78ab 98.80 ± 6.85bc 104.03 ± 6.29b 0.012

CW, kg, 77.60 ± 3.01 77.90 ± 2.61 76.07 ± 2.84 76.96 ± 2.33 71.14 ± 3.10 72.73 ± 1.70 77.93 ± 3.04 0.450

LMA, cm2 33.12 ± 3.04 33.26 ± 2.25 29.67 ± 2.80 35.93 ± 1.58 38.76 ± 4.22 33.09 ± 2.61 35.86 ± 3.86 0.514

BT, cm 4.40 ± 0.42 3.75 ± 0.29 3.55 ± 0.44 3.36 ± 0.19 3.34 ± 0.41 3.50 ± 0.67 3.27 ± 0.04 0.478

DP, % 74.76 ± 0.01 75.58 ± 0.01 73.95 ± 0.01 73.60 ± 0.01 74.01 ± 0.02 74.63 ± 0.02 73.51 ± 0.01 0.938

LMP, % 46.20 ± 0.02 46.41 ± 0.03 48.01 ± 0.03 49.31 ± 0.02 51.88 ± 0.01 49.01 ± 0.04 47.96 ± 0.02 0.770
a,b,c Means in the same row with different superscripts differ (P < 0.05).
WHC, water-holding capacity; SF, shear force; CW, carcass weight; LMA, loin muscle area; BT, backfat thickness; DP, dressing percentage; LMP, lean meat percentage.
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The bacterial community composition

Variations in the bacterial communities, at the Phylum and

order level, between the different diets are shown in Figure 2.

There were thirteen dominant phyla found in the ileum and

stomach microbiota of pigs, including Proteobacteria,

Firmicutes, Actinobacteria, Bacteroidetes, Cyanobacteria,

Verrucomicrobia, Saccharibacteria , Graci l ibacteria ,

Absconditabacteria, Fusobacteria, Deinococcus−Thermus,

Tenericutes and BRC1.Proteobacteria and Firmicutes were the

most abundant in all samples and identified as the major
Frontiers in Animal Science 07
bacterial taxa of the pig bacterial community. The abundance

of Bacteroidetes tended to increase after being fed with diets

containing elephant grass. The bacterial communities of each

diet treatment were different, and a total of 29 orders were

detected via taxonomic analyses. Furthermore, the two most

abundant orders in all of the ileum and stomach samples were

Lactobacillales and Clostridiales. As expected, the relative

abundance of Clostridiales in the stomach was lower

compared to the i leum with the inverse true for

Lactobacillales. The ileum microbial diversity in the fattening

pigs presented a lower number of genera (≥1% relative
TABLE 6 Diversity and richness of bacterial sequences in the stomach of pigs fed on the various diets.

Items Treatment P-
value

Control CpGui10 CpGui15 CpGui20 CpR10 CpR15 CpR20

Raw PE 57962.33 ±
3805.86b

69971.00 ±
3854.15ab

76860.33 ±
5643.53a

70117.67 ±
6121.93ab

75250.00 ±
625.33a

67564.33 ±
3039.45ab

58225.33 ±
4301.35b

0.067

Qualified 52739 ± 3782.74b 62205.67 ±
3235.80ab

69152.67 ±
5552.60a

61475 ± 6290.65ab 67085.67 ±
975.00a

60130.33 ±
2569.41ab

52647.67 ±
3406.28b

0.070

Base (bp) 34777400 ±
2283517.95b

41982600 ±
2312490.01ab

46116200 ±
3386117.50a

42070600 ±
3673158.84ab

45150000 ±
375194.5a

40538600 ±
1823670.51ab

34935200 ±
2580811.28b

0.067

Effective% 90.92 ± 0.81 88.94 ± 0.90 89.88 ± 0.75 87.52 ± 2.38 89.14 ± 0.69 89.01 ± 0.32 90.56 ± 1.14 0.625

AvgLen
(bp)

451.08 ± 5.29 457.94 ± 3.64 456.72 ± 2.92 454.66 ± 1.15 458.69 ± 1.77 457.90 ± 1.26 457.34 ± 0.73 0.772

Ace index 257.21 ± 19.13 271.10 ± 41.53 284.54 ± 51.81 280.30 ± 7.83 288.03 ± 8.82 319.28 ± 11.82 340.46 ± 9.32 0.252

Chao1
index

261.96 ± 20.69 275.79 ± 40.18 284.14 ± 52.99 285.22 ± 16.17 284.59 ± 7.45 329.06 ± 12.12 345.04 ± 6.10 0.238

Simpson
index

0.81 ± 0.09 0.86 ± 0.05 0.94 ± 0.18 0.94 ± 0.01 0.88 ± 0.01 0.91 ± 0.08 0.96± ± 0.00 0.116

Shannon
index

3.56 ± 0.74 4.21 ± 0.59 4.24 ± 1.21 4.90 ± 0.11 4.28 ± 0.09 4.70 ± 0.53 5.58 ± 0.07 0.173
frontie
Ace, Abundance-based coverage; AveLen, the average length of effective read.
TABLE 5 Diversity and richness of bacterial sequences in the ileum of pigs fed on the various diets.

Items Treatment P-
value

Control CpGui10 CpGui15 CpGui20 CpP10 CpP15 CpP20

Raw PE 66356.33 ± 5466.71 65341.67 ± 5406.61 74762.67 ± 6615.19 65334.67 ± 6187.36 67948.00 ± 3628.39 70887.33 78544.33 0.785

Qualified 61199.67 ± 4058.73 60605.66 ± 4342.04 68439.00 ± 6043.68 57568.33 ± 7194.80 62458.00 ± 3264.18 64589.67 71467.67 0.801

Base (bp) 39813800 ±
3280025.26

39205000 ±
3243966.26

44857600 ±
3969116.87

39200800 ±
3712413.30

40768800 ±
2177034.19

42532400 47126600 0.785

Effective% 92.49 ± 1.60a 92.94 ± 1.14a 91.55 ± 0.43ab 87.55 ± 3.05b 91.93 ± 0.25ab 91.07 91.12 0.401

AvgLen (bp) 453.17 ± 3.83 447.56 ± 4.33 449.88 ± 4.68 455.61 ± 3.17 449.56 ± 2.49 453.72 449.14 0.698

Ace index 177.38 ± 29.44b 207.7 ± 52.86ab 218.7 ± 21.87ab 236.33 ± 53.25ab 152.41 ± 19.37b 252.44 287.59 0.279

Chao1 index 149.13 ± 27.20b 213.35 ± 64.21ab 229.27 ± 31.98ab 243.00 ± 53.71ab 123.63 ± 17.29b 208.73 287.59 0.228

Simpson
index

0.66 ± 0.14 0.76 ± 0.08 0.78 ± 0.16 0.83 ± 0.15 0.75 ± 0.07 0.82 0.84 0.805

Shannon
index

2.66 ± 0.05 3.24 ± 0.52 3.36 ± 0.83 4.04 ± 1.09 2.83 ± 0.50 3.74 4.02 0.681
Ace, Abundance-based coverage; AveLen, the average length of effective reads.
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abundance) (Table 7). In comparison with the ileum bacterial

community of fattening pigs fed with the all treatment diets, the

significant difference was mainly observed in the abundance of

Lactobacillus. At the genus level (≥1% relative abundance), the

three most dominant genera in the stomachs of pigs were

Lactobacillus, Escherichia and Clostridium (Table 8).

Lactobacillus sharply increased in all of the treatments

compared to the control, except for the CpGui15 treatment.
Discussion

To our knowledge, ADG is the most important index

reflecting the growth performance of animals. The results of

our study provide the first evidence that growth performance of

Guike black pigs could be improved by the inclusion of 20%

elephant grass meal in the diet compared with other groups,

possibly due to high nutrient digestibility during the fattening

period. These results demonstrate that the inclusion of 20%

CpGui, or, 20% CpP, as a partial replacement of maize, is

suitable for the diets of fattening pigs and that elephant grass
Frontiers in Animal Science 08
as a feed ingredient may positively affect the growth

performance of pigs. With respect to carcass traits and meat

quality, for the pork production industry fattening pigs with

excessive subcutaneous fat tissue has been considered

detrimental to carcass quality. We demostrated that the diets

containing elephant grass had significantly higher fibre content,

and previous studies have found that feeding fattening pigs diets

high in fibre result in less backfat (Varel et al., 1984).

As previously stated, there is increasing consumer interest in

meat quality, particularly tenderness and juiciness (Mehta et al.,

2015). Much progress has been made in improving pork quality

through nutritional manipulation (Rossi et al., 2013),

nevertheless, there has been no published research on the role

of the inclusion of elephant grass in the diet on resulting meat

quality. In addition, in this study we found that with increasing

concentration of fibre, pH24 tended to decrease, a finding which

is consistent with a previous study (Fernández-López et al.,

2007). Collectively, we found that the long term consumption of

elephant grass meal in the diet, mainly predicated upon the

inclusion level, modified meat tenderness and that pork meat

quality may be improved with the inclusion of 20% CpGui, or,
FIGURE 1

Venn diagram showing the numbers of shared operational taxonomic units (OTUs) among samples (the numbers in overlaps of the diagram
indicate shared OTUs that were detected in at least 50% of samples in each of two or more samples). SA, control; SB, CpGui10; SC, CpGui15;
SD, CpGui20; SE, CpP10; SF, CpP15; SG, CpP20; IA, control; IB, CpGui10; IC, CpGui15; ID, CpGui20; IE, CpP10; IF, CpP15; IG, CpP20.
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20%CpP in the diet. However, there was no significant difference

in parameters (shear force, pH24) among all of the treatments.

The blood traits of animals reflect the physiological

characters of their nutrition which is influenced by both the
Frontiers in Animal Science 09
internal and external environments. Therefore, we measured

these traits to determine the response of pigs to supplementation

of elephant grass in the diet. Blood urea nitrogen (BUN) is often

used to reflect dietary protein adequacy and is an indicator of
TABLE 7 A diet-related taxonomic profile (genus level, ≥1% relative abundance) of the ileum bacterial community in fattening pigs.

Items Treatment P-value

Control CpGui10 CpGui15 CpGui20 CpP10 CpP15 CpP20

Turicibacter 3.00 ± 1.40 3.56 ± 1.01 1.16 ± 0.22 2.56 ± 2.00 5.80 ± 2.60 3.47 ± 5.37 4.68 ± 2.82 0.741

Terrisporobacter 3.98 ± 2.05 3.39 ± 1.71 1.21 ± 0.47 1.72 ± 1.22 0.37 ± 0.06 1.08 ± 0.83 3.23 ± 0.99 0.331

Ambiguous 8.24 ± 3.43 24.25 ± 9.47 22.26 ± 16.51 5.35 ± 0.68 9.55 ± 2.66 3.82 ± 3.41 12.37 ± 7.13 0.455

Unclassified 9.25 ± 4.32 9.93 ± 4.1 4.81 ± 2.88 2.46 ± 0.77 9.18 ± 4.55 3.50 ± 1.57 7.49 ± 2.00 0.406

Lactobacillus 1.40 ± 0.53 5.98 ± 4.11 4.02 ± 3.67 6.17 ± 2.89 2.51 ± 1.43 21.65 ± 7.94 5.62 ± 2.41 0.040

Escherichia 52.27 ± 13.45 23.69 ± 18.93 32.70 ± 24.14 41.70 ± 20.81 33.86 ± 17.27 21.70 ± 13.58 16.16 ± 15.66 0.814

Clostridium 12.85 ± 5.82 19.81 ± 1.00 10.81 ± 4.51 6.82 ± 3.63 32.38 ± 14.45 17.09 ± 10.36 18.967 ± 8.79 0.447
front
A

B

FIGURE 2

The bacterial taxonomic composition of ileum (IA-IG) and stomach (SA-SG) samples from the seven diets at the phyla (A) and order level (B). SA,
control; SB, CpGui10; SC, CpGui15; SD, CpGui20; SE, CpP10; SF, CpP15; SG, CpP20; IA, control; IB, CpGui10; IC, CpGui15; ID, CpGui20; IE,
CpP10; IF, CpP15; IG, CpP20.
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kidney and liver function (Eggum, 1970). It has been found that

there is a strong correlation between the biological value of the

feed and BUN (Eggum, 1970; Ao et al., 2019). A low BUN

concentration suggests relatively low urea synthesis and high

dietary protein metabolism efficiency (Bassily et al., 1982; Wang

et al., 2019). Interestingly, we found that the concentration of

BUN in the diet supplemented with 20% CpP was lower than the

control, indicating that the inclusion of 20% CpP in the diet

could improve the efficiency of nitrogen utilization. This

supports the assumption of greater efficiency of dietary N

utilization in this study, which is supported by the response in

growth performance and nutrient digestibility. Our study further

found that the total protein concentration increased in response

to 10% CpP supplementation in the diet compared with the

control, primarily due to an improved globulin concentration,

indicating that the protein status of the pigs had improved.

There is an increasing interest in studying the possibility of

controlling the gastrointestinalmicrobiota throughmanipulation

of the diet to prevent intestinal infections and improve the health

and well-being of humans and animals (Mølbak et al., 2007). Diet

appears to be an important factor controlling the composition and

metabolic activities of the gastrointestinal microbiota of

monogastric animals. The pig intestine is a complex ecosystem

containing a variety of microorganisms (Liu et al., 2012).

Microorganisms can utilize different ingredients of the diet as a

growth matrix to produce various metabolites (Luo et al., 2018).

Previous studies have revealed that intestinal microbes are

involved in the digestion and absorption of nutrients and

intestinal health (Savage, 1986; Luo et al., 2018). Therefore, it is

critical to understand the interactions among host, diet and

intestinal microflora. Diversity and richness indices are often

used as indicators of functional recovery of intestinal microbial
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ecosystems. In the present study, including different levels of

elephant grass in the diet increased the diversity (Shannon) and

richness (Chao1) indices of microbiota in the ileum and stomach,

which may decrease the risk of intestinal infection. Additionally,

we confirmed the existence of extensive differences in the

microbiota composition between the ileum and stomach at the

genus level. The bacterial taxonomic composition of intestine and

stomach samples from the seven treatments at the phylum level

are shown in Figure 2. Firmicutes and Bacteroidetes were the

predominant group of bacteria in the ileum and stomach tracts of

pigs, representing a proportion of more than 90%, which is in

general agreement with previous results based on adding

Clostridium sp. WJ06 in the feed of growing pigs (Li et al.,

2017). Interestingly, the abundance of Bacteroides in the

stomach and ileum of pigs showed an increasing trend when

adding a certain amount of elephant grass to the feed. At the order

level, the top three predominant groups in all of the samples of

ileum and stomach were Lactobacillales, Clostridiales, and

Enterobacteriales. Based on the 16S rDNA analyses, we detected

that Lactobacillales and Clostridiales were numerically dominant

bacteria in the ileum and stomach of pigs at the genus level

(Tables 7 and 8). Lactobacillus are known for their potential to

prevent infection or colonization by pathogens, competition for

epithelial nutrients andbinding sites aswell as for producing some

antimicrobial factors, such as lactic acid (Harmsen et al., 1999).

Furthermore, Lactobacillus have been identified as common

inhabitants of the porcine intestines in a previous study (Pieper

et al., 2008) and may play a vital role in the establishment and

balance of the bacterial microecological population in the

gastrointestinal tract of piglets after birth (Konstantinov et al.,

2006). The fact that after including different levels of elephant

grass in the diet the percentage of Lactobacillus increased
TABLE 8 A diet-related taxonomic profile (genus level, ≥1% relative abundance) of the stomach bacterial community in fattening pigs.

Items Treatment P-value

Control CpGui10 CpGui15 CpGui20 CpP10 CpP15 CpP20

Veillonella 5.77 ± 5.56 11.44 ± 10.48 1.19 ± 1.12 0.18 ± 0.10 4.07 ± 2.28 9.83 ± 9.68 0.70 ± 0.22 0.733

Corynebacterium 0.42 ± 0.41 0.16 ± 0.14 0.51 ± 0.36 0.27 ± 0.99 0.92 ± 0.34 5.76 ± 5.65 0.16 ± 0.76 0.522

Acinetobacter 0.12 ± 0.09 0.76 ± 0.60 3.07 ± 0.91 5.14 ± 4.01 2.74 ± 1.18 0.95 ± 0.32 2.25 ± 1.82 0.445

Actinobacillus 1.08 ± 0.51 5.68 ± 4.34 1.44 ± 0.93 0.68 ± 0.33 5.53 ± 2.47 2.96 ± 1.19 11.66 ± 5.66 0.175

Prevotella 0.33 ± 0.31 0.30 ± 0.16 4.51 ± 4.35 8.11 ± 6.90 2.52 ± 2.50 1.60 ± 1.23 19.38 ± 1.86 0.013

Streptococcus 4.66 ± 4.45 3.15 ± 1.20 3.067 ± 0.910 5.140 ± 4.010 2.740 ± 1.180 0.950 ± 0.32 1.14 ± 0.52 0.838

Turicibacter 8.25 ± 4.77 3.24 ± 1.98 3.02 ± 1.05 4.36 ± 1.63 1.52 ± 1.39 0.62 ± 0.24 1.92 ± 0.6 0.302

Terrisporobacter 5.52 ± 2.77 1.86 ± 1.48 1.43 ± 0.78 3.12 ± 0.64 1.30 ± 0.97 1.56 ± 0.15 2.09 ± 0.59 0.313

Ambiguous 4.99 ± 2.91 1.27 ± 0.90 2.87 ± 2.00 2.66 ± 1.09 1.15 ± 0.92 1.08 ± 0.33 1.38 ± 0.59 0.516

Unclassified 4.15 ± 1.68 3.98 ± 1.56 3.57 ± 1.19 2.49 ± 0.76 2.68 ± 0.37 7.78 ± 4.73 5.34 ± 1.87 0.650

Lactobacillus 9.83 ± 4.68 37.18 ± 19.74 8.96 ± 4.05 18.72 ± 1.05 40.81 ± 8.04 40.96 ± 15.69 10.95 ± 3.62 0.116

Escherichia 20.06 ± 18.00 2.13 ± 0.93 26.73 ± 25.20 7.03 ± 4.11 16.57 ± 7.56 4.07 ± 2.39 1.10 ± 0.58 0.673

Clostridium 25.86 ± 12.81 12.15 ± 10.62 11.77 ± 7.55 15.75 ± 4.38 8.31 ± 5.61 4.82 ± 1.29 7.09 ± 1.87 0.532

Globicatella 0.23 ± 0.18 0.42 ± 0.23 0.27 ± 0.19 0.13 ± 0.09 0.86 ± 0.46 1.01 ± 0.41 0.37 ± 0.16 0.275
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significantly in the stomach and ileum suggests that Lactobacillus

may already establish a stable population in the piglet intestine

shortly after birth. In addition, although bacterial succession

occurs throughout the pig’s life, lactobacillus remain a

predominant part of the porcine intestinal bacterial community.

Thus, including different levels of elephant grass in the diet for

improving growth performance could also increase the

abundance of potentially beneficial species, which would have

beneficial effects on intestine health. In our study, we detected no

significant impact on the ileummicroorganismbacterial diversity,

richness, structure, and composition in pigs fed control and

different levels of elephant grass in the diet. Taken together, the

beneficial bacteria have a tendency to occupy themain position in

the ileum and stomach when pigs were fed elephant grass

containing diets.

The results of the present study demonstrate that inclusion

of 20% CpGui and 20% CpP in the diet increases the ADG and

partly improves carcass traits and meat quality of fattening pigs.

Furthermore, this study also demonstrates that adding different

proportions of elephant grass has a beneficial effect on the

microbiota in the digestive system of pigs and to the

establishment of a prophylactic barrier against gastrointestinal

disorders in the stomach and intestines. Consequently, these

findings provide a new perspective for elephant grass meal as a

suitable and nutrient rich supplement to improve the growth

performance, blood profiles, carcass characteristics and

intestinal microbiota of fattening pigs. In short, it is feasible to

use a moderate content of elephant grass as an unconventional

feed crop in the finishing diet of Guike black pigs.
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