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Abstract This study evaluated the effects of an increas-

ing proportion of dietary grain on changes in bacterial

populations in the goat ileum. Nine ruminally fistulated,

castrated male goats were assigned to three diets in a

completely randomized design. Goats were fed three dif-

ferent dietary treatments containing different proportions

of corn grain (0, 25, and 50 %). The pH of the ileal con-

tents and rumen fluid (P = 0.015) linearly decreased

(P \ 0.001), and the acetate, propionate, butyrate, and total

volatile fatty acid in ileal contents increased (P \ 0.05)

with increases in dietary corn, and similar results were also

observed in rumen fluid. The barcoded DNA pyrose-

quencing method was used to reveal 8 phyla, 70 genera,

and 1,693 16S operational taxonomic units (OTUs). At the

genus level, the proportions of Acetitomaculum, Entero-

coccus, Atopobium, unclassified Coriobacteriaceae, and

unclassified Planctomycetaceae were linearly decreased

(P \ 0.05) with increases in corn grain. At the species

level, high grain feeding linearly decreased the percentage

of OTU8686 (unclassified Bacteria) (P = 0.004). To the

best of our knowledge, this is the first study using barcoded

DNA pyrosequencing method to survey the ileal microbi-

ome of goats and the results suggest that increasing levels

of dietary corn change the composition of the ileal bacterial

community. These findings provide previously unknown

information about the ileal microbiota of goats and a new

understanding of the ileal microbial ecology, which may be

useful in modulating the gut microbiome.

Introduction

In the goat industry, a common practice is to feed meat

goats with a high starch diet to improve meat production.

However, because ruminants evolved as grazing herbivores

whose diets had little if any starch, these animals have little

need for intestinal amylases [30]. Consequently, if large

amount of starch escapes from rumen and passes to the

intestine, as can happen in grain-fed animals, bacterial

overgrowth in the small intestine may occur [3, 30]. An

increase in the numbers of bacteria in the small intestine

can disrupt the microbial balance, and finally lead to sys-

temic diseases such as enterotoxemia and peracute inter-

stitial pneumonia [9, 30]. Therefore, it is important to

maintain a well-balanced microflora in the small intestine

of goat to optimize good health.

Although the microbiology of the rumen of goats has

received considerable attention [5, 23, 27, 36]; to the best

of our knowledge, the small intestine has not been well

studied. This is surprising because the small intestine is the

principal site of nutrient absorption. It is generally accepted

that the rumen microflora has an impact on goat growth and

health, and that the activities of the microflora can be

manipulated by altering the diet [30, 36]. The effects of

high grain feeding on the rumen of goats have been studied

[36], but the role of dietary grain in relation to the small

intestine microbial ecology is not very clear. Therefore, a

full assessment is required of the possible variations that

occur in the composition of small intestinal microbiology

in response to high grain feeding.
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In the past few years, a variety of different molecular fin-

gerprinting techniques have been used to investigate various

ruminants such as the domestic cow [43, 46], the reindeer [37,

38], the sheep [44, 45], the buffalo [7, 26, 48], and the Yak

[14, 47]. However, studies applying molecular tools to

describe the microbial diversity in the goat gut are scarce [34].

454 pyrosequencing is a widely accepted sequencing method

that has been used in the studies of microbial ecology in a

variety of ecosystems, including the cecum of laying hens [4],

the ileum of pigs [39, 40], and the rumen and hindgut of cattle

[19, 33], and has provided a greater understanding of their

microbial diversity. Therefore, in this article, we hypothe-

sized that feeding high proportions of dietary grain could

increase the ileum starch concentration, ultimately resulting

in changes in the composition of ileal bacterial community,

then, we used 454 pyrosequencing to analyze the bacterial

communities of the goat ileum during high grain feeding by

comparing the microbial communities in goats fed with diets

containing different proportions of grain.

Materials and Methods

The experimental design and procedures were approved by

the Animal Care and Use Committee of Nanjing Agricul-

tural University following the requirements of the Regu-

lations for the administration of Affairs Concerning

Experimental Animals.

Animals and Diets

Nine male goats (Boer 9 Yangtze River Delta White)

(25 ± 3 kg) were used in a completely randomized design.

The experimental period was 21 days, with the first 14 days

used for diet adaptation and the last 7 day used for sample

collection. The animals were maintained in individual pens

with free access to water and were fed twice daily at 08:00 or

20:00 h. The goats were challenged with graded amounts of

rumen-fermentable carbohydrates in their diets by replacing

of part of alfalfa hay and Aneurolepidium chinensis hay in a

basic ration with 0, 25, or 50 % (DM basis) corn grain, to

provide three different dietary treatments varying in their

content of non-fiber carbohydrates. The amount of grain in

the diet in the 50 % corn group was stepped up during the

adaptation period. The diet was offered ad libitum to allow

approximately 5 % feed refusals. All diets were formulated

to meet or exceed the nutrient requirements of a 25 kg meat

goat as per NRC (2007) guidelines (Table 1).

Sample Collection

Samples of rumen contents (50 mL) were obtained on days

1, 3, 5, and 7 of the measurement day shortly before the

morning feeding (07: 45 h). All rumen contents samples

were collected through the rumen cannula into a 140-mL

plastic container. The rumen samples were strained through

four layers of cheesecloth. The pH of the rumen fluid was

measured immediately after collection by a mobile pH

meter. Two milliliter of freshly prepared 25 % (250 mL/L)

metaphosphoric acid was added to 8 mL of strained

ruminal fluid. Samples were then centrifuged (17,0009g

for 10 min), and supernatant fluid was stored at -20 �C for

volatile fatty acid (VFA) determination [23].

On the measurement day 7, the goats were killed 6 h

after the morning feeding, and the ileal contents were

collected and mixed immediately. The pH was immedi-

ately measured using a mobile pH meter Three grams of

mixed ileal content were stored at -80 �C. Another 10 g of

mixed ileal content were stored at -20 �C for starch

analysis. The remaining ileal content was prepared for

VFA analysis by mixing 3 g of each sample with 1 mL of

25 % (w/v) metaphosphoric acid and 6 mL of water.

Samples were then centrifuged (17,0009g for 10 min), and

the supernatant was frozen at -20 �C until analysis of

VFA, which was completed within 2 weeks after sample

collection.

Table 1 Composition and nutritional levels of diets for experimental

goats

Item Corn grain proportion [% of

diet dry matter (DM)]

0 25 50

Ingredient, % of DM

Corn grain 0 25 50

Soy bean meal 8 8 8

Alfalfa hay 10 6 3

Aneurolepidium chinensis 80 59 37

Dicalcium phosphate 0.5 0.5 0.5

Salt 0.5 0.5 0.5

Mineral and vitamin premixa 1 1 1

Nutrient composition, % of DM

DM 94.81 92.4 90.94

Organic matter 92.47 93.37 94.86

Crude protein 10.08 10.50 10.66

Ether extract 1.93 2.56 2.76

Neutral detergent fiber 36.76 32.36 26.76

Non-fiber carbohydrates 29.97 41.19 52.74

Calcium 0.60 0.48 0.38

Phosphorous 0.09 0.11 0.14

Metabolizable energy (MJ/kg DM) 8.90 8.93 9.87

a Contained 16 % calcium carbonate, 102 g/kg of Zn, 47 g/kg of Mn,

26 g/kg of Cu, 1,140 mg/kg of I, 500 mg/kg of Se, 340 mg/kg of Co,

17,167,380 IU/kg of vitamin A, 858,370 IU/kg of vitamin D, and

23,605 IU of vitamin E
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DNA Isolation

One gram of ileal content was used for DNA extraction.

DNA was extracted by a bead-beating method using a

mini-bead beater (Biospec Products, USA), followed by

phenol–chloroform extraction [41]. The solution was pre-

cipitated with ethanol and the pellets were suspended in

50 lL Tris-EDTA buffer. The DNA samples were quan-

tified using a Nanodrop spectrophotometer (Nyxor Biotech,

Paris, France).

DNA Pyrosequencing

Universal 16S rRNA gene primers (Escherichia coli posi-

tions 8–533: E8F 50-AGAGTTTGATCCTGGCTCAG-30

and E533R 50-TTACCGCGGCTGCTGGCAC-30) were

chosen for the amplification and subsequent pyrosequenc-

ing of the PCR products. The PCR mixture (final volume,

50 lL) contained 10 lL fivefold reaction buffer (Trans-

StartTM FastPfu Buffer, TransGen Biotech), \100 ng of

DNA, 0.4 lM each primer, 0.5 U Pfu polymerase (Trans-

StartTM FastPfu DNA Polymerase, TransGen Biotech), and

2.5 mM dNTPs. Three independent PCRs were performed

for each sample using a MG 96?Thermal Cycler (Long-

Gene Scientific Instruments Co., Ltd). The PCR conditions

were as follows: 95 �C for 2 min; 25 cycles of denaturation

(95 �C; 0.5 min), annealing (52 �C; 0.5 min), and exten-

sion (72 �C; 0.5 min), followed by a final elongation

(72 �C; 10 min). The DNA was quantified using a TBS-

380 Mini-Fluorometer (Promega Corporation, CA, USA).

The sequences of the partial 16S rRNA genes were deter-

mined using a Roche GS-FLX 454 pyrosequencer (Roche,

Mannheim, Germany). Amplicons were sequenced

according to the manufacturer’s instructions. The end

fragments were blunted and tagged on both ends with one

of nine ligation adaptors that contained a unique 10-bp

sequence; these were recognized by the system software

and the priming sequences.

Analysis of Pyrosequencing Data

Data preprocessing was performed upon software of MO-

THUR program (v 1.24) [32]. The raw sequence was

trimmed off the standard primers and barcodes. Sequences

less than 200 bp in length and greater than 3 % low quality

bases (quality score \27) were removed [33]. The chimeric

sequences were also excluded using B2C2 [10]. These valid

sequences were aligned to the bacterial SILVA database

(SILVA 108) using a Needleman–Wunsch method [29].

The candidate sequences were screened, and preclustered to

eliminate outliers; a distance matrix was generated from the

resulting sequences. Sequences were clustered into OTUs

using the furthest neighbor algorithm. Representative

sequences from OTUs at a 0.03 distance were obtained and

classified using the RDP’s Bayesian classifier [42]. For

OTUs at 3 % distance, 1693 different phylotypes were

detected among all the samples. Rarefaction analysis was

performed by MOTHUR. From these, the Shannon diver-

sities, and Ace and Chao1 richness estimations were cal-

culated by MOTHUR. Aligned sequences were also used to

generate a phylogenetic tree with FastTree [28] for beta-

diversity (unweighted UniFrac) [21] metrics. Clustering

was visualized using principal coordinates analyses (PCoA)

for the unweighted UniFrac distances.

Data Analysis

The ruminal pH and VFA data were analyzed with the

MIXED procedure of SPSS (SPSS v. 16, SPSS Inc., Chicago,

IL) according to the following model: Yijk = l ?

Di ? Gj ? Tk ? TDik ? eijk, where Yijk is the ith observa-

tion (the ruminal pH and specific VFA concentration in

mmol/L) from the jth goat, l is the overall mean, D is the fixed

effect of diet, Tk is the fixed effect of measurement time

(k = 1–4 for days), TDik is the fixed effect of diet by time

interaction, Gj is the random goat effect, eijk is the residual

error for the ith observation from the jth goat, residual terms

are assumed to follow normal distributions. Measurements

collected at different times on the same goat were considered

as repeated measures in the ANOVA. The sums of squares

were further partitioned by orthogonal polynomial contrast to

study linear and quadratic effects of treatment.

The one-way ANOVA procedure of SPSS was used to

analyze the ileal pH and VFA concentration. Nonparametric

one-way ANOVA (Kruskal–Wallis) was performed to

identify significant differences in the ileal microbiota

composition between the control and grain treatment groups

using GraphPad Prism (v 5.02). Linear and quadratic effects

of increasing level of dietary corn in diets were tested using

orthogonal contrasts. Significance was declared at P \ 0.05

and a tendency was considered at P \ 0.10.

Double dendrograms were constructed using the com-

parative functions and multivariate hierarchical clustering

methods of NCSS 2007 (NCSS, Kaysville, Utah), on the

basis of the abundances of the bacterial groups at genus

level. Clustering was performed using the weighted pair

linkage and Manhattan distance methods with no scaling.

Results

Effects of Increasing Levels of Corn Grain on the pH

and VFA of Rumen and Ileal Content

The dietary treatment had a linear effect of lowering the pH

of the rumen fluid (P = 0.015) and ileal contents
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(P \ 0.001) (Table 2). The lowest ruminal pH (5.91) and

ileal pH (6.58) were observed in goats fed the 50 % grain

diet, and the highest ruminal pH (6.38) and ileal pH value

(7.13) was obtained for the group fed no grain (Table 2).

Increasing the amount of corn grain in the diets both linearly

increased the concentration of acetate (P \ 0.001) and total

volatile fatty acid (TVFA) (P \ 0.001) in ileal contents, as

well as the percentage of starch (P \ 0.001). A quadratic

effect of dietary grain was detected for propionate

(P \ 0.001), butyrate (P \ 0.001), isobutyric acid (P \
0.001), valerate (P \ 0.001), and isovalerate (P \ 0.001) in

ileal contents. Similar results were also observed in corre-

sponding individual VFA in rumen, except for a quadratic

effect (P = 0.038) in acetate in rumen fluid.

General DNA Sequencing Observations

In total, 50174 reads were obtained for the 16S rRNA

genes by pyrosequencing. After screening these gene

sequences with our strict criteria (described in ‘‘Materials

and Methods’’ section), 39,290 valid sequences were

obtained, which accounted 78.1 % of their raw reads. The

sequences were further analyzed by MOTHUR, and a total

of 8 phyla were observed, distributed across all of the goats

on the three diets (Fig. 1). In order of average abundance

and with their respective ranges, these were: Firmicutes

(96.6 %, 92.09–99.83 %), Actinobacteria (1.72 %,

0.11–3.19 %), Tenericutes (0.27 %, 0–0.68 %), Chloro-

flexi (0.09, 0–0.34 %), Planctomycetes (0.05 %,

0–0.14 %), Bacteroidetes (0.04 %, 0–0.13 %), Proteobac-

teria (0.03, 0–0.15 %), and Cyanobacteria (0.03 %,

0–0.09 %). Greater than 98.8 % of the total bacterial

abundance was observed in these 8 phyla, with the

remaining abundance represented by unclassified bacteria.

Overall, at the genus level, the sequences were assigned to

70 different genera. Of these, the 0, 25, and 50 % grain

group were represented by an average of 40, 37, and 32

genera, respectively (Table S1 in Electronic supplementary

material). The number of high quality 16S OTUs recovered

from each animal is listed in Table S1 in Electronic sup-

plementary material. The average number of OTUs

returned for each diet was: 0 % grain group, 381; 25 %

grain group, 322; and 50 % grain group, 250.

Based on the OTUs assignment, the rarefaction curve

was built to assess the sampling saturation (Fig. S1 in

Electronic supplementary material). Rarefaction curves

indicated that a high level of microbial diversity was

obtained for subsequent analysis of dietary treatments.

Furthermore, the number of observed OTUs (229–482) was

much less than that calculated by estimators Ace

(546–1,077). Good’s coverage revealed that the results

represented the majority of bacterial 16S rRNA sequences

present in each sample, with values ranging from 94.45 to

97.47 % (Table 3).

Table 2 The pH and composition of rumen liquid and ileum content in goats fed a diet containing increasing amounts of grain

Corn grain proportion (% of diet dry matter) SEM P value Contrasts

0 25 50 Linear Quadratic

Rumen

pH 6.38 6.16 5.91 0.072 0.041 0.015 0.848

Acetate (mmol/L) 46.34 42.78 52.33 1.000 0.034 0.095 0.038

Propionate (mmol/L) 9.32 13.87 24.25 0.648 \0.001 \0.001 0.011

Butyrate (mmol/L) 3.84 7.48 6.72 0.202 \0.001 \0.001 \0.001

Isobutyrate (mmol/L) 1.29 2.18 2.12 0.123 \0.001 \0.001 0.004

Valerate (mmol/L) 0.26 0.52 0.53 0.015 \0.001 \0.001 0.013

Isovalerate (mmol/L) 0.34 1.06 1.57 0.051 \0.001 \0.001 0.304

TVFA (mmol/L) 61.39 67.89 87.54 1.730 \0.001 \0.001 0.097

Ileum

pH 7.13 6.85 6.58 0.082 \0.001 \0.001 0.872

Acetate (mmol/g wet weight) 3.20 8.77 14.44 1.628 \0.001 \0.001 0.878

Propionate (mmol/g wet weight) 0.15 0.44 0.31 0.043 \0.001 \0.001 \0.001

Butyrate (mmol/g wet weight) 0.05 0.25 1.00 0.178 \0.001 \0.001 \0.001

Isobutyrate (mmol/g wet weight) 0.08 0.28 1.24 0.144 \0.001 \0.001 \0.001

Valerate (mmol/g wet weight) 0.07 0.23 0.28 0.062 0.002 0.719 \0.001

Isovalerate (mmol/g wet weight) 0.08 0.42 0.06 0.032 \0.001 \0.001 \0.001

TVFA (mmol/g wet weight) 5.14 13.39 21.83 1.98 \0.001 \0.001 0.765

Starch (%) ND 6.28 15.54 2.28 \0.001 \0.001 0.188

ND not detected
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Influence of Increasing Levels of Corn Grain on Ileal

Bacterial Phyla, Genera, and OTUs

As the proportion of dietary grain increased, the abundance

of phylum Actinobacteria (P = 0.004) and Planctomycetes

(P = 0.040) linearly decreased; there was a linear increase

in the proportion of Firmicutes (P = 0.032) (Table 4).

However, no significant differences were observed among

the dietary treatments in the abundance of Bacteroidetes

(P = 0.612), Chloroflexi (P = 0.412), Cyanobacteria

(P = 0.296), Proteobacteria (P = 0.505), or Tenericutes

(P = 0.646).

The influence of increased dietary grain on the ileal mic-

robiota was observed by double hierarchal cluster analysis on

the top 50 most abundant genera (C97 % of the total number

of bacterial genera observed), clustered by dietary treatment

(Fig. 2). Among these genera, Solibacillus, unclassified Pla-

nococcaceae, Paenibacillus, unclassified Bacillus, unclassi-

fied Lachnospiraceae, and Bacillus occurred together in one

cluster; the other 43 genera cohabited in another main cluster.

Figure 3a shows the genera influenced (P \ 0.10) or signif-

icantly affected (P \ 0.05) by the increased dietary grain. In

general, as the proportion of grain increased, the percentage of

genera Acetitomaculum (P = 0.008), Enterococcus (P =

0.007), Atopobium (P = 0.007), unclassified Coriobacteria-

ceae (P = 0.013), and unclassified Planctomycetaceae (P =

0.037) linearly decreased. A quadratic effect of dietary grain

was detected for the abundance of Aeriscardovia (P \0.001),

Ochrobactrum (P = 0.031), and Blautia (P \ 0.001).

For OTUs at 3 % distance identity (i.e., species level),

1693 different phylotypes were detected among all of the

samples (data not shown). Of these, a total of 955, 720, and

600 phylotypes were found in the 0, 25, and 50 % grain

groups, respectively. Among the 1,693 OTUs detected in

this study, only 6 OTUs were influenced or significantly

affected by the increased dietary grain: as the proportion of

grain increased (Fig. 3b), the percentages of OTU8686

(unclassified Bacteria) (P = 0.004) linearly decreased,

while a tendency was noted for a linear decrease in the

abundance of OTU1316 (Family: Planococcaceae)

(P = 0.058). A quadratic effect of dietary grain was

detected for the abundance of OTU622 (Family: Lachno-

spiraceaes) (P = 0.036), OTU8447 (Ruminococcus)

(P = 0.035), OTU1885 (Solibacillus) (P = 0.002), and

OTU8070 (Family: Lachnospiraceae) (P = 0.037).

Comparison of the bacterial communities by PCoA

showed that goats fed the 50 % grain diet were separated

from those receiving the 0 or 25 % grain diet (Fig. 4). In

general, PCoA with unweighted UniFrac showed that PCA

axis 1 was 23.66 % of the variation and PCA axis 2 was

13.69 % of the variation.

Discussion

In this study, we were able to see effects of the proportion

of dietary corn on the ileal pH. The observed effect of

supplemental fermentable carbohydrate on ileal pH in

0% grain

Firmicutes
94.83%

Bacteroidetes
0.07%

Actinobacteria
2.97%

Chloroflexi
0.15%

Proteobacteria
0.01%

Cyanobacteria
0.04%

Planctomycetes
0.09%

Tenericutes
0.36%

Unclassified
Bacteria
1.48%

25% grain

Firmicutes
95.78%

Bacteroidetes
0.04%

Proteobacteria
0.06%

Actinobacteria
1.85%

Chloroflexi
0.13%

Planctomycetes
0.07%

Tenericutes
0.28%

Cyanobacteria
0.04%

Unclassified
Bacteria
1.76%

50% grain

Proteobacteria
0.02%

Unclassified Bacteria
0.26%

Tenericutes
0.18%

Actinobacteria
0.34%

Bacteroidetes
0.02%

Firmicutes
99.17%

Fig. 1 Distributions of microbial phyla found in the ileum of goats

fed diets differing in grain content

S. Mao et al.: Characterization of Microbiota in the Ileum of Goat 345

123



goats may be explained by the high starch content seen in

the ileum of the high grain group. A previous study showed

that, in cases of high grain feeding, the escape of large

amounts of undigested feed from the rumen can result in

extensive fermentation in the ileum and hindgut [13]. This

fermentation results in increased acidity of the ileal con-

tents. This study also showed the presence of high con-

centrations of acetate, propionate, butyrate, and TVFA in

the rumen liquid in 50 % grain treatment compared with

the control, with the values similar to these in other reports

[23, 36]. In general, these results revealed that the sup-

plementation of fermentable carbohydrate appeared to have

a stimulatory effect on the fermentation in the rumen and

ileum.

Deep sequencing of the ileal samples collected from the

goats fed with the three diets provided a detailed view of the

goat ileal microbiota. We detected members of 8 phyla of

bacteria, with the majority of the pyrotags belonging to the

Firmicutes and Actinobacteria, in agreement with previous

reports in swine [16, 39]. These phyla have previously been

shown to constitute the majority of gut-associated phylo-

types in a variety of different mammalian species [5, 19, 20],

which suggests that these phyla, especially the Firmicutes,

play a critical role in the microbial ecology of the mam-

malian gut, including that of the goat. Other phyla including

Chloroflexi, Bacteroidetes, Cyanobacteria, Proteobacteria,

Planctomycetes, and Tenericutes represented a very small

percentage of the sequences in the three groups, but the

small proportion of sequences grouping with the phylum

Bacteroidetes was of interest because members of the

Bacteroidetes are often found to either be the most prevalent

or second most prevalent in the rumen of the dairy cows or

goats [5, 6, 17]. The reason for the small Bacteroidetes

population observed in this study is unclear, but it is pos-

sible that the compositions of the microbiomes are different

among the rumen, small intestine, and hindgut. Using

comparative studies of T-RFLP fingerprints, Frey et al. [8]

found that the microbial community structure changed as

digesta passed from the rumen, into the small intestine and

out of the animal in dairy cows. Recently, Isaacson and Kim

[16] reviewed the intestinal microbiome of the pig and

concluded that there were site-specific differences in the

composition of microbial communities in jejunum, ileum,

cecum, and colon in swine. At the phylum level, the

Table 3 Statistical indexes calculated from the pyrosequencing results (the OTUs were defined based on the sequence similarity of 97 % results)

Sample code (%) No. of sequences No. of OTUs Richness Good’s coverage (%) Diversity

Ace Chao Shannon Simpson

G-1-0 4,136 291 614 498 96.49 2.78 0.30

G-2-0 4,962 482 1,077 852 97.04 4.02 0.05

G-3-0 4,568 370 737 673 97.47 3.85 0.09

G-4-25 2,750 229 616 539 96.76 2.59 0.27

G-5-25 4,673 408 912 724 95.24 4.05 0.08

G-6-25 5,384 331 584 459 96.45 3.30 0.09

G-7-25 4,098 278 847 581 95.45 3.31 0.10

G-8-25 3,982 237 546 390 96.00 2.26 0.35

G-9-25 4,737 235 609 439 97.21 2.76 0.16

Table 4 Influence of increasing corn grain on the microbiota of the goat ileum at level of phylum

Phylum Corn grain proportion (% of diet dry matter) SEM P value Contrasts

0 25 50 Linear Quadratic

Actinobacteria (%) 2.97 1.85 0.34 0.432 0.011 0.004 0.712

Bacteroidetes (%) 0.07 0.04 0.02 0.016 0.612 0.352 0.830

Chloroflexi (%) 0.15 0.13 0.00 0.047 0.412 0.228 0.631

Cyanobacteria (%) 0.04 0.04 0.00 0.012 0.296 0.222 0.325

Firmicutes (%) 94.83 95.78 99.17 0.859 0.070 0.032 0.401

Planctomycetes (%) 0.09 0.07 0.00 0.019 0.090 0.040 0.479

Proteobacteria (%) 0.01 0.06 0.02 0.015 0.505 0.743 0.279

Tenericutes (%) 0.36 0.28 0.18 0.072 0.646 0.370 0.977

Unclassified bacteria (%) 1.48 1.76 0.26 0.323 0.117 0.104 0.157

346 S. Mao et al.: Characterization of Microbiota in the Ileum of Goat

123



dominant phyla were the Firmicutes or Bacteroidetes in

compositions of the microbiomes of the colon and cecum.

In the jejunum, bacteria in the phylum Firmicutes were the

most dominant ([90 %). In the ileum, Firmicutes and

Proteobacteria were the two dominant phyla [16]. There-

fore, these results revealed that the site-specific differences

in the composition of microbial communities may partly

explain our finding that the Firmicutes were the most

dominant phylum and that there is a small Bacteroidetes

population in the composition of ileal community in goats.

Perhaps quantification by real-time PCR of phylum Bac-

teroidetes in the ileum would resolve a greater number of

Bacteroidetes in general.

As previously mentioned, the composition of microbial

communities in rumen of a variety of ruminants including

the domestic cow, the reindeer, sheep, the swamp buffalo,

and the yak have been studied using molecular tools such as

DGGE, RFLP, and clone library methods [34]. However,

studies applying molecular tools to describe the microbial

diversity in the goat gastrointestine are relatively scarce.

Several reports showed that the predominant genus in the

goat rumen were related to the genera Olsenella, Prevotella,

Mogibacterium, Succiniclasticum, Selenomonas, Copro-

coccus, Butyrivibrio, Ruminococcus, and Oscillibacter [5,

27]. In contrast to the rumen, our finding showed that Soli-

bacillus is the first predominant genera in the ileum of goats

(Fig. 2). It is possible that this difference was caused by the

site-specific differences in microbial composition in gas-

trointestinal tract as mentioned early, and the function dif-

ference in microbiology among the sites of gut. It is known
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Fig. 2 Double dendrogram of major bacterial genera found in the

ileum of goats fed diets differing in grain content. The heat map

indicates the relative percentage of each genera within each ileal

sample. The distance between the samples, based on weighted pair

linkage and Manhattan distance methods with no scaling, is shown at

the top of the figure, along with a distance score. The 50 most

abundant bacterial genera are provided on the y-axis with their

associated distance scores. G-1-0 %, G-2-0 %, G-3-0 %, goats fed a

0 % corn grain diet; G-4-25 %, G-5-25 %, G-6-25 %, goats fed a

25 % corn grain diet; G-7-50 %, G-8-50 %, G-9-50 %, goats fed a

50 % corn grain diet
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that microbes in the rumen and hindgut are responsible for

converting ingested feed into VFAs that serve as the major

energy source for the ruminant host, and for providing a

substantial portion of the host’s protein requirements [15].

On the contrary, culture-based studies have shown that

microbial activity in the small intestine tends to be com-

petitive with the host for energy and amino acids [12]. For

example, bacterial utilization of glucose to produce lactic

acid reduces the energy available to the host animal [31].

Normally, only small numbers of bacteria are found in the

small intestine when compared with that found in the rumen

and colon, and the abnormally large numbers of bacteria in

the ileum may compete with the host for critical nutrients,

alter host metabolism, directly damage the absorptive

mucosa of the host, and produce gastrointestinal symptoms

that reduce or alter food intake of the host.

The genus Solibacillus is a relatively unknown group of

bacteria that was established by Krishnamurthi et al. [18].

Recent reports of 16S rRNA gene and ribosomal intergenic

spacer analysis data indicated the presence of Solibacillus

bacteria in the gut of adult sand fly [25] and the isolates

from the potato leaf [24]. However, as only one species

(Solibacillus silvestri) has been cultured [18], the physio-

logical diversity of the members of this genera is unknown.

As the isolated strain has activity for degrading N-acyl-

homoserine lactones (quorum-sensing signal molecules by

many Gram-negative bacteria) and has the potential use in

the biocontrol of plant diseases [24], the Solibacillus bac-

teria present in the goats may possibly perform useful

functions, such as secretion of useful biocontrol agents that

have quorum-quenching activities and provide protection

from pathogens in the goat.

Feeding a high grain diet seemed to have a complex

effect on the ileal microbiota. At the phylum level, the

phyla Chloroflexi and Cyanobacteria were not detected in

50 % grain group, but were present in the 0 and 25 %

groups. We also observed that the abundance of Actino-

bacteria was reduced by high grain feeding. At this point,

the significance of the presence of Chloroflexi or Cyano-

bacteria in the low grain-feeding groups is unclear, and

might merely indicate the presence of these species with

unrelated physiologies. However, a general decrease in

abundance of diverse bacterial groups was noted in the

ileum of goats fed a grain diet compared with the forage

group. Actinobacteria are regular, though infrequent,

members of the digestive tract microbiota, and can repre-

sent up to 3 % of total rumen bacteria; however, infor-

mation is considerably lacking regarding their ecology and

biology [35]. So far, only a single Actinobacterium,

Denitrobacterium detoxificans, has been cultivated from

rumen contents [11], and the growth of this isolate was
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supported when 3-nitropropanol and 3-nitropropionate

were supplied as electron acceptors [2]. The toxins 3-ni-

tropropanol and 3-nitropropionate are constituents of many

types of forage consumed by ruminants [22]. When

absorbed into the bloodstream, 3-nitropropionate inhibits

succinate dehydrogenase. On the other hand, while not

toxic per se, 3-nitropropanol is converted to 3-nitropropi-

onate by hepatic alcohol dehydrogenase [1]. In this study,

we postulated that the lower proportion of members of the

phylum Actinobacteria in goats fed with the high grain diet

may indicate that these hosts have a low tolerance to the

toxins. This finding therefore underlines the importance of

continuing to research the links between bacterial genes

and the tolerance of their hosts to toxic compounds.

At the genus level, a common set of taxa including

Enterococcus, Atopobium, Acetitomaculum, Aeriscardovia,

Blautia, Ochrobactrum, unclassified Coriobacteriaceae,

and unclassified Planctomycetaceae seem to show a

response to increasing grain in the diets. Some of these taxa

have been identified in the rumen in other studies and show

responses to a high grain diet, regardless of the differences

in experimental protocols and animals (dairy cattle) [7, 19].

A more likely explanation for shifts in the microbial

community structure in animals fed a high grain diet may

be the abundance and digestibility of starch in the 25 or

50 % grain diet compared with the fibrous plant materials

fed to the control group.

The ileum microbial population in the goat is ideally

suited for the fermentation of sugars from fibrous plant

materials. Goat species themselves do not produce the

required fiber-degrading enzymes; instead, they harbor

bacteria in their guts that can ferment the fiber. Thus, goat

digestive physiology is dictated largely by the presence of

fibrous materials in the ileum. If these animals are fed

fiber-deficient diets, such as a high grain diet, their normal

digestive processes can be disrupted, leading to the accu-

mulation of fermentation acids and a resultant lowering of

the ileal pH. These changes in the sources of sugar and

starch, combined with shifts in pH, in turn alter the

digestive habitat, resulting in an ileum bacterial community

that can have an impact on VFA production and pathogen

shedding [9, 30]. In this study, PCoA plot shows that the

bacterial microbiome from 0 % grain group is similar to

those of 25 % grain group, but is clearly distinct from the

microbiome found in the 50 % grain group. In addition,

this study revealed that the percentage of starch in the

ileum from 50 % grain-fed animals was higher than that in

the 0 % grain-fed goat. Therefore, the large amount of

starch in the ileum contents due to high grain feeding

caused more of the energy to be fermented by bacteria and

absorbed as VFAs in the ileum, which prompted further

changes in the composition of the ileum microbial

community.

To the best of our knowledge, this is the first study using

pyrosequencing method to survey the ileal microbiota and

its differences among the goats fed high grain diets. Our

analysis indicated that increasing levels of dietary corn

increased microbial metabolites and altered the composi-

tion of the ileal bacterial community. This new information

about the microbiota of the goat ileum may be useful in

modulating the gut microbiome.
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