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ABSTRACT: DNA-barcoding approaches to estimate the diet compositions of grazing animals have received significant
attention, and particularly when combined with next-generation sequencing, these techniques have substantially improved in
recent years. In this study, the identity and species composition of plant material ingested by Mongolian sheep were estimated
through the use of 350 bp ITS2 gene sequences of the vegetation found in fecal samples. Four diets were formulated using
varying amounts of eight plant species that are common in the grasslands of northern China. Sixteen Mongolian sheep were
taken from pastures and randomly assigned to four groups, and each group received one of four diets. Each sheep was randomly
assigned to one of 16 confinement pens and fed its respective diet for 12 consecutive days. Fecal samples were removed from
each pen from days 7−12, preserved, and composited for each pen. All herbage species included in the daily diets were detected
in each fecal sample, with the exception of Phragmites australis. Moreover, 12 additional different plant species were retrieved
from feces of the experimental sheep. The obtained data provided preliminary support for the use of the ITS2 barcode to
determine which plants were consumed. Moreover, the proportions of the herbage DNA sequences recovered from sheep feces
and those of the herbage masses in the daily diets did not completely match. These results indicate that the non-Gramineae
DNA sequences amplified with ITS2 primers (including those of Chenopodium album, Artemisia scoparia, Artemisia tanacetifolia,
and Medicago sativa) far exceeded those of the Gramineae species (including Leymus chinensis and Puccinellia distans), which
constitute the largest share of the experimental diets. A significant positive correlation (Spearman’s ρ = 0.376, P = 0.003)
between the actual herbage mass proportions in the experimental diets and the herbage-DNA-sequence proportions provided
sufficiently favorable support for the further investigation of DNA barcoding for the quantification of plants in feces. A
significant regression coefficient was found between the relative DNA-sequence proportions of L. chinensis (R2 = 0.82, P <
0.0001), P. distans (R2 = 0.64, P = 0.0017), and C. album (R2 = 0.98, P < 0.0001) and their respective herbage mass proportions.
The quantitative relationship can be expressed by the linear-regression equations y = 0.90x − 0.22, y = 0.98x − 0.03, and y =
5.00x − 0.25, respectively. Thus, these results demonstrate that dietary-DNA-barcoding methods exhibited potential in
providing valuable quantitative information regarding food-item components. However, it should be noted that this explorative
data needs to be further improved by using additional genes and by creating a sophisticated reference database, thus enhancing
both quality and accuracy of the obtained results.
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■ INTRODUCTION

Herbage intake is strongly associated with the production
performance1 and nutritional status2 of pasture stock.
However, in nutritional studies, the precise estimation of
herbage intake or diet composition of large herbivores remains
difficult. Large herbivores generally consume an abundance of
plants3 but may exhibit dietary preferences for specific plants
due to several factors, such as distinctive digestibility, tolerance
of plant fibers or secondary metabolites, and energy demand.4

The difference between the availability of herbage species and
nutritional intake can be illustrated by the fact that grazing
sheep typically consume a diet consisting of specific plant
species despite being on pastures that offer a varied plant-

species assemblage. These relationships between plants and
herbivore production performance have been primarily
investigated using animals fed in confinement, as it is more
challenging to estimate the diet composition of grazing
herbivores in open and diverse pastures.
Several techniques are commonly used to estimate the diet

composition of pastured animals, including (1) direct
observation of the consumed plants or of the animal foraging
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behavior in the field,5 (2) utilization of internal markers (e.g.,
acid-insoluble ash, AIA),6 (3) microscopic examination of
either stomach contents or feces,7 (4) near-infrared spectros-
copy (NIRS),8 and (5) a plant cuticular wax indicator method
that uses saturated hydrocarbons (n-alkanes) as markers for
estimating the species composition of consumed herbage.1,9−12

All of these methods exhibit shortcomings under various
conditions. For instance, Dove and Mayes1,13,14 pointed out
that the n-alkane approach, which had been widely accepted as
the most reliable method, can only accurately distinguish
among several herbage species but not among complex plant
populations. Moreover, the concentrations as well as the fecal-
recovery levels of n-alkanes differ across seasons, which affects
the accuracy of composition estimation of seasonal diets. Over
the past few years, DNA-barcoding studies have substantially
developed toward diet-composition quantification.15−17 Pre-
vious studies have indicated DNA barcoding as a relatively
suitable tool (e.g., fast, simple, and very robust) for
ascertaining the diet of herbivorous species (such as Marmota
caudata, Ursus arctos, Tetrao urogallus, and Chorthippus
biguttulus).18,19 Furthermore, the practicality of modern high-
throughput sequencing techniques has unlocked an array of
possibilities for DNA-based dietary analysis. Moreover,
improvements in public databases, which have enabled better
identification of the recovered sequences, have been a further
significant advancement for DNA-based diet research.20−23

However, unlike carnivores, genetic analyses of the diets of
herbivores are subject to greater difficulties and complexities.
Poinar et al.24 amplified and sequenced a 183 bp rbcL-gene
fragment to analyze the diet of the Gypsum Cave ground sloth.
In contrast to this, Taberlet et al.25 reported that a shorter
fragment (the P6 loop, 10−143 bp) of the chloroplast trnL
(UAA) intron can even be amplified from highly degraded
DNA samples. Still, the low resolution of the whole trnL intron
(67.3 or 72% of the identified species) as well as the P6 loop
(only 19.5% identified) impeded their usage.4,26 Chen et al.
tested several candidate DNA regions (e.g., psbA-trnH, matK,
rbcL, ITS2, and ITS) and proposed that ITS2 can be used as a
powerful universal DNA barcode for the identification of plant
taxa, attributable to its high rate of successful identification
(≥92.7% at the species level).27,28 Bradley et al. further
evaluated the efficacy of the ITS2 (350 bp) region of nuclear
ribosomal genes for plant identification using plant DNA
obtained from feces of wild western gorillas and indicated that
this approach can provide a foundational assessment of dietary
variety and is appropriate for the evaluation of nutritional
relationships in ecosystems.29

The main concern in many animal-diet-component-identi-
fication studies was whether the DNA-barcoding approach
provides a sufficiently accurate estimate of the components
that were consumed by the animal. However, to some extent,
proportion bias is inevitable because of the variable digestibility
of dietary components and the species eaten by herbivore
animals. In this study, the feces of sheep housed in
confinement were analyzed using an ITS2-barcoding approach
combined with Illumina MiSeq sequencing to (1) test the
discrimination ability of ITS2 as a marker for distinguishing the
numerous plant species consumed by sheep and (2) establish
quantitative relationships between the recovered DNA
sequences (operational taxonomic units, OTUs) and their
proportions and the actual proportions of herbage species
consumed by sheep.

■ MATERIALS AND METHODS
Feeding Experiment and Sample Collection. Sixteen Mon-

golian sheep (26−30 kg) were included in the experiment in July
2014 at the Guyuan National Field Research Station of the Grassland
Ecosystem (China, 41° 44′ N, 115° 40′ E). All animal experiments
received approval from the China Agricultural University Laboratory
Animal Care Advisory committee.

A completely random experimental design was used in this study.
The 16 Mongolian sheep were randomly assigned to one of four
groups and then individually and randomly assigned to one of 16
custom-built pens. Each group was assigned to one of four treatment
diets (listed below) and fed about 700 g (dry matter) twice daily for
12 days with sufficient water provided. Three to eight plant species
that are common to the grasslands of northern China and universally
eaten by sheep were included in the treatment diets: Leymus chinensis
(LC), Puccinellia distans (PD), Medicago sativa (alfalfa), Phragmites
australis (PA), Chenopodium album (CA), Elymus nutans (EN),
Artemisia scoparia (AS), and Artemisia tanacetifolia (AT). Group 1
(sheep 1−4) was fed daily diet 1, consisting of 41.82% LC, 36.84%
PD, and 21.34% alfalfa. Group 2 (sheep 5−8) was fed daily diet 2,
consisting of 42.51% LC, 22.60% PD, 13.18% PA, and 21.71% alfalfa.
Group 3 (sheep 9−12) was fed daily diet 3, consisting of 35.63% LC,
12.78% PD, 10.85% PA, 15.12% CA, 4.65% EN, and 20.97% alfalfa.
Group 4 (sheep 13−16) was fed daily diet 4, consisting of 22.7% LC,
10.69% PD, 8.74% PA, 12.36% CA, 4.78% EN, 10.03% AS, 9.12% AT,
and 21.58% alfalfa (the dry-matter intake of each group is shown in
Table 1). As described in Brosh et al.,30 the amounts fed to the sheep
were adjusted during an adaptation period to ensure that less than 5%
of the diets were refused.

The experiment consisted of an adaptation period of 5 days
followed by a 7 day fecal-collection period. On day 6 of the feeding
period, fecal-collection bags were placed at the bottoms of the pens
for sampling. The total fecal output was collected at about 7:00 AM in
the fecal-collection bags, which were emptied daily during the 7 day
collection phase. A representative fecal sample of 20% was taken from
the bags on each of the days of the collection phase and mixed as a
final composite sample.31 A total of 16 composite fecal samples were
collected and stored at −20 °C for subsequent analysis. Additionally,
samples of each of the four treatment diets were collected as reference
samples and preserved in liquid nitrogen. However, during the
sampling period, two sheep (one each from groups 2 and 4) refused
to swallow sufficient plant materials, and two further sheep (one each
from groups 1 and 3) got diarrhea. Therefore, these data were not
included for the Illumina-sequencing procedure, resulting in a total of
12 sheep (3 in each group).

Genetic Analysis. Genetic analysis of fecal samples (n = 12) and
herbage-mix samples (n = 4) included DNA extraction, amplification
of the ITS2 gene, and amplicon sequencing on the Illumina MiSeq
platform.

DNA Extraction. Total DNA was extracted from sheep feces using
the E.Z.N.A. Stool DNA Kit (Omega Biotek, Norcross, GA)

Table 1. Dry-Matter Intake (g/kg DM) of Each Dieta

diet 1 diet 2 diet 3 diet 4

LC 306.89 306.89 266.29 164.83
PD 270.35 163.1 95.51 77.63
PA 0 95.15 81.09 63.5
CA 0 0 112.99 89.84
EN 0 0 34.72 34.69
AS 0 0 0 72.82
AT 0 0 0 66.21
alfalfa 156.6 156.74 156.7 156.72
dry-matter intake (g/day) 733.84 721.88 747.29 726.24

aLC, Leymus chinensis; PD, Puccinellia distans; PA, Phragmites
australis; CA, Chenopodium album; EN, Elymus nutans; AS, Artemisia
scoparia; AT, Artemisia tanacetifolia; alfalfa, Medicago sativa.
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according to the manufacturer’s protocol. The fecal samples were
rapidly mashed, and approximately 200 mg of each sample was placed
into a 2 mL microcentrifuge tube, containing 200 mg of Glass Beads
X. Then, the tube was placed on ice. The following main extraction
steps were used: (1) SLX-Mlus Buffer (540 μL) was added, and the
sample was vortexed at maximum speed for 10 min or until the fecal
sample was completely homogenized. (2) DS Buffer (60 μL) and
Proteinase K Solution (20 μL) were added; the solution was either
vortexed or pipetted up and down to achieve thorough mixing and
then incubated at 70 °C for 10 min. (3) SP2 Buffer (200 μL) was
added, and the solution was vortexed for 30 s and then allowed to
settle on ice for 5 min. (4) The solution was centrifuged at maximum
speed (≥13 000g) for 5 min, and then 400 μL of supernatant was
carefully aspirated to a new 1.5 mL microcentrifuge tube. (5) cHTR
reagent (200 μL) was added, and the solution was vortexed for 10 s.
After that, the mixture was allowed to settle at room temperature for 2
min. (6) The solution was centrifuged at maximum speed for 2 min,
and 250 μL of supernatant was transferred to a new 1.5 mL
microcentrifuge tube. (7) BL Buffer (250 μL) and 100% ethanol (250
μL) were added, and the solution was vortexed at maximum speed for
10 s. (8) A HiBind DNA Mini Column was inserted into a 2 mL
collection tube. (9) The entire sample from step 7 was transferred to
the HiBind DNA Mini Column and then centrifuged at maximum
speed for 1 min. Both the filtrate and the collection tube were
discarded. (10) The HiBind DNA Mini Column was transferred into
a new 2 mL collection tube, 500 μL of VHB Buffer was added, the
tube was centrifuged at maximum speed for 30 s, the filtrate was
discarded, and the collection tube was reused. (11) DNA Wash Buffer
(700 μL) was added, and the tube was centrifuged for 1 min. (12)
The filtrate was discarded, and the collection tube was reused. (13)
Steps 11 and 12 were repeated for a second DNA Wash Buffer wash
step. (14) The empty HiBind DNA Mini Column was centrifuged at
maximum speed for 2 min at room temperature, and the column was
transferred into a new 1.5 mL microcentrifuge tube. (15) Elution
Buffer (100−200 μL) heated to 65 °C was add to the center of the
HiBind matrix, and then the mixture was allowed to settle at room
temperature for 2 min. (16) The tube was centrifuged at maximum
speed for 1 min, and the obtained DNA was stored at −20 °C.
DNA extracts from the daily diets (herbage mixes) used 100 mg of

sample and the DNAsecure Plant Kit (TIANGEN Biotech Company,
Ltd., Beijing, China) according to the manufacturer’s instructions.
The following main extraction steps were used: (1) Samples of 100
mg of fresh plant tissue were ground with liquid nitrogen. (2) LP1
Buffer (400 μL) and RNase A (6 μL) were added, and the solution
was vortexed for 1 min and allowed to settle at room temperature for
10 min. (3) LP2 Buffer (130 μL) was added and mixed thoroughly.
Next, the solution was vortexed for 1 min. (4) The solution was
centrifuged at a speed of 12 000 rpm (∼13 400g) for 5 min, and the
supernatant was aspirated to a new microcentrifuge tube. (5) LP3
Buffer (about 1.5 times the volume of the supernatant) was added,
and the solution was immediately shaken for 15 s. (6) A Spin Column
CB3 was inserted into a 2 mL collection tube, and the entire sample
after step 5 was transferred to the Spin Column CB3, which was then
centrifuged for 30 s. (7) The filtrate was discarded, and the collection
tube was reused. (8) PW Buffer (600 μL) was added, the solution was
centrifuged for 30 s, the filtrate was discarded, and the collection tube
was reused. (9) Step 8 was repeated for a second DNA-washing step.
(10) The empty Spin Column CB3 was centrifuged for 2 min, and the
filtrate was discarded. Next, the mixture was allowed to settle at room
temperature for 3 min. (11) The column was transferred into a new
microcentrifuge tube, 50−200 μL of Elution Buffer TE was added,
and then the mixture was allowed to settle at room temperature for
2−5 min. (12) The tube was centrifuged at a speed of 12 000 rpm for
2 min, and the DNA was stored at −20 °C. Mock extractions without
samples were used to monitor contamination.
PCR Amplification of the ITS2 Gene. The ITS2 region of the

nuclear rDNA (∼350 bp) was amplified via PCR with primers rD5-
ITS2 (5′-barcode-TCCTCCGCTTATTGATATGC-3′) and rb1-
ITS2f (5′-CGATACTTGGTGTGAATTGCAG-3′).29 The barcode
is an 8 bp sequence that is unique to each specimen. The PCR

mixture included 4 μL of 5× FastPfu Buffer, 2 μL of 2.5 mM dNTPs,
0.8 μL of each primer (5 μM), 0.4 μL of FastPfu Polymerase, 0.2 μL
of bovine serum albumin (BSA), and 10 ng of template DNA in a 20
μL volume. The thermocycling conditions consisted of 94 °C for 5
min, followed by 45 cycles of denaturation at 94 °C for 30 s, annealing
at 59 °C for 60 s, and elongation at 72 °C for 60 s, with a final
extension step at 72 °C for 10 min. Each PCR group included blank
controls (containing no DNA) to test sample contamination. All PCR
products were visually assessed via electrophoresis on 2.0% agarose
gels. DL2000 markers (Takara Biotechnology, Dalian, China) were
used for size comparison. Positive PCR products were selected for
Illumina sequencing.

Illumina Sequencing of the ITS2 Amplicons. PCR products
were extracted from 2% agarose gels and purified using the AxyPrep
DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA) and
quantified using QuantiFluor-ST (Promega Corporation, Madison
WI). Purified amplicons were paired-end sequenced (2 × 250) on an
Illumina MiSeq platform (Majorbio Inc., Shanghai, China).

Sequencing-Data Analysis. The raw fastq files were demulti-
plexed and then quality-filtered using QIIME (version 1.17, www.
qiime.org). The following criteria were used: (i) The 300 bp reads
were trimmed at any site that obtained a mean quality score <20 over
a 50 bp sliding window; truncated reads shorter than 50 bp were
discarded. (ii) Exact barcode matching was implemented, with a two-
nucleotide mismatch in primer matching being specified, and reads
with ambiguous nucleotides were also removed. (iii) Only sequences
with 10 bp or more of overlap were assembled on the basis of their
overlapping sequences. Any unassembled reads were discarded.

All sequences were sorted from the output file, using the sample-
specific tag present on the 5′ end of the primers. Thus, a new data set
was obtained for each sample, which constituted all the sequences in
possession of the respective tag. For all sequences, OTUs were
clustered with a 97% similarity cutoff using UPARSE (version 7.1,
http://drive5.com/uparse/), and chimeric sequences were identified
and removed using UCHIME. An OTU-distance-unit cutoff of 0.03
was used to assess both indexes to evaluate the selectivity in the OTU
definitions.

Statistical Analyses. α-Diversity measures and rarefaction curves
were computed using MOTHUR version 1.30.1.32 For an estimation
of botanical-species richness, which is related to the number of
observed OTUs, the Chao1, ACE, and Simpson’s indexes were
calculated for all samples.33 The Shannon diversity index and Good’s
coverage were also computed. β-Diversity analyses, including
principal-component analysis (PCA) and nonmetric multidimensional
scaling (NMDS), were performed using QIIME, and all figures were
generated in R (version 3.2.1)34 using the package VEGAN.35,36 R
was used to describe OTU-accumulation curves (using the
“specaccum” command of the VEGAN package)37 to ascertain
whether sufficient sequencing depth had been obtained. An OTU
-distance-unit cutoff of 0.03 was considered.

Taxonomic assignment of OTU representative sequences was
conducted using the nucleotide BLASTn against the GenBank
database for “nucleotide collection (nr/nt)” of NCBI (https://blast.
ncbi.nlm.nih.gov/Blast.cgi).38 Final taxonomic classification of each
OTU sequence was based on the closest blast match. Furthermore,
several other factors were considered, as described in Deagle et al.,22

including the geographical locations of the species that were present
in the closest blast hit, as well as the diversity of closely related
species. A high similarity threshold was set in the assignation step
(>95% for species-level identification). As previously described, if the
same score was assigned to two or more taxa for a given sequence or
when these conditions were not met, this sequence was then assigned
to a higher taxonomic level (e.g., genus or family).18

Irrelevant OTUs were eliminated from the OTU table prior to the
diet-composition analysis. Sequences that occurred more than twice
were considered as practicable information. Sequences that occurred
less than twice were largely assumed to be an ITS2-sequencing error
and were thus not considered for the following analyses. In dietary-
DNA barcoding, it remains unclear whether the gene information
recovered reflects the actual herbage fraction of consumed food
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items.22 Thus, it was evaluated whether the proportion of DNA
sequences correlated with the actual proportion of herbage mass in
the daily diets using the Spearman’s correlation coefficient. The DNA-
sequence numbers were log-transformed to obtain a symmetric
frequency distribution.39

All statistical analyses were conducted using SPSS software (version
17.0). Differences between treatment groups were analyzed using
parametric analysis of variance (ANOVA). A P-value below 0.05 was
considered as indicating statistically significant differences. Linear-
regression analysis was used to determine the quantitative relation-
ships between the proportion of DNA sequences that were retrieved
from sheep feces and the actual proportion of herbage species in the
ingested diets.
Nucleotide-Sequence Accession Numbers. The raw Illumina

MiSeq sequencing reads were submitted to the Sequencing Read
Archive (SRA) database under the accession ID SRP148544.

■ RESULTS

Overview of the ITS2-Gene Illumina-Sequencing
Data. A final valid sequence-data set was generated for further
analysis containing 484 598 filtered, high-quality, usable ITS2
sequences comprising 94 OTUs. A total of 361 281 sequences
were recovered from 12 fecal samples, and 123 317 were
obtained from the dietary herbage-tissue mixtures, ranging
from 20 643 to 39 754 sequences per sample. The average
length of the PCR products was 361 bp (the size range was
221−460 bp). Good’s coverage, which estimates the
percentage of OTUs represented in fecal or plant samples,
averaged 99%.
Botanical Richness and Biodiversity. A species-accu-

mulation (SA) curve was used to assess whether the observed
botanical richness in the sample cohort was indicative of the
general botanical diversity in either sheep feces or daily diets.
This method determines the number of new identified OTUs
and labels them when the additional samples are cumulatively
added to the sequencing process. The OTU number increased
rapidly between 0 and 10 samples and then stabilized once
sampling was complete (Figure 1).

Forty-two representative OTUs were detected at most, but
the botanical diversity of the fecal samples with different daily
diets varied (Table 2). Moreover, the relative numbers of plant
species in groups 3 and 4 were lower than those in groups 1
and 2. ANOVA identified significant differences (P < 0.01) in
biodiversity between samples at an OTU cutoff of 0.03.

Sheep-Feces Botanical Identification. The NMDS and
PCA results indicated that the identified taxa partitioned the
daily diets into three distinct groups (Figure 2). At the genus
level, a total of 19 floristic genera were detected in the sheep
feces after disregarding fungal species (see details in Figures 3
and 4). Although a small number of fungi (0.12%) were
amplified and sequenced with the ITS2 primers, fungal
sequences were excluded from the dietary analysis. Irrespective
of diet, three genera accounted for 80.37% of the sequences.
These included Artemisia (38.9%), Chenopodium (30.68%),
and Medicago (10.79%). A total of 94 OTUs were identified
across all sheep (Figure 4). The majority (56.38%) of these
OTUs belonged to genera that appeared at abundances below
0.1%. The remaining 43.62% of the OTUs had abundances
above 0.1% and accounted for 98.76% of all sequences. The
most dominant OTUs across all sheep belonged to AS or AT
(22.12%), followed by CA (17.54%) and alfalfa (10.14%).

Determination of Diet Composition. All treatment
herbage species included in the daily diets were detected in
each fecal sample, with the exception of PA (Figure 5). A total
of 50 327 sequences were recovered from the herbage test
species; however, the relative proportions of these sequences
differed widely from each mass proportion in the daily diets
(Table 3 and Figure 6). For sheep in group 1 (fed with
treatment diet 1), the LC sequences contributed 15.83% of
those corresponding to each sequence (vs 41.82% by mass in
herbage mix), PD contributed 35.10% (vs 36.84% by mass in
herbage mix), and alfalfa contributed 49.06% (vs 21.34% by
mass in herbage mix). For sheep in group 2 (fed with
treatment diet 2), LC sequences contributed 18.25% of those
sequences (vs 42.51% by mass in herbage mix), PD
contributed 29.29% (vs 22.59% by mass in herbage mix),
and alfalfa contributed 52.46% (vs 21.71% by mass in herbage
mix). For sheep in group 3 (fed with treatment diet 3) LC
sequences contributed 5.17% of those sequences (vs 35.63% by
mass in herbage mix), PD contributed 10.34% (vs 12.78% by
mass in herbage mix), alfalfa contributed 32.48% (vs 20.97%
by mass in herbage mix), CA contributed 46.84% (vs 15.12%
by mass in herbage mix), and EN contributed 5.17% (vs 4.65%
by mass in herbage mix). For sheep in group 4 (fed with
treatment diet 4) PD sequences contributed 3.39% of those
sequences (vs 10.69% by mass in herbage mix), alfalfa
contributed 14.41% (vs 21.58% by mass in herbage mix),
CA contributed 35.03% (vs 12.37% by mass in herbage mix),
and AS and AT contributed 47.17% (vs 19.15% by mass in
herbage mix). These results also showed that some sequences
recovered from sheep feces matched other plant species, such
as Artemisia annua (11.38%), Potentilla anserina (10.73%),
Sphallerocarpus gracilis (4.06%), and Amaranthus retrof lexus
(2.98%), which are also common plants in the experimental
areas.

Correlation and Quantitative Relationships. As shown
in Figure 7, the proportion of log-transformed DNA sequences
was significantly correlated with the proportion of herbage
mass in the diets at the species level (Spearman’s ρ = 0.376, P
= 0.003; n = 60). The results of linear-regression analyses
indicated a significant linear regression between herbage mass

Figure 1. Species-accumulation (SA) analysis: SA plots, showing the
increase in operational taxonomic units (OTUs) detected in response
to the addition of each sample.
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proportions and the proportions of LC (R2 = 0.82, P <
0.0001), PD (R2 = 0.64, P < 0.01), and CA DNA sequences
(R2 = 0.98, P < 0.0001). The quantitative predictive
relationships can be expressed via linear-regression equations
y = 0.90x − 0.22 for LC, y = 0.98x − 0.03 for PD, and y =
5.00x − 0.25 for CA.

■ DISCUSSION

In this study, DNA barcoding was used in combination with
Illumina sequencing of fecal-sample extracts from Mongolian
sheep fed forages that are common to arid and semiarid
grasslands. The goal was to ascertain the presence and amounts
of the plants selected by the sheep. The study results appear to
support the use of DNA barcoding for determining which
plants were consumed. Furthermore, quantitative prediction

models for the proportion of herbage mass consumed by sheep
were established but still require further improvement.

ITS2 Region as a DNA Barcode. In the present study, all
treatment herbage species that were included in the daily diets
were detected in each fecal sample, with the exception of PA
(Figure 5). Concentrating on the ITS2 gene region, 19
different plant species were detected in the feces of the
experimental sheep, all of which are common for the grasslands
of northern China (Figures 3 and 4). Previously, a similar
feeding trial was performed using n-alkanes, long-chain
alcohols, and long-chain fatty acids as diet-composition
markers. The results showed that the n-alkane technique
identified a maximum of eight forage plants at the species level
and exhibited limited application value for the identification of
a complex grassland-species population.40 Thus, the current

Table 2. Richness and Diversity Indexes Relative to Each Sample: Number of Observed OTUs, Chao1 Index, and Shannon
Index at an OTU Cutoff of 0.03

α-diversity (threshold = 0.03)

sample ID number of OTUs Chao1 ACE Shannon Simpson

daily diets (herbage mixes) G1 25 28 36 1.13 0.4303
G2 24 35 36 1.27 0.437
G3 21 27 65 0.95 0.495
G4 19 22 24 1.43 0.2679

group 1 T1_1 31 32 23 2.62 0.0971
T1_2 22 22 33 2.17 0.166
T1_3 37 40 22 2.38 0.1431

group 2 T2_1 23 23 42 2.2 0.1673
T2_2 30 31 25 2.46 0.1323
T2_3 42 42 38 2.92 0.079

group 3 T3_1 26 26 42 1.36 0.3538
T3_2 40 40 26 1.29 0.4611
T3_3 19 21 40 0.89 0.6027

group 4 T4_1 18 20 26 0.74 0.5786
T4_2 22 25 20 0.91 0.4506
T4_3 25 30 36 0.91 0.4818
P value 0.393 0.611 <0.01 <0.01 <0.01

Figure 2. Nonmetric multidimensional scaling (NMDS) and principal-component analysis (PCA) scores for the dissimilarity-distance matrix
between each sample. (a) NMDS plot and (b) PCA plot, highlighting the T3 (orange triangles) and T4 (purple triangles) samples. These plots
were based on the weighted UniFrac distance for community dissimilarity. T1−T4, fecal metasamples of the four groups; G1−G4, four daily-diet
herbage mixes.
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Figure 3. Relative content of plant genera in the fecal flora of the experimental sheep. The relative abundances of the genera were calculated using
the number of sequences that were assigned to be of plant origin. These sequences were taxonomically assigned using the GenBank nr/nt database
in NCBI, following OTU classification with UPARSE. Four genera with abundances below 0.01% are not shown in the figure.

Figure 4. Phylogenetic tree showing the dietary OTUs from feces of all tested sheep. ITS2 gene sequences were aligned using ClustalX. A
phylogenetic tree was constructed on the basis of the maximum-likelihood algorithm using MEGA5. The 19 plant genera in the phylogenetic tree
are indicated with colored loops (inner circle). The distribution of OTUs in each fecal sample is indicated using different graphics tags (middle
circle). Solid, sequence number > 500; hollow, sequence number < 500; empty, sequence number = 0. The relative proportions of plant genera in
the four different sample groups are represented by bar charts (outer circle). Irrelevant OTUs are not included on the tree.
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results support, with certain limitations, the utility and
specification of the ITS2 gene as a marker for determining
the diet components of sheep from fecal samples.
The ITS2 primer pairs, first used by Bradley et al.,29 proved

to be efficient for the identification of herbage species. This
finding has further contributed to the analysis of grazing-
livestock diets, particularly in pastures with more complex
plant-species populations, yet interestingly, it was found that
the non-Gramineae DNA sequences amplified by the ITS2
primers (CA, AS, AT, and alfalfa) far exceeded those of the
Gramineae species (LC and PD), which supplied the largest
portion of the experimental diets. One possible explanation is
that there was specific preferential DNA amplification in the
molecular analysis.29 Thus, the ITS2 region might be better
suited for the identification of non-Graminaceous plants.

Coincidently, this was confirmed by a previous study, reporting
a higher success rate for identifying dicotyledons (76.1%) than
that for monocotyledons (74.2%).41

Compared with other potential candidate-DNA gene regions
(such as psbA-trnH, matK, rbcL, and rpoC1) and apart from its
preponderant discrimination ability at the plant level (up to
92.7% at the species level), the ITS2 barcode is also capable of
distinguishing closely related taxa. This corroborates the
concept that ITS2 in plants should be the gold-standard
DNA barcode (analogous to CO1 in animals) for identifying
plants at different classification levels.27,42 According to Chen
et al.,27 the chloroplast psbA3-trnH intergenic region has been
recommended as a complementary barcode to ITS2 because of
its dependability for species authentication.

Figure 5. Illumina MiSeq sequencing estimates of herbage DNA in Mongolia sheep feces. Boxplots show the medians, ranges, and upper and lower
quartiles of the percentages estimated by Illumina sequencing for each herbage species in the diet. LC, Leymus chinensis; PD, Puccinellia distans;
alfalfa, Medicago sativa; PA, Phragmites australis; CA, Chenopodium album; EN, Elymus Nutans; AS, Artemisia scoparia; AT, Artemisia tanacetifolia.

Table 3. Diet Composition, Fecal DNA Sequences Recovered, and Estimates of Amount of the Plant Species Consumed Based
on Fecal-DNA Analysis

LC PD PA CA EN AS or AT alfalfa other plants total

mass of daily diet 1 (%) 41.82 36.84     21.34 
feces of group 1 no. of sequences 16 467     5383 17 060 22 927

DDa (%) 15.83 35.10 49.06
mass of daily diet 2 (%) 42.51 22.59 13.18    21.71 
feces of group 2 no. of sequences 20 123 0    5508 16 701 22 352

DD (%) 18.25 29.29 0.00 52.46
mass of daily diet 3 (%) 35.63 12.78 10.85 15.12 4.65  20.97 
feces of group 3 no. of sequences 3 9 0 21 115 3  997 2766 24 893

DD (%) 5.17 10.34 0.00 46.84 5.17 32.48
mass of daily diet 4 (%) 22.70 10.69 8.74 12.37 4.78 19.15 21.58 
feces of group 4 no. of sequences 0 2 0 1287 0 15 375 19 8055 24 738

DD (%) 0.00 3.39 0.00 35.03 0.00 47.17 14.41
aDaily-diet estimates based on DNA sequences. DD (%) was calculated via the proportion of the logarithm of the number of DNA sequences.
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Quantitative Estimation of Sheep-Diet Composition.
This study focused on fecal-DNA analysis as the method for
the identifying of both the plants consumed by grazing

herbivores and their amounts. The aim was to determine
whether the relative sequence abundances could reliably reflect
the diets of the sheep. Similar to other studies, it remains
uncertain whether the proportion of recovered DNA
sequences reflects the actual proportion of eaten material.
Kartzinel et al.43 analyzed the fecal DNA of seven large African
mammalian herbivores and quantified their diets using high-
throughput sequencing. The authors emphasized that grass
relative read abundance can realistically reflect grass con-
sumption. In the present study, the correlation between the
proportion of DNA sequences and the proportion of herbage
materials in the experimental diets was examined using
Spearman’s ρ correlation coefficient. The results indicate a
significant correlation between both (Spearman ρ = 0.376, P =
0.003), which indicates that the quantity of consumed herbage
biomass affects how many DNA sequences are recovered after
DNA barcoding. Such a finding is important, especially for wild
free-ranging animals with complicated diets.44 Similar to our
findings, a positive Pearson correlation was found between the
actual proportions of forbs fed to sheep and the proportions of
forbs estimated with the trnL-barcoding approach. However,
this study investigated only diets that included two plant
species.45

Researchers are primarily interested in obtaining a reliable
quantitative indication (absolute or relative quantification) of
the food items that have been ingested by the animals in a
pasture. To confirm whether this ITS2 approach could
correctly estimate herbage proportions in various diets, a
linear-regression analysis of the herbage-DNA-sequence
proportions was performed via Illumina sequencing against
the actual mass proportions of the herbage fed to the sheep. As
expected, a series of analyses showed a strong linear-regression
relationship between the proportions of the herbage DNA
sequences (LC, PD, and CA) retrieved from sheep feces and
the actual proportions of herbage in the daily diets (Figure 7).
However, the regression analysis results of alfalfa (approx-
imately accounting for the same mass proportion of 21% in the
four diets) were not consistent with the expected results. This
may be due to the fact that alfalfa pellets were used in the diet
formulation rather than fresh-cut alfalfa. The pelleting process
applies heat that may distort nucleic acid information. In
addition, another limitation of this study was the small sample
size of the herbage species involved in the experimental diets.
A follow-up study will include more herbage species to
strengthen the utility of the obtained prediction model.

Illumina MiSeq Sequencing of Plant DNA from Sheep
Feces. In general, the application of Illumina MiSeq
sequencing demonstrated good potential for estimating the
plant composition of herbivorous animal diets. Because of their
good resolution, next-generation-sequencing techniques are
appropriate for quantifying the dietary compositions of
herbivores and for evaluating the diet niche partitioning.46

Robeson et al.47 sequenced DNA from the fecal material of
wild pigs using blocking primers; the authors emphasized that
the DNA-sequencing-based method is suitable for studying the
diet compositions of animals from different locations.
However, in the present study, AS and AT (accounting for
19.15% of the total in daily diet 4), which belong to
homologous species, were not distinguishable. This could be
attributable to the incompleteness of the NCBI database.48

Moreover, the establishment of a complete ITS2-fragment
reference database for a variety of herbage species that occur in
a particular region typically allows for the identification of

Figure 6. Proportions of herbage mass and herbage DNA sequences
obtained from the captive feeding experiment. (a) Mass proportions
of the eight herbages in the daily diet fed to the sheep. (b)
Proportions of herbage DNA sequences recovered from sheep feces.

Figure 7. Correlation between the plant-species mass proportions in
the experimental diets and the plant-species mass proportions
estimated using fecal-DNA analysis. Regression relationships between
the diet plant-species mass proportions and the plant-species-mass-
proportion estimates for LC (gray dash−dot line), PD (dark-blue
long-dash line), and CA DNA (dark-yellow solid line) based on DNA
Illumina sequencing. The plotted association is based on the species
level. The different lines represent the best-fit lines.
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approximately 50% of the different species at the species level
and 90% at the genus level.18

Several issues during the experiment need to be reported.
First, a noticeable deviation was observed between the
proportions of DNA sequences and the actual proportions of
herbage in the diets (Figure 6). Apart from specific preferential
DNA amplification, to some extent this may be caused by
interference from other plant species consumed by the sheep
prior to being confined. It is important to note that the
retrieved DNA sequences also matched other plant species
(Figure 3). This result implies that a degree of genetic
information may remain in the feces for at least 6 days after
ingestion. In this context, more than 6 days should be an
appropriate duration for sheep maintenance in confinement
prior to fecal sampling. Second, it was noted that DNA
sequences extracted from sheep fecal samples contained
information on plant species not included in their diets (e.g.,
Artemisia annua accounted for 11.38% of the sequences),
which was likely caused by the imprecise sampling. Third, in
the current study, sheep were fed experimental diets
formulated to contain three to eight different plant species
for 6 days prior to sampling. Inexplicably, DNA sequences
from PA, which is known to be the major plant consumed by
pasture sheep, was not detected in any of the fecal samples.
Deagle et al.49 concluded that the use of group-specific markers
may alleviate this problem. Bowles et al.50 used real-time PCR
in combination with species-specific primers to quantify the
prey compositions of Steller sea lions (Eumetopias jubatus) on
the basis of fecal DNA and reported that this method can
accurately describe the relative quantities of prey species
consumed. The precision of their fecal-DNA method remained
within 12−17% of the actual quantity once the relative
mitochondrial contents of the prey species had been corrected.
This real-time-PCR approach faces several challenges;
however, it is worth investigating in future studies.
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