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1 | INTRODUCTION

Disentangling trophic relationships is integral to understanding eco-
system functions (Duffy et al., 2007). Given the central role that
herbivores play in shaping the structure and species diversity of ter-
restrial ecosystems (Danell et al., 2006), reconstructing their diet has
practical implications for conservation biology (Shipley et al., 2009;
Valdés-Correcher et al., 2018). To reconstruct the diet of herbivores,
methods such as analysis of browsing signs (Salas & Fuller, 1996) and
microhistological examinations of plant remains in gut and crop con-
tents (Borchtchevski, 2009; Gayot et al., 2004; Wegge & Kastdalen,
2008) or in faecal samples (Gonzélez et al., 2012; Greve Alsos et al.,
1998; Iversen et al., 2013; Steinheim et al., 2005) have traditionally
been used. However, these methods are often time-consuming and
labour-intensive (Ait Baamrane et al., 2012), and more recently, the
emergence of high-throughput sequencing (HTS) technologies has
enabled DNA sequencing of ingested plants in herbivore faecal
samples to become a valuable tool in diet reconstruction (e.g., Ait
Baamrane et al., 2012; Soininen et al., 2009).

When using HTS to assess herbivore diet from faecal samples,
two main approaches can be used: metabarcoding and metagenom-
ics. The most common approach is metabarcoding, a PCR-based
method that employs primers designed to amplify a taxonomically
informative marker for one or more taxonomic groups (Valentini
et al., 2009). A second approach is metagenomics, in which the total
extracted DNA from a sample is sequenced without PCR enrichment
of specific markers prior to sequencing (Noonan et al., 2005). When
studying the diet of species in cases where we have little prior in-
formation on their diet, metagenomics is valuable as in contrast to
metabarcoding, it does not require a priori knowledge of which tax-
onomic groups to target. Also, the most-used plant metabarcoding
primer set in diet studies amplifying the trnL P6 loop (Taberlet et al.,
2007) is not among the standard plant barcodes in public DNA ref-
erence databases such as BOLD (Hollingsworth, 2011). This means
that the availability of the trnL Pé loop reference sequences limits
metabarcoding studies in most geographical regions, increasing the
potential of utilizing metagenomics for herbivore diet reconstruc-
tion as it can utilize plant barcode markers that are well represented
in DNA reference databases. Further, given that the total DNA of
a sample is sequenced in metagenomics, it offers the potential to
simultaneously retrieve a vast wealth of information in addition to
diet, such as host mitochondrial genome, gut parasites and host-
microbiome, without additional laboratory work which would in-
crease time and costs (Srivathsan et al., 2015, 2016). The ability to
rapidly generate data is a great advantage in time-sensitive research
where urgent conservation intervention is needed, and samples
should be studied exhaustively to maximize ecological information
(e.g., for endangered or elusive species).

Taxonomic assignment in DNA-based herbivore diet analyses can
be hindered by the limited availability of plant reference sequences.
Taxonomically informative plant marker sequences in DNA refer-
ence databases are generally short and mostly limited to chloroplast
regions (trnl-F ~ 994 bp, rbcL ~ 654 bp, matK ~ 889 bp), and there

is a lack of whole genome sequence availability in reference data-
bases (Ford et al., 2009; Hollingsworth, Graham, et al., 2011; Kress
& Erickson, 2007; Lahaye et al., 2008). Moreover, bioinformatic
pipelines for metagenomic diet analyses are relatively unexplored,
while those for metabarcoding are well validated and documented,
such as the ecoTac program from the OBITools pipeline used for tax-
onomic assignment (De Barba et al., 2014; Boyer et al., 2016; Hibert
et al., 2013; Pegard et al., 2009; Quéméré et al., 2013). In the only
two metagenomic diet analyses published to date, which focused on
mammals, the taxonomic assignment of plants in herbivore diet was
based on matching metagenomic paired-end (PE) reads to chloroplast
marker sequences (Srivathsan et al., 2015, 2016). However, limiting
taxonomic assignment to chloroplast markers may result in false neg-
atives due to the differences in rates of DNA degradation of genomic
regions within the ingested plants; that is, chloroplast genomes in
plants may be more prone to degradation than plant nuclear genomes
because of the instability of the chloroplast genomes (Xin et al., 2018).
Bioinformatically, metagenomics for diet reconstruction remains in an
exploratory phase and the lack of an optimized and validated bioinfor-
matic pipeline can dissuade researchers from utilizing this tool.

The use of both chloroplast and nuclear markers as reference
sequences for plant identification in herbivore metagenomic studies
could increase the number of taxonomically informative sequence
reads. Despite this, no metagenomic herbivore diet studies have ex-
plored the use of both chloroplast and nuclear markers as reference
sequences for plant identification. Further, validation of taxonomic
assignments from metagenomics data in herbivore diet studies has
relied on comparison with data collected from field observations,
and from metabarcoding outputs, as demonstrated by Srivathsan
et al. (2016), Srivathsan et al. (2015). For metagenomics to become a
valuable tool in herbivore diet studies, we must therefore (i) test and
validate the use of bioinformatic parameters that combine chloroplast
and nuclear markers for taxonomic assignment, and (ii) develop meth-
ods with which to validate bioinformatic steps without field observa-
tions. The latter is especially important when studying endangered or
elusive animals where behavioural observations in the field are often
challenging. Simulation of metagenomic data in silico presents a way
to meet these needs, and it has become an increasingly popular tool
for testing and validating bioinformatic strategies (Escalona et al.,
2016; Haiminen et al., 2019). However, this has not been applied to
diet studies. Through the generation of in silico metagenomic data sets
resembling the faecal samples sequenced from the studied herbivore,
bioinformatic parameters and taxonomically informative marker com-
binations used in taxonomic assignment steps can be assessed for ac-
curacy. Subsequently, the validated taxonomic assignment steps can
be applied to real data sets (Escalona et al., 2016; Gourlé et al., 2019).

In this study, we demonstrate how in silico simulation of metag-
enomic data sets that resemble faecal samples collected from west-
ern capercaillies (Tetrao urogallus) can be used to assess and validate
taxonomic assignment steps for plant identification in herbivore
diet. We then: (i) apply the validated taxonomic assignment steps
from the in silico simulation to real data obtained from metagenomic
shotgun sequencing of faecal samples collected from eight western
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capercaillies in Norway, and (ii) compare the metagenomic output
with metabarcoding data amplified from the same samples using the
P6 loop of the chloroplast trnL intron, and analysed the impact of
sample freshness with both techniques. Further, we also assemble
a capercaillie mitochondrial genome to show that other ecological
information can be retrieved in parallel with metagenomics. Our
study demonstrates the value and potential of metagenomics for fu-
ture diet research, and the challenges to consider when utilizing this

technique, which is also relevant beyond the study of herbivore diet.

2 | METHODS

2.1 | Insilico simulation

To test and validate taxonomic assignment steps for accurate plant
identification in Tetrao urogallus faecal samples, we used the IN-
siLicoseq software package (Gourlé et al., 2019) to carry out in silico
simulation of metagenomic data sets that resembled reads expected
from T. urogallus faecal samples. Three main metagenomic data sets
that combined sequences from three known genome types (plants,
bacteria and T. urogallus) with different plant species compositions
were created (in silico test 1.1, in silico test 2.1 and in silico test 3.1)
(Table 1). The genome types included were bacteria genomes, a
T. urogallus mitogenome and plant genomes. To generate bacterial
genomes, we used INsiLicosEQ to download 10 random complete bac-
terial genomes from NCBI (Table S1). The T. urogallus mitogenome
used was generated and assembled in this study (Tables S2 and S3).
Plastid and ribosomal sequences from the PhyloNorway project
were used for generating the plant genome mix (sequences unpub-
lished and not available in NCBI, permitted for use only in the in silico
simulation, metadata available in Alsos et al., 2020). In the plant ge-
nome mix, we used sequences from known diet items of T. urogallus
that are represented by both chloroplast and nuclear sequences in
the PhyloNorway database, and also sequences from plant species
that have not been recorded as known diet but are present in the
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study area and could be a potential source of diet. For plant species
that lacked full chloroplast genomes in the PhyloNorway database,
we used fragmented chloroplast sequences in the plant genome mix.
For each data set, three subsets (repeats) with different proportions
of genome types were generated (1.2, 1.3, 2.2, 2.3, 3.2, 3.3). Each
data set was simulated twice to create two replicates (labelled “a” and
“b"). We also generated a negative control which did not include any
plant genomes, and a positive control which only consisted of plant
genomes (Table S4). The inclusion of a simulated negative control
was used to check for false positives, while the simulated positive
control was used to check for misidentifications and false negatives.

The proportion of sequences assigned to plants, bacteria and
T. urogallus were based on subsampling the sequenced metagenomic
faecal samples. We subsampled 10,000 reads from each of our se-
quenced metagenomic samples, and queried the reads against the
GenBank database using BLAsT (subject_besthit). The BLAsT output was
exported into MEGAN to view the taxonomic contents (Huson et al.,
2007; Huson & Weber, 2013). Between 75% and 98% of sequences
belonged to bacterial sequences, 2%-20% of sequences belonged
to capercaillie and around 1% of sequences belonged to plants. As
environmental contamination of faecal samples may increase the
proportion of bacteria found in faecal metagenomes, the highest
proportion of sequences was assigned to bacteria (Hawlitschek
et al., 2018). We varied the species composition of plants from in
silico tests 1 to insilico tests 3 to see if increasing the plant diversity
would have any effect on the number of detected plant taxa. For in
silico test 2, we varied the proportion of both the T. urogallus and
bacteria sequences while keeping the plant sequence proportion the
same. This is to assess if changing the other DNA proportions pres-
ent in the metagenome would have any effect on plants detected.
Additionally, for in silico test set 3, we also increased the proportion
of plant sequences from ~1% to ~7% to assess whether increasing
the proportion of plant sequences would also affect the number of
detected plant taxa. For each simulated data set, INsiLicoseq (using a
precomputed error model based on a HiSeq instrument) generated
around 1 million fragmented Illlumina PE reads (125 bp).

TABLE 1 Proportion of each genome type and number of plant species included in each in silico test

Plant sequence

Tetrao urogallus sequence Bacteria sequence

In silico tests Plant species composition proportion (%) proportion (%) proportion (%)
In silico test 1.1a,b 11 families, 16 genera, 26 3.2 2.9 93.9
In silico test 1.2a,b species 1.2 18.6 80.2
In silico test 1.3a,b 1 1.5 97.5
In silico test 2.1a,b 22 families, 37 genera, 50 1.4 19.8 78.8
In silico test 2.2a,b HEEE 2 1.4 5.8 92.8
In silico test 2.3a,b 1.4 12.8 85.8
In silico test 3.1a,b 8 families, 11 genera, 16 species 6.5 2.8 90.7
Insilico test 3.2a,b 7 1.5 91.5
In silico test 3.3a,b 9.8 14.7 75.5
In silico positive control 7 families, 7 genera, 7 species 100 0 0

In silico negative control NA 0 5 95
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2.2 | Testing taxonomic assignment of plants in
simulated metagenomic data set

For the inssilico tests, we assessed the accuracy of taxonomic iden-
tification parameters using five plant markers commonly used in
plant identification: three chloroplast markers (rbcL, matK and
trnL-F), and two nuclear markers (ITS1 and ITS2). Following the
methods used by Hunt et al. (2007) and adapted by Srivathsan
et al. (2015), we generated reference databases from GenBank
(downloaded on March 25, 2019) (Appendix S1) for the five plant
markers as local reference databases for these markers were una-
vailable. Whole genomes were not utilized as a possible candidate
for the reference database due to the lack of representation of
our target species (20% species representation with RefSeq se-
guences as at October 25, 2020) (Table S5) and high false posi-
tive assignment rates (43%-100%) in our initial tests (Table Sé).
Additionally, localized organeller and ribosomal reference data
for plants are currently only limited to the flora in areas such as
Australia (Nevill et al., 2020), or not published as in the Alps and
Norway (Alsos et al., 2020). Due to the better availability of stand-
ard barcode regions, these five plant markers were chosen to give
the best results based on sequence availability. Species-level iden-
tification using these five plant markers was possible for all plant
species included in the in silico simulation, with the exception of
Omalotheca norvegica, Urtica dioica dioica and Urtica dioica sonde-
nii. Genus-level identification was possible for all taxa (Table S5).
Following the reads filtering step employed by the only other two
metagenomics herbivore diet studies to date (Srivathsan et al., 2015,
2016), we conducted MEcABLAST searches (word size =28, percentage
identity =98%) for the forward and reverse reads generated in the
simulated metagenomic data set against the generated plant marker
reference databases. Any reads not receiving a hit were discarded. Our
choice of using MEGABLAST to classify reads was to reduce the number
of variables that require testing, as this classifier has already been vali-
dated for metagenomics herbivore diet studies (Srivathsan et al., 2015,
2016). Additionally, based on recent benchmarking studies, while this
classifier is not the fastest, it performs equally well in terms of precision
to other metagenomics classifiers (McIntyre et al., 2017; Ye et al., 2019).
For the taxonomic assignment steps, we first assign each read to
the lowest taxonomic rank based on the lowest common ancestor
(LCA) algorithm using READSIDENTIFIER (version 1.0) (Huson & Weber,
2013; Srivathsan et al., 2015), with a minimum of 63 bp (half the
length of reads generated) or 85 bp (two-thirds the length of reads
generated) reads overlap for the initial round of in silico tests with the
three main data sets and its replicates (1.1, 2.1, 3.1) (details of LCA
assignment are given in Appendix S1). We then repeated this taxo-
nomic assignment step using only 85 bp reads overlap with the other
simulated metagenomic data sets (1.2, 1.3, 2.2, 2.3, 3.2 and 3.3) as
no errors were observed with this length (Table S7). Plant identifi-
cations from the in silico simulation outputs were compared to the
list of plants used in each of the simulated metagenomic data sets
to obtain the most optimal marker combinations for accurate taxo-
nomic assignment (Table S8, details of choosing marker combination

in Appendix S1). From the in silico tests, we derived the following
criteria for accurate taxonomic assignment: (i) PE reads with at least
98% sequence identity matched against the reference database in
MEGABLAST search, (ii) 85 bp overlap using READSIDENTIFIER, and (iii) tax-
onomic assignment for each read assigned by READSIDENTIFIER must be
based on one of the predetermined optimal marker combinations

(Table S8). If these three criteria were not met, reads were discarded.

2.3 | Sample collection, DNA
extraction and sequencing

Eight faecal samples were collected from T. urogallus between
September and November 2018 in Norway, including one from a
captive male located at the Namsskogan Familiepark (Table S9).
Each faecal sample consisted of two droppings deposited by one
individual. Upon collection, faecal samples were placed in sterile
airtight tubes filled with Merck silica gel (with indicator, granulate
size 1-3 mm; Merck KGaA). Faecal samples collected immediately
after defecation were labelled as “fresh,” otherwise, they were la-
belled as “old.” Faecal samples were stored at —20°C before DNA
extraction with a Qiagen PowerFaecal DNA Isolation Kit. DNA
extracts of each sample were split into two sets for metagenom-
ics and metabarcoding. For metagenomics, 50 ul of each DNA ex-
tract and one extraction blank were fragmented (475 bp fragment
size), built into Illumina libraries using the Blunt-End Single-Tube
(BEST) protocol (Carge et al., 2018; Mak et al., 2017), indexed and
pooled for sequencing on two lanes of an Illlumina HiSeq 4000
(150 bp PE). For metabarcoding, instead of using all five markers
(rbcL, matK, trnl-F, ITS1 and ITS2) utilized for the metagenomics
taxonomic assignment step, we chose only the trnL P6 loop as a
molecular marker, which is a shorter fragment of the trnL-F gene.
This is due to practical reasons such as costs, time and primer suit-
ability in amplifying degraded DNA. To amplify the trnL P6 loop
from the DNA extracts of each sample (three PCR replicates per
sample), including positive controls (Cinchona officinalis extract),
extraction blanks and PCR blanks, we used the 5’ nucleotide
tagged primer sets trnl-g and trnL-h for amplification (Binladen
et al., 2007; Coissac, 2012; Taberlet et al., 2007). Amplicons were
pooled and built into libraries using the TagSteady protocol (Carge
& Bohmann, 2020), before sequencing on the lllumina MiSeq V3
(150 bp PE). All sequencing was carried out at the National High-
throughput DNA Sequencing Centre, University of Copenhagen.
All details of the metagenomics and metabarcoding laboratory

workflow can be found in Appendix S1.

2.4 | Bioinformatics analyses

241 | Metagenomics

Adapter sequences and low-quality reads were removed using TRIM
GALORE version 0.5.0, with Phred score 30 (Krueger, 2012). We also
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removed reads shorter than 100 bp using cutabapT version 1.11
(Martin, 2011). Quality checks were carried out using FasTQc ver-
sion 0.11.7 (Andrews, 2010). To identify the composition of plants
in T. urogallus diet from the faecal samples collected in our study,
we used the criteria for accurate taxonomic assignment determined
from the in silico simulation with minor modification during taxo-
nomic assignment using READSIDENTIFIER. As the reads generated by
Illumina HiSeq were longer than the simulated reads in the in silico
data sets generated by INsiLicoseQ, we used the identification pa-
rameters of a minimum 100 bp overlap (two-thirds the length of
reads generated). The combination of markers used for identifica-
tion was based on the predetermined optimal marker combinations
from the in silico simulation (Table S8). Additionally, we checked
the extraction blank for any possible contamination, and removed
any false positives (reads that came from contamination, sequenc-
ing artefacts or inaccurate database matches) (Alsos et al., 2018;
Ficetola et al., 2015), by comparing the data to (i) the regional flora
(species present in the Norwegian study sites as listed in the Global
Biodiversity Information Facility [GBIF; https://www.gbif.no), (ii) a
list of T. uroagallus diet recorded from field observations from previ-
ous studies (Table S10), and (iii) a list of diet items fed to the captive
male T. urogallus (Table S11). False positives were removed if they
fulfilled all three of the following conditions: plants not found in the
region, not in the list of previously recorded diet, and not part of
the diet fed to the captive T. urogallus. The removal of false positive
reads was carried out at each hierarchical level, starting with the
species level. Excluded reads were then reclassified at the genus
level, and this was repeated at the family level if unclassified reads
remained. The diet fed to the captive capercaillie was included to
test if the methods employed would be able to retrieve its full diet.
Further, to demonstrate that metagenomics can be used to simul-
taneously retrieve other ecological information, we also assembled

a capercaillie mitochondrial genome (mitogenome) (Appendix S1).

2.4.2 | Metabarcoding

The osiTooLs package was used for data processing (Boyer et al., 2016)
(details in Appendix S1). The resulting sequences were identified using
two different trnL P6 loop reference databases: the global EMBL ref-
erence database (r142), and a local, high-quality, reference database
containing 2,445 sequences from arctic and boreal vascular plants,
as well as bryophytes (Soininen et al., 2015; Sgnstebg et al., 2010;
Willerslev et al., 2014).

3 | RESULTS

3.1 | Insilico simulation

For each of the simulated metagenomic data sets and the simulated
positive control, BLAST searches against the plant marker databases
yielded between 17 and 62 reads (0.003%-0.01%) assigned to the
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plant reference database (Table S12). Other than the positive con-
trol, inaccurate identifications were observed for all the in silico
tests when there were hits to only one taxonomic marker. More
errors were observed with hits to a single chloroplast marker than
to any nuclear markers, and with the least stringent identifica-
tion parameter of 63 bp read overlap (Table S13). After applying
our derived marker combination for taxonomic identification to
the lowest taxonomic level, all the plants included in the data set
were detected at the family level while six out of seven genera
and one species were detected in the positive control (Table S14).
No differences in identification were observed between in silico
replicates, no inaccurate identifications were made for the simu-
lated positive control, and no identifications were made for the
simulated negative control.

Reads were assigned to the family (31%) or genus (31%) level,
and a small proportion of the reads could be assigned to the species
level (11%) (Table S14). Using nuclear markers often resulted in more
identifications and higher resolution than chloroplast markers (Table
S15), while the use of both chloroplast and nuclear markers com-
bined increased plant identifications at all taxonomic levels (ANOVA
TYPE Il sum of square test = p < .05; post hoc Tukey multiple pairwise
comparison test chloroplast:both = p < .05, nuclear:both = p = .16,
nuclear:chloroplast = p < .005; Figure 1a). When we increased the
diversity of plant species used in the simulated data sets, the propor-
tion of plants identified decreased (ANOVA TYPE Ill sum of square
test = p < .05; post hoc Tukey multiple pairwise comparison test 7:50
species = p < .05, 16:50 species = p < .05, 26:50 species = p < .05,
16:7 species = p = .67, 26:7 species = p < .05, 26:16 species = p = .11;
Figure 1b). Furthermore, some of the plants included in the simu-
lated metagenomic data set were not detected in all of the nine in
silico tests, including plants that could be part of the diet of Tetrao
urogallus (Table S16).

3.2 | Dietidentification

For the metagenomic data set, lllumina HiSeq sequencing gener-
ated between ~59 and ~178 million PE reads per faecal sample, while
~3 million PE reads were generated for the extraction blank (Table S9).
To reconstruct T. urogallus diet from metagenomic data, BLAST searches
against the plant marker databases yielded between one and 1,005
reads (<0.0001%-0.001%) per sample assigned to plants (mean =222,
SD =325). For the extraction blank, 37 reads (0.001%) were assigned to
plants (Table S17). The reads from the extraction blank only matched
to the class Liliopsida, and were excluded from subsequent analysis.
After filtering, 34% of the reads could be assigned to family (683 reads,
mean =85, SD =148), 46% to genus (918 reads, mean =32, SD =82) and
11% to species level (230 reads, mean =20, SD =23). The remaining 9%
of reads that could not be taxonomically identified to at least the fam-
ily level were discarded (170 reads, mean =17, SD =15). Analysis of the
extraction blank and sample N47 did not result in any identifications
(Table S18). Plant identifications from all samples using chloroplast
markers alone included plants from seven families, 10 genera and four
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species. Nuclear markers identified plants from 10 families, 16 genera
and five species. The use of both marker types combined increased
the numbers of identifications at all taxonomic levels (12 families, 20
genera and 10 species; Table S19).

For the metabarcoding data set, lllumina MiSeq sequenc-
ing generated between ~60,000 and ~78,000 PE reads for each
of the three PCR replicates per sample. A total of 30 sequences
were retained after ositooLs classification, varying from one to 14
sequences per sample. Of these, 24% (seven sequences) could be
identified to the family level, 33% (10 sequences) to the genus level
and 43% (13 sequences) to the species level (Tables S20 and S21).

From these 30 sequences, a total of 25 plant taxa were identified
when a combination of both local and global databases was used.
Matches to the local reference database alone retrieved 88% (22
out of 25) of the plant taxa, at 40% species resolution, with no se-
quence misidentification. For matches to the global EMBL database,
three sequences had no taxonomic identification resolved minimally
to the family level. For the remaining sequences with taxonomic
identifications, 11% of the sequences were misidentified (three out
of 27 sequences), and 84% (21 out of 25) of the plant taxa were
retrieved but at a reduced taxonomic resolution of 4% species res-
olution (Table S22).
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From the combined metagenomics and metabarcoding re-
sults (Table S23), we retrieved a total of 28 plant taxa from seven
wild capercaillies (two to eight plant taxa retrieved per individual,
mean =5, SD =3) (Table S24). From the single captive capercaillie, 23
plant taxa were retrieved of which 14 taxa were detected only in the
captive capercaillie and not in the wild capercaillies (Table S25). All
diet items fed to the captive capercaillie were identified to at least
the family level, as well as items not fed but found in its enclosure
(Table S11). From both the captive and wild capercaillies, we iden-
tified several plant taxa from different genera that were previously
unknown or unrecorded in the diet of the western capercaillies such
as Alnus, Astragalus, Athyrium, Avenella, Brassica, Delphinium and Poa.
Three of the potential new diet items (Avenella, Poa and Delphinium)
were growing in the enclosures of the captive capercaillie, and in
our data set, these were present only in the faecal samples obtained
from the captive capercaillie. However, Avenella and Poa are com-
mon plants found all over Scandinavia. Around 87% of the families,
56% of the genera and 77% of the species identified are known diet
items.

3.3 | Metagenomics vs. metabarcoding

At all taxonomic levels (family, genus and species), there was no sig-
nificant difference (two-sample t test, p > 0.05) in the total number
of identified plant taxa between the metagenomic and metabarcod-
ing data sets (Table S26; database comparison in Tables S27 and
$28). Metagenomics identified 42 plant taxa while metabarcoding
identified 43 plant taxa. For metagenomics, 12 of the 42 taxa were
at the family level (0-9 families per sample, mean 2.4 + SE 0.9, 28%
resolution), 20 of the 42 taxa were at the genus level (~0 to 14 gen-
era per sample, mean 3.3 + SE 1.5, 48% resolution), and 10 of the
42 taxa were at the species level (~0-7 species per sample, mean
1.3 £ SE 0.8, 24% resolution). For metabarcoding, 14 out of 43 taxa
were at the family level (~1-7 families per sample, mean 3.3 + SE
0.6, 33% resolution), 19 out of 43 were at genus level (~1-8 genera
per sample, mean 3.4 + SE 0.7, 44% resolution), and 10 out of 43
were at the species level (~0-5 species per sample, mean 2 + SE 0.5,
23% resolution). At the family level, the congruence of plants identi-
fied between the two HTS methods was 73%, at the genus level it
decreased to 56%, and for the species level it was 54% (Figure 2).
Hylocomiaceae was identified only with metagenomics, whereas
Athriaceae, Cystopteridaceae and Salicaceae were identified only
with metabarcoding (Table S23). At the genus level, known diet
items such as Hylocomium (six reads) and Rubus (one read) were only
identified using metagenomics, whereas Ranunculus was only iden-
tified using metabarcoding. The three main families of T. urogallus
diet items overlapped between the two methods (Figure 3). With
metagenomics, the most frequently occurring plant families across
all samples were Poaceae (23%), followed by Ericaceae (21%) and
Pinaceae (18%). For metabarcoding, the most frequently occur-
ring families were Ericaceae (30%), followed by Poaceae (15%) and
Pinaceae (13%).
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FIGURE 2 Proportion of distinct identifications at the three
taxonomic levels (family, genus and species) across all samples using
metagenomics and metabarcoding

More taxa were identified at all taxonomic levels in fresh com-
pared to old faecal samples from the results of both HTS methods (for
fresh faecal samples: 21 families, 32 genera and 16 species; whereas
for old faecal samples: 13 families, 11 genera and six species, two-
way ANOVA p < 0.05, Figure 4). Even though metagenomics identi-
fied more plant taxa in fresh faecal samples, when compared with
metabarcoding (metagenomics 44 taxa, metabarcoding 32 taxa), the
difference was not significant (two-way ANOVA p > .05). By con-
trast, for old faecal samples, metabarcoding performed significantly
better than metagenomics (metabarcoding 37 taxa, metagenomics
11 taxa, two-way ANOVA p < .05).

4 | DISCUSSION

The use of metagenomics to reconstruct the diet of herbivores
is a relatively new tool. To date, testing for suitable bioinformatic
parameters to use in taxonomic assignments has been based on
comparisons with both metabarcoding data and field observations
(Srivathsan et al., 2015, 2016). However, field observations are ex-
tremely time-consuming, as demonstrated by Srivathsan et al. (2016),
and field observations can also be challenging in habitats that are
hard to access such as the forest canopy. Instead of relying on field
observations, our study demonstrates how simulation of metagen-
omic data in silico can be used in testing and validating steps used for
taxonomic assignment in metagenomics herbivore diet studies. Our
study also highlights issues to consider when choosing between the
metagenomic or metabarcoding approach in future herbivore diet
studies. Additionally, to our knowledge, this is the first metagen-
omic diet analysis conducted on birds. As differences between the
mammalian and avian gastrointestinal tract may result in differences
in faecal metagenomes, our study has important implications for
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FIGURE 3 Taxonomic contents of plants found in all Tetrao urogallus faecal samples collected in Norway, with percentage value assigned
according to the number of times it is identified across all samples. (a) Taxonomic identity of plants using metagenomic reads. (b) Taxonomic
identity of plants using unique metabarcoding sequences. Plots were made with krona (Ondov et al., 2011)

understanding the proportion of plant sequences available in the
faecal metagenome of birds.

4.1 | Utility of in silico simulation of
metagenomic data

Here, we show that by simulating realistic data sets that resemble
sequences derived from shotgun sequencing of faecal samples of
Tetrao urogallus, we were able to test and validate bioinformatic
parameters used in taxonomic classification. From the in silico sim-
ulation outputs, one can obtain an understanding of the sensitiv-
ity of the bioinformatic parameters used, and which potential diet
items may not be picked up even though they might be present
in the samples. The three repeats of the in silico tests with differ-
ent numbers of reads generated per species showed broad con-
gruence in the identified taxa, and no differences were observed
between replicates. This reproducibility and replicability give con-
fidence in the bioinformatic approach used to employ metagen-
omics for diet studies.

In our simulated metagenomic data set, common capercaillie
diet items including sedges such as Carex sp. and heathers such
as Calluna sp. were not detected by utilizing chloroplast mark-
ers alone. They were also not identified in some of the simulated
metagenomic data sets, even when using a combination of both
chloroplast and nuclear markers, which in principle should in-
crease species discrimination and taxon identification (pending
the completeness of the reference database used). The two un-
detected genera were also subsequently not detected in our real
metagenomic data set. Given that the number of plants identified
decreased with increasing species diversity, only a small propor-
tion of reads could be assigned to the species level, which led to
many undetected species. This could be due to a number of issues,
including a reduced proportion of sequences per species when
the number of simulated species increased, reads that matched to
only one marker and thus failed in the multimarker criterion we ap-
plied, and our use of a global reference database where standard
barcodes have low discriminatory power between sister species
(Hollingsworth et al., 2016). If a well-represented and complete
regional reference database had been available, we expect higher
taxonomic resolution could be obtained. The generation of larger
amounts of metagenomic data sets (with more repeats and repli-
cates) through in silico simulation could also potentially be used
in future studies to further explore how variations in species
composition may affect the recovery of individual plant species.
The utility of this approach would open up avenues on how to
better curate bioinformatics pipelines best suited to the data set.
Additionally, other types of metagenomics classifier other than
the MeGABLAST approach which we have used here can similarly be

validated through in silico simulation. These alternative classifi-
ers such as kRAKEN2 (Wood et al., 2019) and cenTriFuGe (Kim et al.,
2016) can speed up the identification of metagenomic data sets
and increase computational efficiency (Ye et al., 2019). Hence,
future metagenomic diet studies could explore the use of alter-
native metagenomics classifiers, depending on research questions
and data set sizes. Overall, despite our small sample set, simulating
metagenomic reads in silico provides a valuable starting point for
applying this approach to real data sets.

4.2 | Dietidentification

In our metagenomic data set, there were almost three times more
reads assigned to chloroplast markers as compared to nuclear
markers. Some families, such as Pinaceae and Sphagnaceae, were
identified by only chloroplast markers, while some families, such
as Asteraceae, Betulaceae, Fabacae, Hylocomiaceae and Rosaceae,
were only identified by nuclear markers. This marker bias towards
the identification of certain family taxa was overcome by using a
combination of both marker types. More reads were also assigned
to plants when combining both marker types (1,352 reads assigned
for chloroplast markers, 463 reads assigned for nuclear markers,
1,831 reads assigned for both markers). Due to the larger combined
reference length of chloroplast markers, more reads were assigned
to them as compared to nuclear markers. The difference in read
numbers may also reflect which parts of the plant are preferentially
consumed, since ingested leaves are richer in chloroplast DNA than
other parts of the plants such as roots, fruits or seeds (Valentini
et al., 2009). Chloroplast sequences are also generally present in
higher copy numbers than nuclear sequences (Tonti-Filippini et al.,
2017). Additionally, there may be a difference in digestive rates be-
tween different parts of the plant which could be affected by plant
age (Pompanon et al., 2012), and the possible differences in rates
of DNA degradation between chloroplast and nuclear genomes (Xin
etal., 2018).

As more markers used for taxonomic identification in our
study resulted in more informative reads, this suggests that future
studies should consider using both chloroplast and nuclear mark-
ers to gain a more complete overview of the subject's diet even
if feeding preference is known. On the other hand, should whole
organelle plant reference genomes become available, it has been
suggested that the use of whole organelle genomes might result
in a 50x increase of available data for taxonomic identification
(Srivathsan et al., 2015). This would overcome the need to choose
combinations of markers and greatly ease data generation and
downstream analyses because only chloroplast sequences would
be needed. The development and availability of whole organelle
genome databases such as the Flora of China (Li et al., 2019),
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Australia (Nevill et al., 2020), PhyloAlps/PhyloNorway (Alsos
et al., 2020), and DNAmark (www.dnamark.ku.dk) will greatly im-
prove both the detection and resolution of metagenomic data sets
for future studies.

From both the metagenomic and metabarcoding approaches,
we identified a few potential new diet items that have not been re-
corded in wild capercaillies or fed to captive capercaillies. The new
diet items comprised two plant families and eight genera. Four of
the genera (Astragalus, Avenella, Delphinium and Poa) were found
only in faecal samples obtained from the captive capercaillie. This
captive capercaillie fed on a wider range of plant taxa as compared
to wild capercaillies, including 14 plant taxa that were not detected
in wild capercaillies, suggesting that in captivity, capercaillies may
develop a wider diet than they would have had in the wild. This is
also consistent with studies that show grouse specialization in food
resources is largely dependent on its habitat type, and only a few
common plant species are important diet items across its geograph-
ical range (Sedinger, 1997). The HTS methods applied in the present
study allowed us to identify previously unknown diet items for wild
capercaillies from a sample of just seven individuals. We were thus
able to recover a greater breadth in and better species resolution of
the capercaillie diet items than would have been possible by using
field observations and macroscopic identification of plant remains in
faecal samples. However, our methods did not detect some common
diet items that are usually detected from field observations or micro-
histological analysis, such as Calluna sp., Carex sp., Melampyrum sp.,
Salix sp., Vaccinium uliginosum and Vaccinium oxycoccos (Picozzi et al.,
1996; Picozzi et al., 1999; Wegge & Kastdalen, 2008), even though
they are found in the sampling regions and commonly found in me-
tabarcoding data (Alsos et al., 2018) (https://www.biodiversity.no/).
This may be due to the limited number of samples analysed. As mo-
lecular identification is more time-efficient than field or histological

old

studies, future fieldwork may be able to dispense with feeding ob-
servations and rather focus on the collection of large numbers of
faecal samples.

4.3 | Metagenomics vs. metabarcoding

The results showed little difference between the metagenomics
and metabarcoding approaches. Theoretically, metagenomics is ex-
pected to obtain better species resolution than metabarcoding, due
to its ability to utilize more and longer markers for the matching of
reads (Srivathsan et al., 2016). In reality, this is strongly dependent
on the completeness of the reference database used, as well as the
taxonomic resolution of the markers utilized.

A higher resolution could have been achieved from the metag-
enomic data sets if a comprehensive local database had been avail-
able. With a minibarcode commonly used in metabarcoding studies
such as trnL, utilizing a local database is advantageous as it mitigates
the issue of low species-level resolution by matching reads to plant
sequences found only in the study area. For example, the trnL marker
has a taxonomic resolution of 33% to the species level on a circum-
arctic scale (Sgnstebg et al., 2010), but within a catchment area, this
may increase to 77%-93% (Alsos et al., 2018). Thus, by using a local
reference database with biogeographical criteria to narrow down
species identification as we did here for the metabarcoding data set,
a higher taxonomic resolution may be obtained. However, in many
biodiverse regions, comprehensive species reference databases and
inventories for local flora are not readily available. This would neces-
sitate the use of global reference databases without biogeographical
criteria to resolve sequence identity. Additionally, in the presence
of invasive plant species or changes in the range of the studied ani-
mal, utilizing a local reference database for diet reconstruction may
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potentially result in missing important findings. Thus, the choice of
reference database used (depending on availability) would also be
directly influenced by the research objective of the study.

Based on the comparison between the local and global reference
databases used in our study for metabarcoding, utilizing global refer-
ence databases can result in reduced species resolution. However, the
resolution of metabarcoding data can be improved by multiplex PCRs
with multiple short markers, but there is currently no specific combina-
tion of markers that allows for universal species identification in plants
(Li et al., 2015). When there is incomplete species representation in
the reference database used, which currently is the case in most en-
vironmental DNA studies, both methods will always be biased by the
available reference database. However, metabarcoding is additionally
biased by preferential amplification due to factors such as primer bind-
ing sites and sequence length (Berry et al., 2011; Deagle et al., 2009;
Pompanon et al., 2012). For example, even though the plant taxa iden-
tified using the two methods in our study are broadly congruent, par-
ticularly at the family level with the three most frequently occurring
plant families overlapping (Ericaceae, Poaceae, and Pinaceae), it is of
note that some taxa were uniquely detected by using only either me-
tabarcoding (Athyriaceae, Cystopteridaceae and Salicaceae) or metag-
enomics (Hylocomiaceae). This discrepancy may be due to the marker
amplification bias for metabarcoding, which is not as important in
metagenomics as the method does not involve a marker amplification
step prior to sequencing (Paula et al., 2016; Srivathsan et al., 2015).

We also observed that, with fresh faecal samples, metagenom-
ics performed best, but with old faecal samples, metabarcoding
outperformed metagenomics. This is shown for instance in sample
N47, where metagenomics did not yield any identification, while me-
tabarcoding was able to pick up a few diet items. Even though PCR
amplification used in metabarcoding would enrich for the degraded
DNA of interest, we had expected metagenomics to perform better
in older samples because short fragments that do not include primer
binding sites can be analysed, and DNA damage has been shown
to inhibit the PCR extension step used in metabarcoding (Deagle
et al., 2006). Additionally, metagenomics has been successfully used
for reconstructing plant communities from ancient lake sediments
(Parducci et al., 2019; Pedersen et al., 2016). However, based on
our current metagenomic setup, the identification workflow would
have to be adjusted for shorter reads along with the expectation
that fewer reads can be identified and that the obtained identifica-
tion may be limited to higher taxonomic levels. Future metagenomic
studies could also consider library insert sizes of 300 bp or shorter,
to test how fragmentation might affect the obtained diet composi-
tion. There should be a potential for obtaining good results for old
faecal samples with metagenomics, possibly by using less stringent
length cut-off identification parameters during the taxonomic as-
signment step. This can be achieved by utilizing a more complete
reference database where a more relaxed length cut-off could be set
without increasing the risk of false positives. The availability of fresh
faecal samples is therefore one of the limiting factors of metage-
nomics when used with a less comprehensive reference database.

Sequencing old faecal samples may not yield any diet information,
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which would be a waste of time and resources. Another possible
explanation for why metagenomics performed worse in old faecal
samples could be due to the presence of free DNAses in avian fae-
cal samples, which are a major cause of DNA degradation (Regnaut
et al., 2006). This reduces the proportion of longer diet DNA frag-
ments that could be more informative for taxonomic assignment.
Hence, currently, metabarcoding is better suited to situations where
the age of the faecal samples is unknown, when no fresh faecal sam-
ples are available, particularly in instances where a comprehensive
reference database is unavailable for metagenomics, or when work-
ing with avian samples due to DNA degradation. This consideration
and the knowledge of marker-associated amplification bias is some-
thing which users need to be aware of.

Based on sequencing costs alone, metabarcoding is able to se-
quence at least 10x more samples than metagenomics. With more
samples sequenced for the same costs, metabarcoding can provide
a broader overall diet profile, which could be used for ecological in-
ferences such as habitat and resource partitioning. However, if ad-
ditional experiments are required to retrieve other information (e.g.,
insect diet as is the case for capercaillie chicks), this would increase
the cost for metabarcoding. By contrast, no additional sequencing
would be required with a metagenomics approach. Metagenomics
can provide additional ecological information which can be retrieved
simultaneously. This includes animal diet analysis, gut parasites, pop-
ulation genetics and microbiome (Hicks et al., 2018; Srivathsan et al.,
2015, 2016, 2019). Thus, metagenomics provides researchers with a
multidimensional ecological characterization of taxonomic groups.
Therefore, decisions on which method to use may also depend on
the funding available, and the nature of the research question to be
addressed. Ideally, when no information is available on the local veg-
etation or diet of the studied species, metagenomics should be the
preferred approach as it is less biased even when used with a global
reference database. Despite the advantages of using metagenom-
ics to re-create the diet profile of herbivores, diet studies may still
continue to utilize metabarcoding as it has the added advantages of
lower costs and sequencing effort, lower demands on computational
power, well-validated bioinformatics pipelines, better availability
of reference databases and well-documented bias as compared to

metagenomics.

4.4 | Future outlook

By providing a reliable computational environment to test and vali-
date bioinformatic parameters, in silico simulation of metagenomic
data reduces the need to carry out field observations for herbi-
vore diet reconstruction. As the number of diet studies that use
metagenomics on a variety of species with different dietary profiles
increases, dependency on comparison with metabarcoding results
should decrease. Metagenomics has the potential to become the go-
to technique for diet reconstruction in the future, particularly when
a localized reference database is not available for minibarcodes used
in metabarcoding or additional information is needed, for example
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on parasites, host genetics and microbiome. However, there are sev-
eral considerations which may limit the use of metagenomics such as
(i) cost, (ii) bioinformatic challenges, (iii) type of research question,
(iv) availability of fresh faecal samples and, most importantly, (v) the
completeness of the reference database used.
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