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In conservation strategies, getting precise and repeatable information on the species’ diet and health 
without relying on invasive or laborious methods is challenging. Here, we developed an efficient and 
non-invasive workflow for the sequencing and analysis of four taxonomic markers from fecal DNA to 
characterize the gut microbiota, parasites, and plants and lichens composing the winter diet of caribou 
(Rangifer tarandus), Canada’s most iconic endangered species. Sequencing of the 18S rRNA gene of 
eukaryotes from seven locations in Manitoba and Saskatchewan, Canada, allowed for the detection 
of five genera of parasites in caribou feces (including Nematodirella and Parelaphostrongylus) with 
variable frequency of occurrence depending on sampling location and sex. Our workflow also revealed 
a rich winter plant and lichen diet in caribou, with respectively 29 and 18 genera identified across all 
samples through plant and fungal ITS2 sequencing. Relationships between the gut microbiota and 
both the diet and parasite richness were also identified. Of note, the Central Saskatchewan sampling 
location was characterized by a clearly distinct gut microbiota which could be linked to an epiphytic 
lichen-rich diet. Overall, our results showed the potential of this multi-marker DNA metabarcoding 
workflow as an efficient tool to provide insights into the species biology and ecology.
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With ongoing global climate change, many wildlife species are vulnerable or at risk of extinction1,2. Among 
them, caribou (Rangifer tarandus), an iconic wildlife species, is declining across its circumpolar distribution3. 
Boreal caribou, in particular, ranges across the entire boreal ecozone and is currently listed as threatened under 
Canada’s Species At Risk Act, with only fifteen out of fifty-one local populations being self-sustaining4.

The main reasons identified for the decline of boreal caribou are disturbances and modifications to its habitat 
due to human activities5,6, in addition to direct and indirect effects of climate change7. Modifications to caribou 
habitat can favor the presence of other ungulates species and predators8,9 and affect the composition of the 
ground vegetation. The Boreal caribou diet is composed of plants and lichens, the latter being the main source of 
energy during winter10. As a result, caribou forage in peatland, open lichen woodland and old growth coniferous 
forests11,12, three ecosystems that are experiencing modifications in response to climate change13,14. Suitable 
nutritional gain is crucial for caribou survival, particularly during the winter season, when foraging might be 
difficult, and for pregnant females that rely on lichens, a highly digestible source of energy15. As an example, 
intake of Salix by Svalbard caribou was found to be positively correlated to autumn body mass condition, which 
is in turn linked to winter survival16. Deepening our knowledge of the caribou diet could help us better protect 
its habitat, but so far this has proved difficult: collar camera studies are complex and involve low number of 
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individuals17 and previous attempts to characterize the diet based on environmental DNA from fecal samples 
mostly failed to recover lichens18,19.

Like all ruminants, caribou rely on microbes for efficient and successful digestion and their entire digestive 
tract has evolved to exploit microbial fermentation. Therefore, potential changes in diet could impact its gut 
microbial community structure and functions16,20. The composition of the gut microbiota is also linked to health 
and metabolism in numerous mammal species16,21–23 as well as range size in ungulates24. Moreover, climate 
change and modification of habitat could impact caribou-parasite interactions25–27. A higher presence and 
abundance of parasites could be linked to a decrease in fitness28–30 and be particularly deleterious for declining 
populations. Finally, low quality nutrition can lead to greater susceptibility to parasite infection and create a 
vicious circle where animals with poor body condition are more likely to be infected, which in turn affects their 
fitness31. In this context, simultaneous knowledge about the animal’s diet, gut microbiota, and parasites would 
be beneficial.

For an endangered species with a very large geographic range like caribou, a standardized and high-throughput 
workflow to study these various aspects of the biology and ecology of the species should be developed to limit 
over-interpretation of differences among studies that could arise from methodological biases. Metabarcoding of 
multiple taxonomic markers, including those covering major plant and lichen diet components, is a promising 
approach to achieve this goal. Metabarcoding of DNA isolated from feces is an effective and non-invasive way 
to describe the gut microbiota, as exemplified by previous studies on caribou16,20,32,33, and can also be applied to 
the detection of parasites that inhabit mammals’ digestive tract34–36. It is also commonly being used to describe 
the diet of various organisms37–40. Moreover, there is good potential for synergy between this approach and 
existing genetic surveys, with both cost and time savings accrued by extracting more information from material 
already collected during ongoing fecal collection campaigns, like through the EcoGenomics research program, 
and creating the possibility of linking diet, parasite and microbiota data to specific individuals through time. 
However so far, while the caribou plant diet was successfully characterized by metabarcoding of fecal DNA18,19,41, 
previous studies either did not address the lichen diet16,41 or failed to do it because of methodological issues19 or 
lack of sequences in databases18, leading to an important gap that this study is proposing to fill.

While metabarcoding is increasingly being used to describe diet, gut microbiota and parasites, the focus of 
each study is generally limited to one or two of these aspects and the method is applied to small sample sizes. 
Moreover, variations in the methodology make the merging of metabarcoding datasets from different studies 
challenging42. In this study, we propose a standardized workflow, from sampling to data analysis, to describe 
caribou diet, gut microbiota and parasites from caribou feces using the ITS2 regions of fungi and plants, the 
16S rRNA gene of prokaryotes and the 18S rRNA gene of eukaryotes, as taxonomic markers. The workflow was 
developed using fecal pellets from 96 individuals among seven locations across central Canada. Fecal pellets 
were collected during the winter season to ensure optimal conditions for the preservation of DNA and advance 
knowledge related to the winter diet, which is critical for caribou but remains poorly documented10.

Materials and methods
Sample selection
Fecal pellets from 96 individuals sampled during the winter (January to March) in seven locations in Manitoba 
and Saskatchewan, Canada, were selected from an existing extensive collection held by the EcoGenomics Team 
and used to generate population demographic parameters43. Samples from four to eight males and females from 
each sampling location were included in the analysis (Fig. 1, Supplementary Table S1). Individuals were identified 
by genotyping based on variable microsatellite loci amplified from fecal DNA, as previously described44–47, and 
caribou-specific primers Zfx/Zfy were used for sex identification45. Samples were shipped on dry ice and stored 
at -80 °C, during 2.5 to 6.5 years, prior to DNA isolation for metabarcoding analyses.

Selection of taxonomic markers and primers
Appropriate taxonomic markers and corresponding primers were selected to ensure the detection of groups 
of organisms of interest from caribou fecal DNA. Broad coverage 16S rRNA gene primers targeting the V4-
V5 regions48 were selected to characterize the prokaryotic microbiota (i.e., bacteria and archaea). Parasites 
colonizing the caribou digestive tract are members of various taxonomic groups, including the Apicomplexa, 
Archamoebae, Platyhelminthes, Nematoda, and Arthropoda49. To simultaneously detect all these organisms, 
broad coverage primers targeting the 18S rRNA gene of eukaryotes50 were selected. Moreover, these primers 
have the potential to provide information on the caribou’s winter diet, which is composed of lichens ̶ a symbiotic 
relationship that minimally includes a fungus and a phototroph (typically an alga)51  ̶ and plants10. They could 
also detect anaerobic fungi of the Neocallimastigomycota phylum, which colonizes the gastrointestinal tract of 
ruminants and play an important role in their digestion52. More specific markers commonly used to identify 
lichens and plants were also selected for the characterization of the diet. As the identification of lichens is based 
on the taxonomy of the core fungal symbiont53, which can be achieved through the sequencing of the nuclear 
ribosomal internal transcribed spacer (ITS)54, primers targeting the fungal ITS2 region were selected55,56. The 
Neocallimastigomycota phylum would also be detected by these primers. For plants, no single widely used 
marker gene is currently accepted, but sequencing of the plant ITS2 region has been shown suitable for a large 
variety of plants, allow for an appropriate taxonomic identification at the genus level57, and is supported by well-
developed gene databases58. Previously published primers targeting the plant ITS2 were therefore included in 
the selection59. A list of all primers used in this study is provided in Supplementary Table S2.

DNA isolation, library preparation, and sequencing
For each individual sample, three frozen fecal pellets were ground in liquid nitrogen using a mortar and pestle. 
DNA isolation was performed on 100 mg of ground homogenized samples using the DNeasy PowerSoil kit 
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(QIAGEN, Netherlands) according to the manufacturer’s protocol (May 2017) for QIACube instruments 
(QIAGEN). The Qubit 3.0 fluorometer (Thermo Fisher Scientific, MA, USA) was used for the quantitation of 
DNA using the dsDNA BR (broad range) assay kit (Life Technologies, CA, USA). DNA extracts were diluted to 
5 ng/µL with 10 mM Tris pH 8.0 solution using the QIAgility automated system (QIAGEN).

Library preparation for Illumina sequencing was conducted following the manufacturer’s protocol (16S 
Metagenomic Sequencing Library Preparation, Part 15044223 Rev. B) with some modifications. The 5’ end of the 
primers (Supplementary Table S2) was flanked with one or the other of the following Illumina overhang adapter 
sequences:  T C G T C G G C A G C G T C A G A T G T G T A T A A G A G A C A G (forward overhang) and  G T C T C G T G G G C 
T C G G A G A T G T G T A T A A G A G A C A G (reverse overhang). PCR reactions were set up by mixing 25.0 µL of 2X 
HotStarTaq Plus Master Mix (QIAGEN, Germany), 0.5 µL of each 10 µM HPLC-purified (or desalted) primer 
(Invitrogen, USA), 19 µL of RNase-free water (QIAGEN) and 5.0 µL of DNA diluted at 5 ng/µL, for a total 
volume of 50 µL. Thermal cycling conditions for the 16S rRNA gene were as follows: initial denaturation at 95 
°C for 5 min; 35 cycles (40 cycles for the 18S, fungal ITS2 and plant ITS2) at 94 °C for 45 s, 50 °C (47 °C for 18S, 
50 °C for fungal ITS2 and 49 °C for plant ITS2) for 45 s, 72 °C for 1 min; and a final elongation step at 72 °C for 
10 min. PCR products were visualized on GelRed-stained 1% agarose gel, using the ChemiGenius Bioimaging 
System (Syngene, Cambridge, UK). Target fragment sizes were ~ 479 bp for the 16S rRNA gene, ~ 484 bp for the 
18S rRNA gene, ~ 347–487 bp for the fungal ITS2 region and ~ 230–378 bp for the plant ITS2 region.

PCR products were purified using AMPure XP reagent (Agencourt, Beckman Coulter Life Science, CA, 
USA) according to Illumina’s protocol, with gentle pipetting as the preferred option for mixing. Combinatorial 
dual-index barcodes were added by amplifying 5 µL of the purified PCR product with 25 µL of 2X KAPA HIFI 
HotStart Ready mix (Roche, South Africa), 5 µL of each Nextera XT index primer (Nextera XT Index kits v2, 
Illumina Inc., CA, USA) and 10 µL of RNase-free water, for a total volume of 50 µL. Thermal cycling conditions 
were as follows: 3 min at 95 °C; 10 cycles of 30 s at 95 °C, 30 s at 55 °C, 30 s at 72 °C; and a final elongation step 
of 5 min at 72 °C. The resulting dual-indexed libraries were purified with the AMPure XP reagent following the 
procedure described above, quantified using the SYNERGY Mx system (BioTek Instruments, VT, USA) and 
pooled at equimolar ratio. To compensate for low base diversity in libraries, 15% of PhiX Control V3 (Illumina) 
was spiked in the pool. Sequencing was performed using a Miseq v3 600 cycle kit on an Illumina MiSeq system 

Figure 1. Caribou fecal pellets sampling locations in Saskatchewan and Manitoba, Canada. Map was 
generated using QGIS version 3.22.4-Białowieża, https://qgis.org/. Ecozone shapefiles were obtained from the 
Government of Canada https:   //s is. ag r. gc.ca/ cans is/nsdb/ eco st ra t/gis_data.html.
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at the Next-Generation Sequencing Platform, Genomics Centre, CHU de Québec-Université Laval Research 
Centre, Québec, Canada.

Pipeline development and database optimization
The pipeline Q2Pipe was developed to ensure a user-friendly and standardized treatment of amplicon sequencing 
data with QIIME260. Briefly, QIIME2 and its dependencies were loaded to a Singularity image  (   h t t p s : / / z e n o d o . o 
r g / r e c o r d s / 4 6 6 7 7 1 8      )  , which allows users to work in a batch environment by installing Singularity, downloading 
the Singularity image and cloning the Q2Pipe Github repository (https://github.com/NRCan/Q2Pipe). Users 
can also build the Singularity image by using the image recipe provided in the Q2Pipe repository. The newly 
built pipeline allows for the selection and modification of all options available in QIIME2 in a single text file 
which can easily be shared among users and published, while also offering the option to run secondary external 
programs like FUNGuild61, directly from the pipeline. For compatibility purposes, Q2Pipe can also be used with 
the QIIME2 Anaconda installation method if the user installs the external dependencies in the Anaconda virtual 
environment.

As several errors have been detected in the genus name of Eukaryota within the SILVA SSU database 138–9962, 
a custom python script was used to screen and correct taxonomical disparities between the name at level 6 (i.e. 
genus) and the binomial name at level 7 (i.e. species). This correction affected 56% of the Eukaryota genera (not 
applied to Bacteria and Archaea). Furthermore, a low number of entries for lichens were observed in the UNITE 
database63, which is intended for the molecular identification of fungi based on sequencing of the ITS region. 
To improve the taxonomic assignment for this group, UNITE was enriched with sequences from the OLICH 
database64 as well as from 20 lichen specimens collected in Newfoundland, Canada, and formally identified 
based on anatomical/morphological features65. Protocols for DNA isolation, amplification, sequencing and 
bioinformatic treatment of sequences from lichen samples was as described above for fecal samples. Only ITS2 
region sequences corresponding to the genus identified by anatomical/morphological features and representing 
more than 10% of sequences from a sample were retained. This resulted in 22 lichen sequences from 19 species 
that have been added to the customized database: Alectoria sarmentosa, Cetraria aculeata, Cladonia amaurocraea, 
Cladonia arbuscula, Cladonia gracilis var gracilis, Cladonia maxima, Cladonia rangiferina (three sequences from 
two specimens), Cladonia squamosa, Cladonia stellaris, Cladonia uncialis, Lasalia papulosa, Lobaria pulmonaria, 
Lobaria quercizans, Platismatia norvegica, Sphaerophorus globosus, Stereocaulon tomentosum, Tuckermannopsis 
americana and Usnea filipendula. Lichen sequence data and metadata have been deposited in the Genbank 
database of the National Center for Biotechnology Information (NCBI) (accession numbers OQ792092 to 
OQ792112).

Bioinformatics analyses on sequences from caribou fecal samples
Bioinformatics analyses for each sequence dataset obtained from caribou feces were performed using QIIME2, 
version 2020.8 within Q2Pipe. Option files for each gene analyzed can be found as Supplementary Material 
1. Although parameters were slightly different for each taxonomic marker, the overall procedure was similar. 
Briefly, demultiplexed, per-sample, gzipped fastq files were imported and sequencing reads were truncated at 
their 5’ and 3’ ends based on (1) the length of the primer (16S and 18S) or specific primer sequence (ITS2) 
and (2) per base sequence quality score. The QIIME2 plugin DADA266 was selected as the denoising method, 
which allowed for filtering, dereplication, merging paired-end reads and chimera identification. This resulted in 
inferences of amplicon sequence variants (ASVs). The least abundant ASVs were filtered out if their frequency 
was less than 0.05% of the mean ASV frequency. Naive Bayes trained classifier were generated from the corrected 
and amended SILVA SSU database 138–9962, the amended UNITE v8.3 dynamic fungal database63, and the 
PLANiTS v2020.3 database58. Taxonomic assignment of 16S and 18S rRNA gene ASVs (SILVA database), fungal 
ITS2 ASVs (UNITE database) and plant ITS2 ASVs (PLANiTS) was then performed using the QIIME2 plugin 
feature-classifier classify-sklearn, which is a machine-learning-based classification method that requires trained 
classifiers. For the 16S rRNA gene, ASVs assigned to Eukaryota, mitochondria, chloroplast and unassigned 
ASVs at the kingdom level were filtered out, while ASVs from Bacteria, Mammalia and unassigned ASVs at the 
kingdom level were filtered out for the 18S rRNA gene. For plant and fungal ITS2 regions, taxonomic filtering 
was performed to keep only either Streptophyta or Fungi. ASV tables of the 18S rRNA gene and fungal ITS2 
region were further analyzed using FUNGuild61 to infer the ecological guilds of fungi based on their taxonomy. 
Metabarcoding sequence data and metadata have been deposited in the Sequence Read Archive of the NCBI 
(BioProject PRJNA904780, accession numbers SRR23356982 to SRR23357367).

Characterization of the diet and detection of potential parasites
Potential components of the diet were filtered from non-rarefied ASV tables among plants (plant ITS2 and 18S 
datasets), lichen-forming fungi (fungal ITS2 and 18S datasets) and lichen-forming algae (18S dataset). Lichen-
forming fungal ASVs were identified based on FUNGuild trophic mode assignment, while ASVs from lichen-
forming algae were identified based on the list published by Sanders & Masumoto67. The following steps were 
carried out on filtered datasets containing only ASVs belonging to these potential components of the diet. To 
increase the reliability of our data and discard potential contaminants, ASVs were considered as part of the 
diet when accounting for more than 1% of the sequences in a sample68. Then, relative abundance data was 
converted to presence/absence, as numerous factors may lead to bias in sequence representation of food items 
in DNA isolated from fecal samples69. The frequency of occurrence (i.e. the number of samples that contain 
a given food item, referred to here as FOO), as proposed by Ando et al.70, was used as a semi-quantitative 
approach to underline diet differences between locations. Plant and lichen ASVs were classified according to 
their morphology, hereby called guilds for plants (herbaceous, non-vascular or lignified) or growth forms for 
lichens (crustose, epiphyte foliose, epiphyte fruticose, foliose or fruticose). The number of ASVs assigned to 
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plants and lichens as well as to each plant guild and lichen growth form were calculated and used as a proxy for 
the richness of these various components of the diet.

To identify parasites, ASVs belonging to the Apicomplexa, Archamoebae, Platyhelminthe, Nematoda and 
Arthropoda were extracted from the non-rarefied 18S rRNA ASV table; ASVs from these groups were then listed 
and parasites were identified based on the list of caribou parasites from Tryland and Kutz49. ASVs assigned to 
the Entamoeba genus, a common parasite in mammals, were also included in the parasite list even if, to the best 
of our knowledge, it has never been reported as a caribou parasite. Moreover, ASVs assigned to the Blastocystis 
genus, a ubiquitous anaerobic protist which develops in the gastrointestinal tract of a wide variety of hosts such 
as mammals (including some ungulates), birds and reptiles71,72 were also included, although it belongs to the 
Stramenopila lineage73 and was not identified through our initial taxa selection. As errors in the taxonomic 
assignment of Eukaryotes was previously observed with the SILVA database, each taxonomic assignment was 
verified by conducting a BLAST analysis of ASV sequences against the NCBI Genbank database. When the BLAST 
results were not concordant with the taxonomic assignment obtained at the genus level by our bioinformatic 
pipeline, the sequences were discarded from the list. As a result, all sequences assigned to the Cryptosporidium 
genus were discarded as they matched to uncultured eukaryote clones, the first Cryptosporidium hit in NCBI 
sharing only around 91% similarity with sequences from our dataset. Overall, five genera of potential parasites 
were detected and included in further analyses. As for the diet, parasite detection was described by the frequency 
of occurrence and the number of ASVs assigned to each genus as a proxy for the richness.

Statistical analyses
All statistical analyses were performed in R (4.2.2 Patched) using 0.05 as a significance threshold value.

For alpha and beta diversity analyses, datasets were normalized by rarefaction in QIIME2 to control for 
uneven sequencing across samples74 (see Q2Pipe Option files in Supplementary Material 1 for details). Optimal 
library size for each taxonomic marker was selected considering both the rarefaction curves and the number 
of reads of the smallest libraries. Sampling depth was set at 18,430 sequences for the 16S rRNA gene, resulting 
in 1,769,280 sequences clustered into 7,192 ASVs observed among 96 samples (100%); 2,750 sequences for the 
18S rRNA gene dataset, resulting in 264,000 sequences clustered into 5,174 ASVs observed among 96 samples 
(100%); 3,700 sequences for the plant ITS2 region, resulting in 351,500 sequences clustered into 1,585 ASVs 
observed among 95 samples (99%); and 7,100 sequences for the fungal ITS2 region, resulting in 674,500 
sequences clustered into 7,326 ASVs observed among 95 samples (99%). The ASV richness (Chao1 index) and 
diversity (Shannon index) for all markers were estimated with the “vegan” package. To evaluate differences in 
these indices as well as in richness (i.e., number of ASVs) of different functional groups (parasites, plant diet 
and lichen diet) among locations and between sex, Kruskal-Wallis tests (kruskal.test function) were performed, 
followed by Dunn post hoc test (dunn.test function) when significant. The same approach was used to assess 
differences in the relative abundance of various taxonomic groups (i.e. eukaryotic, fungal and bacterial phyla, 
plant families, and the twenty most abundant genera of each dataset) among locations and between sex. 
Correlations between the relative abundance of the twenty most abundant bacterial genera (i.e., bacterial genera 
with the highest mean relative abundance across all samples) and the richness of various components of the diet 
(i.e., number of ASVs assigned to lichens belonging to Crustose, Epiphytic Foliose, Epiphytic Fruticose, Foliose, 
and Fruticose growth forms; number of ASVs assigned to Herbaceous, Non-vascular, or Lignified plants) and of 
parasites (total number of ASVs assigned to parasites; number of ASVs assigned to each parasite genus detected 
in more than 25% of the samples) were also tested using Spearman’s Rank correlation (cor.mtest function). 
Correlations between the relative abundance of the Neocallimastigomycota phylum and the same diet and 
parasite richness estimates were also assessed using Spearman’s Rank correlation.

The effects of sampling locations and sex on beta diversity for each marker gene were tested by permutational 
multivariate analysis of variance (PERMANOVA) using the “adonis” function of the “vegan” package based on 
Bray-Curtis dissimilarity matrices obtained from the “vegdist” function. When significant, differences between 
sampling locations were tested by pairwise PERMANOVA using the “pairwise.adonis” function. Non-metric 
multidimensional scaling (NMDS) plots were generated for each taxonomic marker using the “metaMDS” 
function, based on Bray-Curtis dissimilarity to visualize differences among locations and between sex. The 
“envfit” function of the “vegan” package was used to test whether the parasite, plant and lichen richness were 
correlated to the bacterial NMDS space. Only significant correlations were mapped on the NMDS plots.

Results
Taxonomic composition and diversity detected by each taxonomic marker
18S rRNA gene
As expected, sequencing of the 18S rRNA gene allowed for the detection of all three Eukaryote kingdoms. A total 
of 44 phyla were detected across the seven locations. The Phragmoplastophyta phylum had the highest relative 
abundance (21.3%), followed by the Archamoebae (17.4%), Chlorophyta (11.2%) and Nematoda (10.9%) phyla 
(Fig. 2a). Significant differences in the relative abundance of several phyla among locations and between sex 
were detected (Fig. 2a, Supplementary Table S3A). For example, the relative abundance of Chlorophyta (green 
algae) was lowest for Central Saskatchewan and Wabowden and highest for The Bog. The relative abundance of 
Nematoda was higher in males, while the relative abundance of Archamoebae was higher in females.

Eukaryotic richness (Chao1 index) and diversity (Shannon index) were generally higher in La Ronge when 
compared to the other locations (Supplementary Table S3B). The composition of the eukaryotic community 
also differed among locations (Fig. 3a) and the variance in beta diversity was mainly explained by this factor 
(R2 = 0.205, p = 0.001) and, to a lesser extent, by sex (R2 = 0.034, p = 0.001). All Adonis pairwise comparisons 
between locations were significant, except for Flin Flon, which was only different from Central Saskatchewan, 
and Naosap-Reed and Wabowden, which were not significantly different (Supplementary Table S3C).
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The 18S rRNA gene is not commonly used to detect and describe plant and fungal communities, as more 
specific markers are available and provide better taxonomic resolution for these groups. Correspondingly here, 
only 55% of the Phragmoplasmophyta sequences of the 18S rRNA gene dataset were assigned at the genus level. 
Of the 24 plant genera detected, only 10 (Equisetum, Juncus, Polytrichum, Populus, Rhynchospora, Scheuchzeria, 
Sphagnum, Ticodendron, Triglochin, Typha, Urtica) passed the 1% threshold used to identify components of the 
diet. Considering lichen forming algae, 11 genera were detected by the sequencing of the 18S rRNA gene and 
eight of them (Asterochloris, Chlamydomonas, Coccomyxa, Elliptochloris, Leptosira, Symbiochloris, Trebouxia, 
Trentepohlia) passed the 1% threshold. Only one ASV assigned to a lichen-forming fungus was detected. 
Considering the low number of plant genera detected in the 18S rRNA gene dataset (when compared to the 
plant ITS2 marker) and the poor performance of this marker for the detection and identification of lichens, only 
the plant and fungal ITS2 markers were considered in further diet analyses.

Figure 2. Relative abundance of eukaryotic phyla (a) and prokaryotic genera (b) detected in caribou fecal 
DNA from seven locations based on the sequencing of the 18S and 16S rRNA genes, respectively. Only 
the 20 phyla (a) or genera (b) having the highest mean relative abundance across all samples are shown. 
Bog = The Bog (MB), Char = Charron Lake (MB), CSK = Central Saskatchewan (SK), Flin = Flin Flon 
(SK), Nao = Naosap-Reed (MB), Ron = La Ronge (SK) and Wab = Wabowden (MB). Black and pink stars 
indicate significant differences in relative abundance of a taxa between locations and sex, respectively (see 
Supplementary Tables S3A and S6B for supporting statistical information).
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Plant ITS2 region
A total of 45 plant families were detected based on the sequencing of the ITS2 region, with Ericaceae as the 
most abundant (39.28%), followed by Cyperaceae (16.84%), Sphagnaceae (7.24%), Hylocomiaceae (5.13%) and 
Betulaceae (4.74%) (Supplementary Fig. S1). Another 8.57% of the sequences were not assigned at the family 
level. The majority of the twenty most abundant plant families showed differences in their relative abundances 
among locations (Supplementary Table S4A). As an example, the relative abundance of Ericaceae was much 
higher at The Bog and Central Saskatchewan than in other locations.

No difference in plant richness was found among locations (Supplementary Table S4B). However, the 
Shannon diversity index was significantly higher in Naosap-Reed than in Central Saskatchewan. As for the 
18S rRNA gene, beta diversity based on the plant ITS2 sequencing was significantly influenced by the sampling 
location (Fig. 3b, R2 = 0.237, p = 0.001). All Adonis pairwise comparisons between locations were significant, 
except for Naosap-Reed and Flin Flon which were similar (Supplementary Table S4C). No difference in plant 
alpha diversity was detected between sex.

Fungal ITS2 region
A total of nine fungal phyla were detected, with Ascomycota as the most abundant (65.24%), followed by 
Basidiomycota (16.91%) and Neocallimastigomycota (7.57%) (Supplementary Fig. S2). Unidentified fungi 
represented 9% of the total number of ASVs. Some differences in relative abundances among locations 
were detected (Supplementary Table S5A), such as the higher relative abundance of Ascomycota in Central 
Saskatchewan when compared to La Ronge and Wabowden.

Fungal richness (Chao1) was higher in Central Saskatchewan than in Naosap-Reed, The Bog and Wabowden 
(Supplementary Table S5B) and higher for females than for males. Shannon diversity index was not significantly 
different among locations but was higher for females than for males (Supplementary Table S5B). The fungal beta 
diversity was primarily driven by location (R2 = 0.198, p = 0.001), with Central Saskatchewan samples clustering 
separately from the others (Fig. 3c). Adonis pairwise comparisons showed that all locations were significantly 
different from each other, except for Flin Flon which was similar to Wabowden, Naosap-Reed and The Bog 
(Supplementary Table S5C), a trend that can be visualized in Fig. 3c.

16S rRNA gene
A total of 39 bacterial phyla were detected, with Firmicutes as the most abundant (72.38%), followed by 
Bacteroidota (23.59%), Proteobacteria (0.94%), Verrucomicrobiota (0.94%) and Cyanobacteria (0.58%) 
(Supplementary Fig. S3). Some differences in the relative abundance among locations were detected, but mostly 
in phyla having a low relative abundance (< 1%) (Supplementary Table S6A).

Figure 3. NMDS plots showing the variation in beta diversity between sex and locations (based on Bray-
Curtis dissimilarities), according to (a) 18S rRNA gene, (b) plant ITS2 region, (c) fungal ITS2 region and 
(d) 16S rRNA gene sequences from caribou fecal DNA. Arrows in panel d) indicate correlations between 
the NMDS space and richness of various components of the diet (i.e., number of ASVs assigned to lichens 
belonging to the Crustose, Epiphytic Foliose, Epiphytic Fruticose, and Foliose growth forms; number of ASVs 
assigned to Herbaceous, Non-vascular, or Lignified plants) and parasites (total number of ASVs assigned to 
a parasite genus; number of ASVs assigned to the Blastocystis and Entamoeba genera). Only correlations that 
were identified as significant (p < 0.05) by the envfit function are shown (see Supplementary Table S6E for 
envfit results of all variables tested).
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The richness (Chao1) and the Shannon diversity index were slightly lower in La Ronge and Central 
Saskatchewan than in other locations (Supplementary Table S6C). As for other markers, the variance of beta 
diversity of the 16S rRNA gene was explained by location (R²=0.218, p = 0.001) while sex was nearly significant 
(R²=0.012, p = 0.076) (Fig. 3d). All Adonis pairwise comparisons between locations were significant, except for 
Flin Flon which was similar to The Bog and Naosap-Reed (Supplementary Table S6D).

Characterization of the caribou parasites, diet and gut microbiota based on multi-
marker metabarcoding data
Parasites
Five genera that host potential caribou parasites were detected in the non-rarefied 18S rRNA gene dataset: 
Eimeria (Apicomplexa), Nematodirella and Parelaphostrongylus (Nematoda), Entamoeba (Archamoebae), and 
Blastocystis (Stramenopila lineage). Entamoeba was the most frequently detected and was found in all locations, 
followed by Parelaphostrongylus and Blastocystis (Fig. 4). Eimeria and Nematodirella were only detected in two 
and three locations, respectively (Fig. 4). Differences in the number of ASVs assigned to parasitic genera among 
locations were also detected: Naosap-Reed had more Entomoeba ASVs and, overall, more ASVs assigned to 
parasitic genera than other locations, Charron Lake had more Nematodirellla ASVs, while Flin Flon and Naosap-
Reed had more Blastocystis ASVs (Fig. 5a, Supplementary Table S3D). Nematodes (Parelaphostrongylus and 
Nematodirella) were more frequently found in males than in females (Fig. 4) and the number of ASVs assigned 
to these genera was also higher in males than in females (Supplementary Tables S3D). However, no difference 
was found between males and females for the total parasite richness.

Diet
Of the 1,585 plant ASVs detected by the sequencing of the plant ITS2 marker, 148 ASVs assigned to 29 genera 
passed the 1% threshold and were kept for diet analysis. For the lichens, a total of 603 ASVs were detected in 
the fungal ITS2 dataset, of which 382 ASVs, assigned to 18 lichen genera, passed the 1% threshold and were 
kept for diet analysis. The FOO was calculated for each plant and lichen genus and separate heatmaps were 
generated to assess how the plant (Supplementary Figure S4) and lichen (Supplementary Figure S4) diets differed 
among locations. A third heatmap combining FOO data from the 15 most frequently detected plant genera and 
the 15 most frequently detected lichen genera was also generated to evaluate the usefulness of an integrated 
characterization of the diet (Fig. 6).

Figure 4. Heatmap of the frequency of occurrence of five parasite genera detected in caribou fecal DNA based 
on the sequencing of the 18S rRNA gene, by sex and location. Bog = The Bog (MB), Char = Charron Lake 
(MB), CSK = Central Saskatchewan (SK), Flin = Flin Flon (SK), Nao = Naosap-Reed (MB), Ron = La Ronge 
(SK) and Wab = Wabowden (MB). F = Female, M = Male.
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Figure 6. Heatmap of the frequency of occurrence of plant and lichen genera composing the caribou diet 
based on the sequencing of the plant and fungal ITS2 regions from fecal DNA, by location and sex. Only the 
15 most frequently detected plants and lichens genera detected across all samples were included in the analysis. 
Bog = The Bog (MB), Char = Charron Lake (MB), CSK = Central Saskatchewan (SK), Flin = Flin Flon (SK), 
Nao = Naosap-Reed (MB), Ron = La Ronge (SK) and Wab = Wabowden (MB). F = Female, M = Male.

 

Figure 5. Number of ASVs of (a) parasites, (b) plants and (c) lichens detected in caribou fecal DNA based 
on sequencing of the 18S rRNA gene as well as plant and fungal ITS2 regions, respectively, by location. 
Bog = The Bog (MB), Char = Charron Lake (MB), CSK = Central Saskatchewan (SK), Flin = Flin Flon (SK), 
Nao = Naosap-Reed (MB), Ron = La Ronge (SK) and Wab = Wabowden (MB).
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Analysis of the FOO of plant genera identified as part of the diet resulted in three plant groups (Supplementary 
Figure S4). The first group consisted of the most frequently detected plant genera: Andromeda, Kalmia, 
Carex, Pleurozium and Sphagnum, which had high FOOs in almost all, if not all, locations. The second group 
was composed of Rhododendron, Betula and Salix and could be defined as a “secondary diet” for which the 
FOOs were lower but similar for all locations. The third group was composed of plant genera that were not 
frequently detected in caribou fecal DNA (Arctostaphylos, Calliergon, Chamaedaphne, Comarum, Eriophorum, 
Gaylussacia, Juncus, Juniperus, Larix, Menyanthes, Picea, Pinus, Polytrichum, Populus, Potentilla, Ptilidum, Rubus, 
Sarmentypnum, Sarracenia, Triglochin, Vaccinium) or that had high FOO in a single or few locations, such as 
Populus and Polytrichum at La Ronge or Sarracenia and Potentilla at The Bog. Based on this analysis of the FOO 
of plant genera, the La Ronge location stood out as the most distinct in terms of plant diet (Supplementary 
Figure S4). Analysis of the richness of various plant guilds (using the number of ASVs assigned to taxa from 
each guild as a proxy) (Fig. 5b, Supplementary Table S4D) further showed a high number of non-vascular plant 
ASVs and a low number of lignified plant ASVs at La Ronge than in other locations, while the opposite trend 
was observed at The Bog. In contrast, high numbers of both non-vascular plant and lignified plant ASVs were 
observed in Central Saskatchewan. No difference in plant diet was found between sex (Supplementary Figure 
S4 and Table S4D).

The analysis of the FOO of lichens also resulted in three groups (Supplementary Figure S5). The first group 
consisted of two genera that were frequently detected in all locations: Cladonia and Bryoria. The second group 
was composed of Usnea, Evernia, Hypogymnia and Parmelia, epiphytic lichens found in all locations, but at 
overall higher FOOs in Central Saskatchewan and Wabowden (females only) than in other locations. The third 
group was composed of lichen genera detected at low FOOs in most locations (Buellia, Flavopunctelia, Lecanora, 
Micarea, Parmeliopsis, Phylliscum, Plectenia, Raesaeneniana, Ramalina, Sarea, Stereaucolon, Violella), except for 
Raesaeneniana and Stereocaulon in La Ronge and Charron Lake (males only). Based on the FOO of lichen 
genera, the CSK and La Ronge locations appeared as the most distinct (Supplementary Figure S5). The total 
number of ASVs assigned to lichens was lower at The Bog and higher in Central Saskatchewan and La Ronge. 
The number of ASVs for crustose, epiphyte-foliose and epiphyte-fruticose lichens was also higher in Central 
Saskatchewan whereas the number of ASVs for fruticose lichens was lower (Fig. 5c, Supplementary Table S5D). 
Sex had no impact on the number of lichen ASVs (Supplementary Figure S5).

The combined analysis of the plant and lichen diets (Fig. 6) showed consistent trends with the analyses 
performed separately, although the different groups of plant and lichen genera described above were not as 
clearly defined. The La Ronge and Central Saskatchewan locations were again identified as the most distinct 
(Fig. 6). Sex had a lower impact on the diet than location, most male and female samples from the same location 
clustering together, except for the Wabowden location (Fig. 6).

Gut microbiota
Neocallimastigomycota fungi, which are an important component of the gut microbiota of ruminants, were 
detected both by 18S and fungal ITS2 sequencing, although relative abundances were lower in the 18S dataset. 
A strong correlation was however detected between the 18S and ITS relative abundance values (Supplementary 
Figure S6), indicating that both markers could be used for the detection of this phyla. The relative abundance 
of Neocallimastigomycota was influenced by the location, with samples from Central Saskatchewan having the 
lowest relative abundance in both the 18S and ITS2 datasets. The number of Neocallimastigomycota ASVs was 
also impacted by location based on the 18S dataset, with higher values in Naosap-Reed and The Bog than in 
Central Saskatchewan, while in the ITS2 dataset the location effect was not significant (Supplementary Table 
S3E). Sex had no effect on the relative abundance or the number of Neocallimastigomycota ASVs.

Several common bacteria of the gut microbiota of ruminants were detected using 16S rRNA gene sequencing. 
Among the most abundant at the genus level were the Ruminococcaceae UCG-005 (19.95%) and UCG-010 
(9.26%), Bacteroides (11.8%), and Christensenellaceae R-7 group (5.26%) (Fig. 2b). The Central Saskatchewan 
and La Ronge locations were the most distinct, with significant differences in relative abundance detected for 
eight out of the 20 top bacterial genera (Supplementary Table S6B). Of note, the relative abundance of Prevotella 
was much lower in Central Saskatchewan compared to other locations, but higher for Christensenellaceae R7 
(Fig. 2b, Supplementary Table S6B). Analysis of correlations between the NMDS space of the prokaryotic beta 
diversity and diet richness indicators showed that the distinct community observed in Central Saskatchewan 
was linked to the dissimilar diet observed in this location (i.e., higher diversity of epiphytic lichens) (Fig. 3d, 
Supplementary Table S6E). The richness of Entamoeba and Blastocystis as well as the total parasite richness were 
also linked to the structure of the gut microbial community (Fig. 3d, Supplementary Table S6E).

ASV richness of some plant guilds and lichen growth forms was significantly correlated to the relative 
abundance of the Neocallimastigomycota phylum and of some of the most abundant bacterial genera (Fig. 7). Of 
note, the diversity of epiphytic lichens was positively correlated to the relative abundance of the Ruminococcaceae 
UCG 005 and Christensenellaceae R7 group but negatively correlated to the relative abundance of Prevotella and 
UCG 010 (Firmicutes, Oscillospirales class). Significant correlations were also detected between the richness of 
parasites and the relative abundance of some bacterial genera (Fig. 7).

Discussion
This study showed that multi-marker metabarcoding of DNA isolated from non-invasively collected fecal 
pellets has the potential to generate new insight into the biology and ecology of at-risk species such as caribou. 
Our optimized workflow is based on four taxonomic markers with a broad coverage: the 16S rRNA gene for 
prokaryotes, 18S rRNA gene for eukaryotes and ITS2 regions of plants and fungi. This resulted in the detection of 
genera that include caribou parasite species and in a broad characterization of the caribou winter diet (including 
both plants and lichens) and of the gut microbiota (bacteria and anaerobic fungi). Performance of the four 
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taxonomic markers and the potential of applying our multi-marker metabarcoding workflow to address research 
questions related to the caribou biology and ecology are discussed.

Performance of selected taxonomic markers
Sequencing of the 18S rRNA gene for the identification of various functional groups (i.e., parasites, plants, 
lichens) from diverse phyla present in ruminant feces had, to our knowledge, only been attempted once in a 
very controlled environment75 prior to this study. For most animal species, the diet is restricted to a few groups 
of organisms and specific marker genes are generally used70. Here, by targeting the 18S rRNA gene, plants and 
lichens as well as parasites were simultaneously detected in an herbivorous species. Five genera of potential 
parasites belonging to the phyla Apicomplexa, Archamoebae, Nematoda and to the Stramenopila lineage 
were identified in caribou feces using this approach: Eimeria, Nematodirella, Parelaphostrongylus, Entamoeba, 
and Blastocystis. Species-level identification of parasites was not possible based on the sequencing of the V4 
region of the 18S rRNA gene but would have been of great interest for some of these genera. For example, the 
Parelaphostrongylus genus includes at least three species identified as caribou parasites (P. odocoilei, P. tenuis, and 
P. andersoni) but their frequency of occurrence and impact on caribou health is quite different: P. andersoni, a 
muscle worm infecting caribou and other Cervidae in Canada, is common in boreal caribou, whereas P. tenuis, 
the meningeal worm, is rare but lethal26. Other complementary approaches, such as the sequencing of the ITS2 
region using primers specifically designed to target nematodes34 or the use of qPCR detection assays allowing to 
differentiate species, as proposed for other nematodes (see Reslova76 et al. as an example), could be considered 
in this case. Several common parasitic nematodes such as Varestrongylus eleguniensis77, Ostertagia gruehneri29 or 
Platyhelminte species such as Moniezia benedeni78 were expected, given the relatively high prevalence reported 
in above-mentioned studies, but went undetected in our fecal samples. This could be linked to the time of 
sampling, as parasitic infections are known to be seasonal in many species including caribou78. Here, sample 

Figure 7. Correlations between the relative abundance of the twenty most abundant bacterial 
genera (i.e., bacterial genera with the highest mean relative abundance across all samples) and of the 
Neocallimastigomycota phylum (X-axis) and the richness of various components of the diet (i.e., number of 
ASVs assigned to lichens belonging to Crustose, Epiphytic Foliose, Epiphytic Fruticose, Foliose, and Fruticose 
growth forms; number of ASVs assigned to Herbaceous, Non-vascular, or Lignified plants) and of parasites 
(total number of ASVs assigned to parasites; number of ASVs assigned to the Blastocystis, Entamoeba and 
Parelaphostrongylus genera) (Y-axis) from caribou fecal DNA. Red and blue colors are used to indicate the 
correlation coefficient only if the correlation is significant.
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collection was exclusively done during the winter to ensure integrity of the fecal DNA in the context of caribou 
genetic studies.

Although this seasonal bias could be a limitation for the detection of some parasites by our workflow, the fact 
that sequencing of the 18S rRNA gene allowed to detect some known genera of caribou parasites, but also genera 
that were not previously reported, indicate that this approach could contribute to the detection of emerging 
parasites and be useful in the context of a biosurveillance strategy. Of note, the genus Entamoeba, which 
include parasite species that could be pathogenic, such as Entamoeba hystolyticain human79, or with a level of 
pathogenicity which is still unresolved, such as Entamoeba bovisin ruminants80, was observed at high frequencies 
in caribou feces from all locations. While no study to date had reported Entamoebainfections in caribou, new 
hosts are frequently identified81. Another new potential parasite detected in caribou feces is Blastocystis, found 
in six of the seven locations. Reindeer (Rangifer tarandus) in northeastern China as well as other wild ungulates, 
including white-tailed deer (Odocoileus virginianus) in the USA, have also been identified as hosts of this 
ubiquitous protist82–85. Further studies will be needed to identify the Entamoeba species colonizing caribou and 
assess the impact of both Entamoeba and Blastocystis, if any, on caribou health.

While useful to provide information about potential parasites, sequencing of the 18S rRNA gene was found 
to be less informative than more specific taxonomic markers for the characterization of the caribou winter diet. 
Among the fungal ASVs detected, only one was associated with a lichen-forming fungus. Lichens (and probably 
more so the fungal symbiont) are highly digestible for caribou15 and it is therefore possible that the fungal 
lichen DNA remaining in feces was not abundant enough (when compared to DNA from other eukaryotes) 
to be detected at the sequencing depth applied in this study. Alternatively, primers bias, a common issue in 
metabarcoding studies86, may have favored the amplification of the 18S rRNA gene of other groups of eukaryotes. 
Nevertheless, several genera of lichen-forming algae were detected by our workflow, but the information provided 
was less precise, as the same algal species can form various lichens, and the lichen taxonomy is therefore based 
on the taxonomy of the fungal symbiont53. In contrast, sequencing of the ITS2 region provided great insight 
into the caribou lichen diet based on fecal DNA, which had not been previously described for caribou using 
a metabarcoding approach due to methodology failures18,19. Surprisingly, despite the use of a conservative 
threshold of 1% to include ASVs into the diet, 18 lichen genera were detected across all samples, which is higher 
than the 13 lichen genera reported by Webber et al.10 across 30 different studies based on the histological analysis 
of caribou feces or rumen content, indicating that DNA-based approaches are likely more sensitive. Enrichment 
of the fungal ITS2 database used for taxonomic assignment of sequences is most likely one of the reasons why we 
had better success in using metabarcoding to detect and identify lichen in caribou fecal DNA. This improvement 
opens the door to future studies on the caribou lichen diet.

Description of the plant diet based on the 18S rRNA gene was also not as informative as the plant ITS2 
region: a much lower proportion of the plant sequences detected in the 18S dataset were assigned to a genus than 
in the ITS2 dataset (55% vs. 91%) and the number of genera identified as part as the diet was also lower (10 vs. 
29). Overall, while the reasons behind these discrepancies among taxonomic markers still need to be identified, 
these results indicate that ITS2 sequencing is a more suitable approach for plant and lichen identification from 
fecal DNA, allowing for the detection of a rich winter diet in boreal caribou. These findings further highlight 
the importance of using stable and consistent methods to assess the diet and infer ecological links based on 
metabarcoding data, as the use of various markers can lead to different findings.

Metabarcoding of the 16S rRNA gene is a widely used approach for the characterization of the gut prokaryotic 
microbiota and did not require much optimization. The fungal microbiota, and more specifically anaerobic fungi 
of the Neocallimastigomycota phylum, which plays an important role in the digestion of ruminants52, is however 
less frequently studied. Here, two of the taxonomic markers analyzed provided sequences that could be assigned 
to the Neocallimastigomycota phylum. A good correlation was found in the relative abundances measured by 
the two markers, indicating that both could be used to provide information about this taxonomic group.

Insights into caribou biology and ecology based on multi-marker metabarcoding of fecal 
DNA
Despite the relatively limited number of samples analyzed in this study, the results provided some insights on 
the potential of using our metabarcoding workflow to address research questions related to caribou biology and 
ecology. Considering the diet, plant genera growing as groundcover (Carex, Pleurozium and Sphagnum) or in 
the understory forest layer (Andromeda and Kalmia) were the most frequently detected. The presence of mosses 
and Ericaceae in the diet have already been described using metabarcoding of fecal DNA in migratory caribou18 
and in several other studies assessing the caribou diet using histological methods, as reviewed by Webber et al.10. 
However, Thompson et al.17 observed, using collar cameras, that the proportion of mosses and Ericaceae in the 
boreal caribou’s winter diet was much lower than that of lichens, an information that can not be obtained from 
metabarcoding data. In terms of lichens, as expected, Cladonia and Bryoria were the most frequently detected as 
they are commonly reported as important food items for caribou10,17.

Differences among the seven sampling locations were clearly revealed by the analysis of both the plant and 
lichen diets. The La Ronge location could mostly be distinguished from other locations by its lower frequency 
of ericaceous shrubs (Kalmia and Andromeda) but higher diversity of non-vascular plants composing the diet. 
Two lichen genera, Stereocaulon and Raesaeneniana, were also more frequently detected at La Ronge than in 
other locations. This shift in the diet may be associated with the transition between boreal plain and boreal shield 
forest at this location87, indicating that boreal caribou adapts its plant diet to what is found in its environment10. 
The Central Saskatchewan location was also distinct in terms of lichen diet, with epiphytic lichens detected more 
frequently and at a higher richness than in other locations, whereas soil fruticose lichens had lower frequencies 
and richness. As the diversity of the fruticose growth form is mostly driven by Cladonia in our dataset, it can 
be assumed that caribou from Central Saskatchewan had limited access to this main food source during the 
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winter17. Two hypotheses could be put forward to explain why caribou from this location would forage more 
than others on epiphytic lichens and plants composing the midstory vegetation layer. First, caribou dig less on 
terrestrial lichens as the snow thickness and density increase during the winter88 or in the presence of ice crust 
that prevent caribou from grazing on the ground, as recently demonstrated in Peary caribou89. Second, the 
region is under intensive forest management, an activity known to affect the caribou’s winter diet17,90. Although 
further studies will be needed to identify drivers of caribou diet in the La Ronge and Central Saskatchewan 
locations, our findings clearly demonstrate the importance of considering lichens when studying the winter diet 
of caribou, something that our workflow allows to successfully do using a DNA-based approach.

Interestingly, while being different from other locations in terms of lichen diet, the Central Saskatchewan 
location was also characterized by its clearly distinct microbiota. Noteworthy, lower relative abundance and 
diversity of anaerobic fungi of the Neocallimastigomycota phylum were detected in fecal DNA from this 
location. Neocallimastigomycota fungi have been linked to fibrous plant digestibility and lignin degradation91, 
and diet was shown to be a key factor influencing these fungal populations52. Their low abundance within the gut 
microbial community of caribou in Central Saskatchewan is interesting as these samples had the most diverse 
lignified plant diet and a higher relative abundance of Ericaceae. On the one hand, this could be linked to a 
digestive bias, as less digestible food items have more chances to be detected in feces70, while on the other hand, 
the lack of Neocallimastigomycota fungi in the gut microbiota can lead to a decrease in fiber digestion potential, 
as demonstrated in sheep92, which could have further improved the detection of these less digestible food items 
in feces from the Central Saskatchewan location.

As previously described in reindeer32,93,94, the gut prokaryotic microbiota of caribou was mainly composed 
of Firmicutes and Bacteroidota in our study, and several of the most abundant taxa detected were also found as 
dominant in other ruminants worldwide95, supporting that a core microbiota exists in ruminants. Interesting 
correlations between the gut prokaryotic microbiota and the diet were detected, confirming trends observed in 
other ruminants20,95,96. Beta diversity of the prokaryotic community was correlated with the richness of the lichen 
diet and, to a lesser extent, of the plant diet. Of note, the distinct cluster formed by Central Saskatchewan samples 
in the ordination correlated with a higher richness in epiphytic lichen, further demonstrating that the specific 
diet found at this location is influencing the caribou microbiota. Richness of the lichen diet was also better 
correlated than the richness of the plant diet to the relative abundance of several taxa known for their functional 
role in the metabolism and fermentation process in ruminants52,97,98, with both positive (e.g., Christensenellaceae 
R7 Group) and negative (e.g., Prevotella, Neocallimastigomycota) correlations to the richness of epiphytic lichens 
detected. These important bacterial and fungal taxa of the caribou digestive tract could potentially be proposed 
as indicators of the quality of the diet, and eventually of the habitat, but more research is needed on this front.

While strong differences among sampling locations were detected for most of the variables analyzed in 
this study, differences between sex were more limited. One interesting observation made on that end was that 
nematodes belonging to the genera Nematodirella and Parelaphostrongylus were more frequently detected and 
had a higher richness in males than in females. The trend was not tested independently for each location, given 
the limited number of individuals per location, but the pattern seemed to be present in at least three locations 
(Central Saskatchewan, Charron Lake and Flin Flon) and would deserve further investigation. In mammals, it is 
recognized that males are typically more parasitized than females due to their behavior and biology, a fact that 
could be linked to male-biased mortality99. Here, the gut microbial community was also linked to the diversity 
of parasites, indicating that parasites could also play a role on caribou health through its impact on the gut 
microbiota. As indicated by studies performed on livestock (including ruminants) in the context of helminth 
infections, reviewed by William et al.100, while both diet and parasite infections can alter the gut microbiota, 
diet-induced modifications can also affect the host susceptibility to parasites. The workflow proposed here, 
which allows simultaneous characterization of the diet, parasites, and gut microbiota from fecal DNA, could 
greatly contribute to the study of the complex interactions between these various factors, and eventually lead to 
the identification of robust individual and population-level health indicators.

Conclusion
Overall, through the optimization of the various steps of the workflow, including the development of a tool 
allowing to simplify and standardize the bioinformatic analyses of sequences and the enrichment of the 
fungal ITS2 database with sequences from lichenous fungi, this work has allowed for the implementation of 
an efficient, non-invasive, and standardized multi-marker metabarcoding workflow for the characterization 
of caribou fecal DNA. The application of this workflow to samples from seven locations in Manitoba and 
Saskatchewan highlighted its capacity to reveal similarities and differences between locations, especially for the 
winter diet, as well as to establish associations between datasets, such as those detected between the lichen diet 
and the gut microbiota. These results showed that the development of diet and health indicators derived from 
the metabarcoding of caribou fecal DNA, in parallel to host genetic data, is a promising approach to gather 
relevant information in the context of population dynamics studies, including niche partitioning and effects of 
natural and anthropogenic disturbances and habitat loss assessment, therefore providing critical information to 
adequately protect boreal caribou and its habitat.

Data availability
Lichen sequence data and metadata have been deposited in the Genbank database of the National Center for 
Biotechnology Information (NCBI) (accession numbers OQ792092 to OQ792112). Metabarcoding sequence 
data and metadata have been deposited in the Sequence Read Archive of the NCBI (BioProject PRJNA904780, 
accession numbers SRR23356982 to SRR23357367).
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