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Background and Aims Tremendous progress have been recently achieved in host-1 

microbe research, however, there is still a surprising lack of knowledge in many taxa. 2 

Despite its dominance and crucial role in boreal forest, reindeer lichens have until now 3 

received little attention. We characterize, for the first time, the bacterial community of 4 

four species of reindeer lichens from Eastern North America’s boreal forests. We 5 

analysed the effect of two factors (host-identity and geography) in the bacterial 6 

community composition, we verified the presence of a common core bacteriota and 7 

identified the most abundant core taxa.  8 

Methods Morphological and molecular lichen species delimitation was performed based 9 

on the ITS region. The bacterial community of around 200 lichen samples was 10 

characterised using the 16S rRNA gene.  11 

Key Results Our results showed that host-lichen identity does not determine bacterial 12 

community composition in reindeer lichens, but we confirmed the influence of geography 13 

in shaping the diversity and abundance of bacteria associated to the species Cladonia 14 

stellaris from lichen woodlands. We also revealed that reindeer lichens share a reduced 15 

common core bacteriota composed exclusively by Proteobacteria. 16 

Conclusions The bacterial community in reindeer lichens is not host-selective. Northern 17 

lichen woodlands exhibit a significant higher diversity and abundance of bacteria 18 

associated to Cladonia stellaris. Nevertheless, the specific role of those bacteria as well 19 

as the process of host colonization remains to be determined. Elucidating these two 20 

aspects would be key to have a better understanding of the whole boreal ecosystems. The 21 

reduced and not diverse core bacteriota of reindeer lichens might be due to the larger size 22 
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of our study area. The presence of the species Methylorosula polaris in the core 1 

bacteriota is evident and might have a particular importance for reindeer lichens. 2 

Key words: bacteria, Cladonia stellaris, geography, host identity, ITS region, latitude, 3 

microorganisms, multi-model species, Quebec, reindeer lichens, species delimitation, 4 

symbiotic interactions, thallus morphology.  5 
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INTRODUCTION 1 

Genomic-based microbiome research has become a popular topic over the last decade and 2 

has generated a great interest not only for the scientific community, but also for the 3 

general public. Microbiome research started in human medical studies (Turnbaugh et al., 4 

2007; Lloyd-Price et al., 2017). Nowadays, this field of knowledge is applied to 5 

numerous domains (e.g.: vertebrate (Youngblut et al., 2019), insect (Douglas, 2018), 6 

plants (Trivedi et al., 2020), phages (Federici et al., 2020), soil (Delgado-Baquerizo et 7 

al., 2018)). As a result of this rapid interest on microbiome research, Berg et al. suggested 8 

rules and a baseline for microbiome studies, clearly delimitating the terms microbiota and 9 

microbiome (Berg et al., 2020). The latter contains the microbiota (community of 10 

microorganisms) and their structural elements, metabolites and the surrounding 11 

environmental conditions (Berg et al., 2020). Microbiome research, therefore, focuses on 12 

the interactions of microbes within a specified environment or host (Cullen et al., 2020). 13 

One of the most pressing questions in microbiome research is, in fact, whether exists host 14 

specificity of the microbial community. Specificity can be considered as an interaction 15 

between microorganisms and host in which absolute exclusiveness is expressed (Bubrick 16 

et al., 1985). It should not be mistaken with host-selectivity which describes a situation 17 

where microorganisms and host interact preferentially with one another (Bubrick et al., 18 

1985). Microorganisms display various levels of host specificity, infecting a wide range 19 

of hosts (Rahme et al., 2000; Chappell and Rausher, 2016) or having strict host 20 

selectivity as happened in several living being (e.g., sponges (Reveillaud et al., 2014), 21 

hornworts (Bouchard et al., 2020), cetacean (Denison et al., 2020), humans (Pan et al., 22 

2014)). Despite the impact of host identity shaping the structure and composition of 23 
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microbial community, many other biotic or abiotic factors can determine the microbiota. 1 

Among the abiotic factors, geography and environmental conditions  are probably the 2 

best studied (Rothschild et al., 2018; Zheng and Gong, 2019; Sepulveda and Moeller, 3 

2020). Regarding host-related factors, physiology (Reveillaud et al., 2014; Denison et al., 4 

2020), morphology (Pearce et al., 2017; Morrissey et al., 2019) or genetic (Wagner et al., 5 

2016) are those who have, so far, received more attention. Random colonization and 6 

microbial interactions (Hassani et al., 2018) also contribute to community structure. In 7 

addition, these driving factors can interact together to determine the microbiome (Agler et 8 

al., 2016), and their influence can vary depending on the hosts, or the environmental 9 

conditions (Schlechter et al., 2019). Within the same host, each group of microorganisms 10 

may be affected by a different factor (Cardinale, Grube, et al., 2012), or eventually, host-11 

individual variation in microbiome composition occurs, including individuals harboring 12 

specific taxa (Ley et al., 2008) that result from factors such as diet, environment, season 13 

and host physiology.  14 

Another key aspect to considered in microbiome research is the prevalence and 15 

frequency of microorganisms in the host, namely, the core microbiome. The core 16 

microbiome was defined as a group of microbial taxa that occur with hosts above a 17 

particular occupancy frequency threshold (Risely, 2020), often between 30% (Ainsworth 18 

et al., 2015) and 95% (Huse et al., 2012) (common core). The major motivation for 19 

identifying a universal common core is to find a component of the microbiome that, due 20 

to the higher prevalence, may have a particular positive effect on the host. For example, 21 

Lee et al. detected a maintained core microbiome across jellyfish life stages which might 22 

contribute to their evolutionary success (Lee et al., 2018). Ainsworth et al. suggested that 23 
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symbiotic core bacteria found around the endosymbiotic dinoflagellates fulfil a role in the 1 

physiology and energy requirements of coral hosts (Ainsworth et al., 2015). Those 2 

microbe-host symbiotic interactions have been long time studied (McFall-Ngai, 2008; 3 

Relman, 2008). Nonetheless, there are still substantial knowledge gaps in understanding 4 

the function of a core microbiome, the interactions with the host and the environment. It 5 

is universally recognized that most organisms form a symbiotic assemblage of organisms 6 

working together, otherwise known as the holobiont. The introduction of the term 7 

holobiont (Margulis, 1991) favoured the studies and promoted a holistic view on 8 

symbiotic interactions where several species are considered (Vandenkoornhuyse et al., 9 

2015; Faure et al., 2018; Hassani et al., 2018; Simon et al., 2019). Among non-model 10 

organisms, lichens are the symbiotic organism “par excellence”, because of a partnership 11 

between fungi (one-several species), green algae, cyanobacteria and numerous bacteria  12 

in a multi-species symbiosis (Aschenbrenner et al., 2016; Lavoie et al., 2020). While the 13 

interactions between algae/cyanobacteria have been intensively studied, the role of 14 

bacteria in the symbiosis is still in its infancy (Grube et al., 2015). Genomic exploration 15 

of lichen associated microbes has revealed an unexpected diversity of bacteria, the 16 

majority belonging to Alphaproteobacteria (Cardinale et al., 2008; Grube and Berg, 2009; 17 

Hodkinson and Lutzoni, 2009; Bates et al., 2011; Printzen et al., 2012). Lichen bacteriota 18 

contribute to essential functions of host (nutrient supply, resistance against biotic and 19 

abiotic factors, growth support, detoxification of metabolites or provision of vitamin B12) 20 

(Grube et al., 2015) and, can be determine by different factors such as host-identity 21 

(Bates et al., 2011; Sierra et al., 2020), photoautotrophic symbiont (Hodkinson et al., 22 

2012), thallus conditions (Mushegian et al., 2011; Cardinale, Steinová, et al., 2012; Noh 23 
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et al., 2020) and growth form (Park et al., 2016), substrate type (Park et al., 2016), 1 

habitat (Cardinale, Grube, et al., 2012), or geography (Hodkinson and Lutzoni, 2009; 2 

Aschenbrenner et al., 2014). To date, lichen microbiomes studies have been mainly 3 

carried out in Lobaria pulmonaria (Cardinale, Grube, et al., 2012; Aschenbrenner et al., 4 

2014), Cetraria acuelata (Printzen et al., 2012), Cladonia arbuscula (Cardinale et al., 5 

2008) or C. squamosa (Noh et al., 2020). However, there is still a large and unexplored 6 

microbial diversity in other groups of lichens, such as those from northern ecosystems.  7 

The boreal forest is the largest biome of North America. It covers 60% of the 8 

Canadian territory (Roi, 2018), extending across the continent from Newfoundland to 9 

Alaska. It stores up to 20% of global soil organic carbon (C) (Jobbágy and Jackson, 2000; 10 

Tarnocai et al., 2009), houses a significant number of endangered species, and is likewise 11 

crucial for indigenous human populations that have lived there for millennia (ACIA 12 

Impacts of a Warming Arctic 2004; Larsen, 2014). Reindeer lichens (Ahti, 1961) are 13 

terricolous lichens that have adapted better than almost all other lichens to boreal forest 14 

(Athukorala et al., 2016). Species such as Cladonia mitis, C. rangiferina, C. stellaris and 15 

C. stygia have become essential components of those ecosystems and, in winter, they 16 

represent the most important food source for reindeer (Rangifer tarandus) and caribou (R. 17 

tarandus caribou) (Skogland, 1984; Svihus and Holand, 2000; Thompson et al., 2015). In 18 

addition, they contain about 20% of the total lichen woodland (LW) biomass and can 19 

contribute up to 97% of ground cover (Auclair and Rencz, 1982; Morneau and Payette, 20 

1989; Shaver and Chapin, 1991). Within the boreal biome, lichens are particularly 21 

dominant in LWs, a belt between the closed-canopy boreal forest to the south, and the 22 

forest tundra to the north, mostly above the 50 parallel (Payette, 1992; Johnson and 23 
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Miyanishi, 1999). In Eastern North America, a remnant of LW is located 500 km south of 1 

its usual distribution range, in the Parcs des Grands-Jardins (PNGJ) (Jasinski and 2 

Payette, 2005).  3 

Based on the importance of lichens in northern ecosystems as well as their utility 4 

as multi-model species to study symbiosis relationships, here we investigate the 5 

bacteriota of four lichen species to elucidate the host-microbe interactions in the boreal 6 

forest. More specifically, we (i) test host-selectivity of the bacterial microbiota associated 7 

to reindeer lichens, (ii) asses the influence of geography in composition and structure of 8 

the bacterial community of Cladonia stellaris from LWs and (iii) verifier the presence of 9 

a common core bacteriota in reindeer lichens. To achieve our goals, we used four lichen 10 

species (C. miti, C. rangiferina, C. stellaris and C. stygia). Bacterial host-selectivity was 11 

studied based on morphological and molecular species delimitation. The influence of 12 

geography on the bacteriota was carried out including exclusively a single species (C. 13 

stellaris) and a single ecosystem (LW) to reduce the bias. The presence of a southern LW 14 

in Eastern North America, makes this region an ideal setting to explore the effect of 15 

geography. Finally, we probed for bacterial taxa occurring with reindeer lichens above a 16 

particular occupancy frequency threshold and, whose presence could be interesting for 17 

the host-bacteria symbiotic interaction. This is the first extensive study of the diversity 18 

and structure of the bacterial community of the boreal forest and their interactions with 19 

host lichens. 20 

 21 

 22 

MATERIALS AND METHODS 23 
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Sample collections and processing  1 

We studied four species of reindeer lichens, Cladonia mitis, C. rangiferina, C. stellaris 2 

and C. stygia (Ahti, 1961). We collected samples along a latitudinal gradient in Eastern 3 

North America (province of Quebec) (Fig. 1). We gathered samples from the arctic 4 

tundra, forest tundra, LW (Kuujjuarapik-Whapmagoostui), closed-crown forest, balsam 5 

fir-white birch and balsam fir-yellow birch forests. We included collections from the 6 

southernmost LW in North America (PNGJ) (Jasinski and Payette, 2005).  7 

Sampling tools were sterilized between collections. Samples were placed into 8 

Eppendorf tubes and stored at -20 C. Herbarium vouchers were deposited in the Louis-9 

Marie Herbarium (QFA), Laval University. A total of 192 samples were collected and 10 

identified using regional taxonomic publications (Brodo et al., 2001). According to the 11 

morphological identification, 53 samples belonged to C. mitis, 42 to C. rangiferina, 84 to 12 

C. stellaris and 13 to C. stygia. Table S1 includes locality, vegetation zone (arctic, boreal 13 

or template) (Rowe, 1972), bioclimatic domain (arctic tundra, forest tundra, LW, closed-14 

crown forest, balsam fir-white birch, balsam fir-yellow birch) (Rowe, 1972), altitude, 15 

type of genetic data generated and GenBank accession number. 16 

 17 

DNA extraction, PCR amplification and sequencing  18 

Genomic DNA of lichens was extracted following an established KLC protocol (Park et 19 

al., 2014). The internal transcribed spacer 1 and 2 (hereafter ITS1 and ITS2) and the 5.8S 20 

of the nuclear ribosomal DNA (rDNA) were selected to perform molecular species 21 

delimitation. We successfully amplified and sequenced 104 lichen samples (forty 22 
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individuals of C. mitis, thirty-three C. rangiferina, twenty-one C. stellaris and ten of C. 1 

stygia) (Table S1). 2 

The V3-V4 region of the 16S rRNA gene was amplified following an amplicon 3 

sequencing protocol developed at Laval University (Vincent et al., 2017). The locus-4 

specific primers, BactV3-V4-F (341F) and BactV3-V4-R (805R), were selected for the 5 

first PCR from (Pr Herlemann et al., 2011) and were modified to include Illumina TruSeq 6 

sequencing primers on their 5′ ends. PCR was conducted in a total volume of 25 µl that 7 

contained 1X Q5 buffer (New England Biolabs), 0.25 µM of each primer, 200 µM of 8 

each dNTPs, 1 U of Q5 High-Fidelity DNA polymerase (New England Biolabs), and 1 µl 9 

of DNA. The second PCR introduced indexes and Illumina adapters used in library 10 

construction. Quality of the purified PCR products was checked on a 1% agarose gel and 11 

then quantified spectrophotometrically using a NanoDrop 1000 (Thermo Fisher 12 

Scientific). The libraries were pooled using an equimolar ratio, quantified, and sequenced 13 

on an Illumina MiSeq 300-bp paired-end run at the Plateforme d’Analyses Génomiques 14 

at the Institut de Biologie Intégrative et des Systèmes (Université Laval, Québec, 15 

Canada).  16 

 17 

Molecular delimitation of reindeer lichen species  18 

We conducted Bayesian inferences (BI) using the program MrBayes v.3.2 (Ronquist et 19 

al., 2012) on the  ITS dataset, including 126 sequences (22 from GenBank), and Cladonia 20 

wainioi as an outgroup (Stenroos et al., 2018). We tested the best-fit substitution model 21 

using MrModelTest (Nylander, 2004) using the Akaike information criteria (AICc). The 22 

selected model was TrNef. Since the TrNef model is not available in MrBayes v.3.2, it 23 
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was substituted with HKY+Γ (Hasegawa et al., 1985). The data were analysed using 1 

Markov chain Monte Carlo (MCMC), running two parallel analyses with four chains each 2 

for 20 million generations, sampling trees and parameters every 5000 generations. Chain 3 

convergence and stationarity was checked in Tracer v.1.6 4 

(http://tree.bio.ed.ac.uk/software/tracer/), making sure the average standard deviation of 5 

split frequencies remained below 0.01, and 25% of the sampled trees were discarded as 6 

burn-in. The allcomat options was included to have a binary tree, required for next set of 7 

analyses. The majority consensus rule tree was visualized in FigTree v.1.4.0 8 

(http://tree.bio.ed.ac.uk/software/figtree/). 9 

We tested the Poisson tree processes (PTP) model of species delimitation (Zhang 10 

et al., 2013) for the BI tree. PTP assumes that branching events within species will be 11 

more frequent than between species, with each substitution having a small probability of 12 

generating branching events (Kapli et al., 2017). Unlike other species delimitation 13 

methods such as GMYC, PTP does not require an ultrametric tree, thus eliminating 14 

potential errors and confounding effects associated with molecular dating (Dellicour and 15 

Flot, 2018; Marki et al., 2018). A Bayesian implementation of the PTP model (bPTP) 16 

(Zhang et al., 2013) was performed on the online server https://species.h-its.org/ using 17 

the BI tree. We ran 500000 generations with a thinning of 500 and a burn-in of 0.1, then 18 

assessed convergence visually using the MCMC iteration v. log-likelihood plots 19 

generated automatically. 20 

Additionally, we applied the recently introduced multi-rate PTP (mPTP) (Kapli et 21 

al., 2017) method, an improved version of the PTP for single-locus species delimitation. 22 

Instead of all species sharing the same rate of evolution (λ) as in PTP, each species 23 
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branch has its own λ in the mPTP model. This method determines which number of 1 

species fits best to the given data by utilizing the Akaike Information Criterion (rather 2 

than a p-value test as in PTP) because of the different number of parameters. mPTP has 3 

been shown to be consistent and very effective for species delimitation in datasets with 4 

uneven sampling (Blair and Bryson, 2017) and it has also been successfully applied to 5 

lichens (Kistenich et al., 2019). Using the stand-alone mPTP software (v.0.2.4) (Kapli et 6 

al., 2017) we performed the analyses on BI tree. We first calculated the correct minimum 7 

branch length threshold with the --minbr_auto option. Then, we executed a ML species 8 

delimitation inference assuming a different coalescent rate for each delimited species (--9 

multi) and removing the outgroup taxa (--outgroup_crop). To assess the confidence of the 10 

ML delimitation scheme, we conducted four MCMC runs for 20 million generations, 11 

sampling every 5000. The first two million generations were discarded as burn-in and 12 

analyses started with a random delimitation (--mcmc_startrandom). We compared results 13 

among MCMC runs to assess congruence. 14 

 15 

Taxonomic assignment of bacterial sequences  16 

We used the DADA2 workflow to assign Amplicon Sequence Variants (ASVs; (Callahan 17 

et al., 2017)) in R (Callahan et al., 2016). We trimmed and filtered the raw reads, keeping 18 

only those with quality scores higher than 25. We dereplicated (derepFastq) all reads, 19 

estimated their error rates (learnErrors) and denoised them (dada). Then, forward and 20 

reverse reads were merged (mergePairs). All merged sequences with less than 430 bp 21 

and more than 450 bp were removed, and chimeras were excluded. We assigned 22 
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taxonomy based on the SILVA 138 database (McLaren, 2020) with minimum bootstrap 1 

set to 80.  2 

The phangorn R package (Schliep, 2011; Schliep et al., 2017) was used to build a 3 

phylogenetic tree, used in downstream analyses and to estimate phylogenetic distances 4 

between microbial communities. We first built a neighbor-joining tree, and then fit a 5 

GTR+Γ+I (Generalized time-reversible with gamma rate variation) maximum likelihood 6 

tree using the neighbor-joining tree as a starting point.  7 

We synthesized all the data generated [ASV table, sample data, taxonomy table, 8 

phylogenetic tree and environmental variables (Table S1)] into a single phyloseq object 9 

with the R package phyloseq (McMurdie and Holmes, 2013). ASVs corresponding to 10 

chloroplast and mitochondria were removed from the dataset along with the bacteria for 11 

which no phylum could be assigned. We also removed phyla with less than ten 12 

corresponding ASVs in all samples combined. We determined prevalence (fraction of 13 

samples in which an ASV occurs) and used it to create a second phyloseq object 14 

including only the ASVs occurring in at least 5% of the samples.  15 

 16 

Characterization of bacterial communities in reindeer lichens 17 

We applied diversity and composition analyses to two set of data, host-species dataset to 18 

test bacteria host-selectivity in reindeer lichens (objective i), and LWs dataset to assess 19 

the influence of geography in C. stellaris (objective ii). With the R package phyloseq 20 

(McMurdie and Holmes, 2013), we estimated alpha-diversity within each sample based 21 

on number of observed ASVs, Shannon and Simpson effective indices. Shapiro-Wilk 22 

tests indicated if the data were normally distributed. We then used parametric (ANOVA) 23 
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or nonparametric (Kruskal-Wallis and U-Mann-Whitney tests) statistics methods to test 1 

for significant differences. To evaluate beta-diversity, meaning diversity between 2 

samples, the UniFrac distance matrix was calculated. Unlike other metrics, UniFrac takes 3 

into account phylogenetic information. Principal Coordinates Analysis (PCoA) and 4 

Double Principal Coordinates Analysis (DPCoA) based on the UniFrac distance matrix 5 

were plotted. To determine whether bacterial communities significantly change, 6 

PERMANOVA tests and pairwise comparison were conducted (2000 permutations) using 7 

the adonis and pairwise.adonis (Martinez Arbizu, 2020) functions in the vegan R package 8 

(Oksanen et al., 2020). We transformed ASV counts per sample into relative abundance 9 

and compare it among species, and LWs. To identify specific ASVs that show differential 10 

abundance among taxa, the R package DESeq2 (Love et al., 2014) was used. We 11 

removed samples with less than 1000 reads and applied a normalized logarithmic 12 

transformation (rlog) on the ASVs. We estimated logarithmic fold change (LFC) and 13 

dispersion for each ASV. We obtained an adjusted p-value (padj) to corrected for false 14 

positives (False Discovery Rate, FDR) using the Benjamini-Hochberg (BH) correction. 15 

These ASVs sequences were aligned to sequences in NCBI database 16S ribosomal RNA 16 

(Bacteria and Archae) using Megablast optimize for highly similar sequences. The 17 

identifications considered successful were those with over 97% similarity. Below this 18 

percentage, we treated the sequences as relatives. 19 

 20 

Detection of core bacterial members in reindeer lichens  21 

To have a comprehensive estimate of the bacteria occurring across host reindeer lichens, 22 

the core bacteriota was identified with the microbiome R package (Lahti,). Due to the 23 
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lack of consensus about a fixed threshold (Risely, 2020), we considered as core bacteriota 1 

any taxon with a prevalence higher than 0.50, 0.75 or 0.90 (Jorge et al., 2020). We 2 

included 189 lichen samples in the analysis. We pruned out the phyloseq object to retain 3 

those taxa with more than 1000 reads; in the end 153 samples were incorporated. We 4 

detected the core bacteriota with the function (core_members) and estimated the total 5 

core abundance in each sample (sample_sums). A heatmap was elaborated to visualize 6 

the results. In order to identify the core taxa as species level, ASVs sequences were 7 

aligned to sequences in NCBI database 16S ribosomal RNA (Bacteria and Archaea) using 8 

Megablast optimize for highly similar sequences and retaining those with Blast hits over 9 

97% identity. Bacterial sequences with identity below 97% were considered as relatives. 10 

Due to the predominance of C. stellaris over the remaining reindeer lichens in 11 

Eastern Canada, we carried out the same analyses to predict the core bacteriota of this 12 

species using both the morphological and molecularly delimitated taxa.  13 

 14 

 15 

RESULTS 16 

Identity of reindeer lichen species  17 

We successfully amplified the ITS locus of 104 samples representing four morphological 18 

species of Cladonia, C. mitis, C. rangiferina, C. stellaris and C. stygia, and 22 sequences 19 

from GenBank. The alignment had a total length of 906 bases (Appendix 1). Five 20 

hundred seventy-nine sites were conserved, 321 variable and 229 parsimony informative. 21 

The BI phylogenetic tree supported (PP ≥ 0.95) a clade including all the reindeer lichens 22 

(Fig. 2). Cladonia stellaris split into two groups, an unsupported (Clade C stellaris - 23 
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species 2, Fig. 2) and a supported clade (Clade C stellaris - species 1, Fig. 2), with the 1 

only exception of a single specimen from GenBank (accession number KP001212). 2 

Specimens of C. mitis, C. rangiferina and C. stygia clustered in a supported clade split 3 

into six unsupported subclades, four including C. mitis and two grouping C. rangiferina 4 

and C. stygia. The tree was used for species delimitation analyses. 5 

The MCMC chains for the bPTP species delimitation method did not converge 6 

(Fig. S1) thus, the model not further pursued. The mPTP method inferred ten species, 7 

with identical results for the ML and the MCMC analyses. The ML delimitation results 8 

were strongly supported (average support values over 0.91), indicating that there is a 91% 9 

congruence between the support values and the point estimates. Equally, independent 10 

MCMC runs can also be quantify using the average standard deviation of delimitation 11 

support values (ASDDSV). Here, our four independent MCMC runs converged with 12 

ASDDSV below 0.001 (Kapli et al., 2017). Fig. 2 shows the BI phylogenetic tree with 13 

the species identified by the mPTP method. Cladonia mitis was divided into four taxa; C. 14 

stellaris split into three taxa, one of them including exclusively a single specimen from 15 

GenBank; finally, individuals belonging to C. rangiferina and C. stygia were merged 16 

together but split into two species (Appendix 2).  17 

 18 

Dominance of Proteobacteria in reindeer lichens  19 

A total of 6204737 raw reads from 16 rRNA were identified from 189 samples of 20 

reindeer lichens (Table S2). After quality trimming, 817688 reads were kept. High-21 

quality reads were taxonomic assigned to 12917 ASVs. Once we removed chloroplast, 22 

mitochondrial and phyla with less than ten ASVs, we retained 10969. The prevalence 23 
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filter (ASVs occurring in at least 5% of the samples) preserved 724 ASVs in ninety-eight 1 

samples (host-species dataset); and 1130 ASVs in forty-seven samples (LWs dataset). All 2 

the ASVs could be assigned at phylum level. The ASVs corresponded to Acidobacteriota, 3 

Cyanobacteria, Planctomycetota, Proteobacteria, Verrucomicrobiota and Eremiobacterota 4 

(candidate division WPS-2). Most of the sequences belonged to Proteobacteria (ca. 80%), 5 

followed by Eremiobacterota. Table S3 displays number of ASVs detected for each 6 

dataset at phylum level. Bacteria relative abundance of each lichen sample is showed in 7 

Fig. S2.  8 

 9 

Absence of bacteria host-selectivity in reindeer lichens  10 

The bacterial alpha diversity within species delimited by mPTP methods (Fig. 3A) was 11 

significant between C. rangiferina plus C. stygia sp 2 and C. stellaris sp 1 in observed 12 

ASVs (p-value = 0.00084) and Shannon index (p-value = 0.00061) (Appendix 3). No 13 

significant differences in diversity were detected for the Simpson index (p-values > 0.05) 14 

(Appendix 3). In the PCoA, axis 1 and 2 explained 33.7% and 26.7% of the total 15 

variation among samples, respectively (Fig. S3A). In the DPCoA, CS1 explained 43.4% 16 

and CS2 explained 29.9% of the total variation (Fig. 4A). Bacterial communities of 17 

reindeer lichens were not grouped according to host species, and PERMANOVA tests 18 

found no significant association (Appendix 4). When considering morphological species 19 

(Fig. S4), diversity was significantly different among C. mitis, C. rangiferina and C. 20 

stellaris (p-values < 0.05), but it was not the case for C. stygia (Appendix 3).  21 

Proteobacteria were dominant across all reindeer lichens (Fig. S2A), although 22 

there were some exceptions. Two lichens taxa, one identified as C. mitis sp 1 (Alonso 23 
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422) and the other one as C. rangiferina plus C. stygia sp 1 (Alonso 433), harbored 1 

mostly Eremiobacterota. Two other lichens belonging to C. rangiferina plus C. stygia sp 2 

2 included only Cyanobacteria (Alonso 423) or Planctomycetota (Alonso 475). DESeq2 3 

analysis identified ASVs that displayed a significant change of abundance (padj < 0.05) 4 

compared to host lichen species (Table S4A, S4B). Bacterial communities of reindeer 5 

lichens did not exhibited differences in abundance depending on the host-lichen species. 6 

For the eight molecularly delimitated species (mPTP method), a single member of family 7 

Acetobacteraceae was detected (Table S4A), whereas for the four morphological species, 8 

one ASV belonged to Acidobacteriaceae was significantly different (Table S4B). 9 

 10 

Effect of geography in the bacterial community of C. stellaris  11 

Lichens from northern and southern LWs exhibit significant differences (p-values < 0.05) 12 

in bacterial diversity (Fig. 3B) (Appendix 5). Number of observed ASVs as well as 13 

Shannon and Simpson indexes reported higher diversity for northern samples (Fig. 3B). 14 

The two first axes of the PCoA explained 28.1% and 21.8% of the total variation, 15 

respectively (Fig. S3B), whereas axes 1 and 2 of DPCoA explained 31.1% and 26.6%, 16 

respectively (Fig. 4B). Both ordination methods showed two different bacteria groups 17 

based on the latitude, northern and southern LWs (Figs. S3B, 4B), and PERMANOVA 18 

test confirmed this association (p-values < 0.05) (Appendix 6). Relative abundance 19 

analysis pointed out the higher abundance of Eremiobacterota in northern LWs (Fig. 20 

S2B), with the exception of 5 samples where this phylum was nearly absent (samples 21 

Alonso 296, 312, 315, 326 and 354 in Fig. S2B). A total of 63 ASVs were significantly 22 

different in abundance between northern and southern LWs (Table S4C, Fig. S5A). The 23 
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genus Endobacter (Acetobacteraceae) was the only group significantly more abundant in 1 

the south (PNGJ) than in the north (Kuujjuarapik) (Fig. S5B). According to the Blast 2 

alignment (Appendix 7), their closest known relative was Gluconacetobacter tumulioli 3 

with about 95.3% identity (Table S4C). The remaining ASVs were always more abundant 4 

in LWs northern Quebec (Kuujjuarapik) (Fig. S5B) and they seem to be related to 5 

Rhodopila globiformis (Acetobacteraceae) (96.8% identity). Tundrisphaera lichenicola 6 

(Isosphaeraceae) was identified using the Blast algorithm (94.9% identity) (Table S4C). 7 

The closest relative of Eremiobacterota (15 ASVs) is the bacterium species 8 

Desulfofundulus thermocisternus, although its percentage of identity is below 85% (Table 9 

S4C). Finally, the family Caulobacteraceae might be represented by species related to 10 

Brevundimonas vesicularis (96.6% identity) (Table S4C).  11 

 12 

Reduced core bacteriota in reindeer lichens  13 

Forty-five ASVs were present in 153 reindeer lichens based on 0.50 prevalence-cut-off 14 

(Table S5A), representing a minor part (ca. 5%) of the total number of ASVs (863 15 

ASVs). All of them belonged to Proteobacteria, 32 were identified as genus Methylocella 16 

(family Beijerinckiaceae). A single ASV from Beijerinckiaceae as well as 12 members of 17 

family Acetobacteraceae were not assigned at genus level. Using the prevalence threshold 18 

of 0.75, one ASV (Methylocella) was detected (Table S5B), whereas no ASV occurred in 19 

all reindeer lichens at a prevalence of 0.90. The relative abundance of the common core 20 

bacteriota was variable among lichen samples. For a prevalence of 0.50, it ranged from 21 

2% in two samples of C. stellaris (Table S6) to 52% in one individual of C. mitis (Table 22 

S6). Using 0.75 as prevalence level, the highest relative abundance of the single ASV was 23 
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13% in one sample of C. mitis. Thirty-six of the 153 lichens lack this ASV (0% of 1 

relative abundance) (Table S6). The heatmap indicates the prevalence of each ASV for 2 

each abundance threshold (Fig. 5A). Four Methylocella ASVs presented the highest 3 

prevalence (yellow ASVs). The results derived from the Blast alignment are shown in 4 

Appendix 8. The potential identity of each ASV based on NCBI database is included in 5 

Table S5. Methylorosula polaris (identity over 97.7%) and sequences belonged to order 6 

Rhodospirillales (identify below 97%) were found in the common core bacteriota.  7 

A total of 81 samples of C. stellaris shared 87, 34 and one ASVs for prevalence of 8 

0.50, 0.75 and 0.90, respectively (Table S7). The heatmap showed higher levels of 9 

prevalence for members of family Beijerinckiaceae than for the Acetobacteraceae (Fig. 10 

5B). With the best Blast hits, the common core bacteriota was constituted by 55 taxa of 11 

the bacteria species Methylorosula polaris (identity over 97.7%) and 30 taxa closely 12 

related to Granulibacter bethesdensis (identity around 96.6%) (Appendix 9). Two 13 

relatives of Methylocystis bryophila were also included in the common core of C. 14 

stellaris with a percentage of identity of ca. 94%. A Venn diagrams displayed the overlap 15 

between the common core bacteriota of reindeer lichens (47 ASVs) and that of C. 16 

stellaris (Fig. S6). All the ASVs associated to reindeer lichens were included in the 17 

common core of C. stellaris.  18 

 19 

 20 

DISCUSSION 21 

In this study, we present the first characterization of the bacterial community in reindeer 22 

lichens from Eastern North America. We analysed the influence of two factors (host-23 
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identity and geography) in shaping the bacterial community composition, we verified the 1 

presence of a common core bacteriota and we identified the most abundant core taxa in 2 

all reindeer lichens, with emphasis on C. stellaris. Our results showed no changes of the 3 

bacterial community among host reindeer lichens, but significant differences in diversity 4 

and abundance of bacteria associated to C. stellaris from northern or southern LWs. We 5 

also revealed that reindeer lichens share a reduced common core bacteriota composed 6 

exclusively by Proteobacteria.  7 

 8 

Host-lichen identity does not determine bacterial community composition  9 

In order to test host-selectivity of the bacterial community in reindeer lichens, four 10 

morphological species were delimited based on the ITS molecular marker. This is the 11 

first attempt to compare molecular and morphological host-species delimitation in a 12 

microbiome study. Among the four morphological reindeer lichen species included here, 13 

the mPTP method identified eight species, four C. mitis, two C. stellaris and two C. 14 

rangiferina and C. stygia grouped together. The analyses of the bacterial community 15 

were applied to molecular and morphological species. Bacterial diversity within each 16 

sample hardly varies between the eight host species (delimited based on mPTP), but 17 

differences were observed between morphological species. Sierra et al. compared 18 

bacterial community in seven lichen genera, and they showed differences in alpha 19 

diversity between Usnea and Hypotrachyna (Sierra et al., 2020), although there was no 20 

information available at species level. Nonetheless, our results must be interpreted with 21 

caution. Single-locus species delimitation methods have limitations (Blair and Bryson, 22 

2017; Dellicour and Flot, 2018). Here, we have used the mPTP and bPTP methods to 23 
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compare different approaches, but we are aware that the molecular species delimitations 1 

might change using a different approach or increasing the number of loci.  2 

In terms of abundance, all reindeer lichens harbour similar number of bacteria 3 

which do not cluster together by host species (neither molecular nor morphological 4 

species). Our results differ from previous studies which proved that the bacterial 5 

community in lichens were host-specific (e.g., (Grube et al., 2009; Bates et al., 2011; 6 

Sierra et al., 2020)). Grube et al. found species-specific bacteria in three lichens with 7 

different growth form, fruticose, crustose, and foliose (Grube et al., 2009). Sierra et al. 8 

also suggested bacteria host-specificity in seven genera of lichens with different thallus 9 

morphology (Cora, Hypotrachyna, Peltigera and Sticta are foliose, and Usnea, Cladonia 10 

and Stereocaulon are fruticose) (Sierra et al., 2020). We suggest that host-specificity 11 

might be, in fact, growth-form-specificity. Our study focuses only on fruticose species 12 

with similar thallus morphology, which might explain the lack of selectivity. Park et al. 13 

demonstrated that bacteria grouped together depending on the growth forms of the lichen 14 

host (crustose, foliose or fruticose) (Park et al., 2016). This assumption agrees with 15 

(Fernández-Brime et al., 2019) who revealed that morphologically simple forms of 16 

lichenization (borderline lichens) do not influence bacterial communities but, complex 17 

thallus structure are required for the lichens to provide unique niches to host specific 18 

bacterial communities. A similar pattern was observed in green seaweeds where the 19 

bacterial variation was attributed to thallus differentiation (Morrissey et al., 2019), or in 20 

the liverwort Marchantia inflexa whose differences in bacteriome seem correspond to 21 

differences in the physiology and morphology of male and female plants (Marks et al., 22 

2017).  23 
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 1 

Geography shapes the bacterial community composition 2 

Alonso-García et al. revealed that populations of C. stellaris in southern Quebec were not 3 

genetically different from those of northern LWs, and they suggested constant migration 4 

of lichen individuals between populations (Alonso-García et al., 2021). However, the 5 

bacterial community associated to C. stellaris does not follow this pattern. We found 6 

significant differences between Kuujjuarapik and PNGJ’s LWs. Lichens from 7 

Kuujjuarapik (northern LWs) exhibit higher diversity and abundance of bacteria. The 8 

effect of geography in the bacterial community of other lichens had been previously 9 

tested. Hodkinson et al. used different species of lichens to show that bacterial 10 

communities were significantly correlated with differences in large-scale geography 11 

(Alaska, Costa Rica, and North Carolina) (Hodkinson et al., 2012). At smaller scale, the 12 

bacterial community of L. pulmonaria from the same sampling site showed higher 13 

similarity than those of distant populations (100 km of linear distance) (Aschenbrenner et 14 

al., 2014). Bacteria associated to C. aculeata were, likewise, affected by geography 15 

although, contrary to our results, they were less diverse in high latitude (Antarctica and 16 

Iceland) than in extrapolar habitats (Spain and Germany) (Printzen et al., 2012).  17 

Differences in bacterial relative abundance between LWs were particularly 18 

evident for Eremiobacterota, a phylum usually found in acidic and cold environments 19 

(Grasby et al., 2013; Trexler et al., 2014; Bragina et al., 2015) and putatively capable of 20 

anoxygenic carbon fixation in boreal mosses (Holland-Moritz et al., 2018), although their 21 

role in reindeer lichens is unknown. Members of the family Caulobacteraceae 22 

(represented by species related to Brevundimonas vesicularis, ca. 96.6% identity) were 23 
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also more abundance in northern LWs. This family has been frequently associated to 1 

lichens (Hodkinson and Lutzoni, 2009; Hodkinson et al., 2012; Aschenbrenner et al., 2 

2014; Sigurbjörnsdóttir et al., 2015; Park et al., 2016; Noh et al., 2020), but their 3 

functions have never been elucidated. Seven ASVs closely related to the anoxygenic 4 

phototrophic purple bacterium Rhodopila globiformis (Acetobacteraceae) were, likewise, 5 

significantly more abundance in Kuujjuarapik. The order Rhodospirillales is dominant in 6 

Antarctic lichens (Park et al., 2016), and it may provide photosynthetic products, defends 7 

against pathogens and reduces the oxidative stress (Cernava et al., 2017). Finally, with an 8 

identity of 94.9%, we found a close relative of Tundrisphaera lichenicola, significant 9 

more abundance northern Quebec. This bacterium of the phylum Planctomycetes was 10 

described from lichen-dominated tundra soils within the zone of forested tundra and 11 

discontinuous permafrost of northwest Siberia (Ivanova et al., 2016; Kulichevskaya et al., 12 

2017). To comprehend why northern LWs harbour more bacteria, we suggest focusing on 13 

the origin of those bacteria and the reason that encourage them to colonize the lichen. In 14 

addition, future studies should clarify the role that Eremiobacterota, Caulobacteraceae, 15 

Rhodospirillales and Planctomycetes play for reindeer lichens and/or for the boreal forest 16 

to better understand patterns of diversity and abundance.  17 

Unlike aforementioned bacteria, the genus Endobacter (with Gluconacetobacter 18 

tumulioli as the closest known relative according to NCBI dataset) was more abundant in 19 

southern LWs. The specific role of G. tumulioli in the ecosystem remains unknown 20 

(Nishijima et al., 2013), although other species of this genus, such as G. diazotrophicus, 21 

are involved in nitrogen fixation (Saravanan et al., 2008). If this is the case, studies 22 
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should be carried out to investigate the reason why populations northern Quebec lack 1 

these nitrogen-fixing bacteria and how they supply nitrogen shortage. 2 

 3 

Common core bacteriota is limited and homogeneous   4 

We have defined a common core bacteriota as the bacteria occurring with reindeer lichen 5 

above an occupancy frequency threshold of, at least, 0.50. Comparing 153 samples 6 

throughout Eastern Canada revealed a common core of 45 ASVs representatives of 7 

families Acetobacteraceae and Beijerinckiaceae (orders Acetobacterales and Rhizobiales, 8 

respectively). All these members were also found to be associated with the single species 9 

C. stellaris. Sierra et al. identified a reduced (16 OTUs, threshold ≥ 0.90), but more 10 

diverse core in different genera of Paramos’ lichens (orders Rhodospirillales, 11 

Sphingomonadales, Rhizobiales, Acidobacteriales, and the phylum Cyanobacteria) 12 

(Sierra et al., 2020). The core bacteriota of Austrian populations of L. pulmonaria 13 

represented 16% of the OTUs (ca. 5% in reindeer lichens) from six phyla 14 

(Alphaproteobacteria, Sphingobacteria, Actinobacteria, Nostocophycideae, 15 

Spartobacteria and Deltaproteobacteria), but it was considered as a regional core 16 

(Aschenbrenner et al., 2014). The reason why reindeer lichens hardly share a core 17 

bacteriota might be due to the larger size of our study area. Detecting the core across sites 18 

or populations can provide a more reduce core bacteriota but, as suggested by (Risely, 19 

2020), allow us to identify potential candidates for further investigation with regard to 20 

host-microbe interactions. Nevertheless, we should consider that bacteria can have high 21 

occupancy frequency within the host population for many reasons (e.g., they are common 22 
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in the environment (David et al., 2014) or highly competitive against other microbes 1 

(Coyte and Rakoff-Nahoum, 2019)) and is not necessarily linked to host function.  2 

Blast hits of most of the ASVs composing the core bacteriota of reindeer lichens 3 

belonged to Methylorosula polaris (ca. 97.93% identity), a member of the order 4 

Rhizobiales isolated from methane-oxidizing communities of soil from the polar tundra 5 

(Berestovskaya et al., 2012). Methylorosula polaris had been previously detected 6 

(identity 94.5%) at the apical and middle parts of C. squamosa thalli (Noh et al., 2020). 7 

In general, Rhizobiales occurs in lichens (Hodkinson and Lutzoni, 2009), where they are 8 

known to perform functions supporting the symbiosis, including auxin and vitamin 9 

production, nitrogen fixation and stress protection (Erlacher et al., 2015; Cernava et al., 10 

2017). The remaining ASVs from the core bacteriota belonged to Acetobacterales and 11 

they might be relatives of the human pathogen Granulibacter bethesdensis (ca. 96.6% 12 

identity) (Greenberg et al., 2006), the phototrophic Rhodophila globiformis (ca. 96.4% 13 

identity), Endobacter medicaginis (ca. 96.1% identity) or different species of genus 14 

Gluconacetobacter (ca. 95.9% of identity) involved in nitrogen-fixation (Fuentes-15 

Ramírez et al., 2001; Saravanan et al., 2008).  16 

 Cladonia stellaris harbours almost the same common core bacteriota than all 17 

reindeer lichens. The main different is due to the number of ASVs, which is higher in C. 18 

stellaris (45 versus 87 ASVs). In addition, C. stellaris included Methylocystis bryophila 19 

(Belova et al., 2013), a bacterium isolated from acidic Sphagnum peat in Europe.  20 

  21 

Conclusions  22 
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We provide the first assessment of the lichen microbiome in the boreal forest of Eastern 1 

Canada. Here, we answer some key aspect of lichen bacteriome from northern 2 

ecosystems and highlight future research venues. We show a dominance of 3 

Proteobacteria in reindeer lichens and an absence of bacteria host-selectivity. We suggest 4 

that thallus morphology, and consequently growth-from, may have an effect on the 5 

bacterial community composition. Our results evidence the influence of geography in 6 

shaping the bacterial community of reindeer lichens. A single species from one particular 7 

ecosystem exhibits significant higher diversity and abundance of bacteria in northern 8 

lichen woodlands. Further studies should include environmental variables, such as 9 

temperature, humidity, soil pH or light intensity, to elucidate whether abiotic factors also 10 

influence the microbial community of lichens from the boreal forest. Likewise, we 11 

suggest examining the role of soil microbial communities as a source of bacteria and the 12 

way they colonize the lichen. Regarding the core bacteriota, we identify a reduced core in 13 

reindeer lichens comprised mainly of Methylorosula polaris. A deeper understanding of 14 

the interaction between reindeer lichens and Methylorosula polaris would help to 15 

discover ecological and functional processes at the organismal and ecosystem level.  16 

 17 

 18 

SUPPLEMENTARY DATA 19 

Supplementary data are available online at XXXXX and consist of the following. Six 20 

figures; seven tables; nine appendices and three scripts. The datasets generated and 21 

analysed during the current study are available in the NCBI SRA archive under 22 

Bioprojects PRJNA593044 and PRJNA687262.  23 
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 1 

 2 

FIGURES AND TABLES LEGENDS 3 

FIG. 1. Map of Eastern North America with sampling localities of the 192 reindeer lichen 4 

specimens included in this study. Four species of Cladonia are represented by different 5 

symbols, red circles for Cladonia mitis, orange triangles for C. rangiferina, black square 6 

for C. stellaris and green stars for C. stygia. Bioclimatic domains highlighted following 7 

(Rowe, 1972).  8 

 9 

FIG. 2. Majority-rule consensus tree of a Bayesian inference analysis from 126 ITS 10 

accessions of reindeer lichens. Branches in bold are supported by posterior probabilities 11 

(PP ≥ 0.95). Each color represents a species delimited by the multi-rate Poisson tree 12 

processes method (mPTP). Pictures show the four morphologically recognized species.   13 

 14 

FIG. 3. Richness estimate values (number of observed amplicon sequence variants, ASVs) 15 

and alpha diversity indices (Shannon and Simpson) for reindeer lichens bacterial 16 

communities. A. Diversity values of reindeer lichens species delimited by the multi-rate 17 

Poisson tree processes method (mPTP) (host-species dataset). The species colors follow 18 

those of Fig. 2. B. Diversity values of Cladonia stellaris from lichen woodlands (LWs) 19 

northern and southern Quebec (LWs dataset). Asterisks indicate significant differences 20 

(p-value < 0.01).  21 

 22 
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FIG. 4. Double Principal Coordinates Analysis (DPCoA) of bacterial community 1 

composition based on amplicon sequence variants (ASVs) (A) in reindeer lichens and, 2 

(B) in Cladonia stellaris from lichen woodlands (LWs) northern and southern Quebec. 3 

Bacterial communities are not grouped by host species. Two clusters are differentiated 4 

between northern and southern LWs (p-value < 0.01). The species colors in (A) follow 5 

those of Fig. 2.  6 

 7 

FIG. 5. Common core bacteriota of reindeer lichens at family as a function of the 8 

abundance threshold for (A) reindeer lichens, and for (B) Cladonia stellaris, with 9 

prevalence above 0.50. The x-axis represents the detection thresholds (indicates as 10 

relative abundance) from lower (left) to higher (right) abundance values. Color shading 11 

indicates the prevalence of each bacterial family among samples for each abundance 12 

threshold. As we increase the detection threshold, the prevalence decreases. 13 

 14 

FIG. S1. Markov chain Monte Carlo iterations from the Bayesian implementation of the 15 

PTP species delimitation methods (bPTP). Chain does not stay at high likelihood 16 

locations but oscillate from high to low locations indicating lack of convergence.  17 

 18 

FIG. S2. Relative abundance of the six most abundant bacteria phyla. Each horizontal bar 19 

represents a lichen sample and colors reflect different phyla. A. Reindeer lichens samples 20 

grouped by molecular species delimitation (multi-rate Poisson tree processes method, 21 

mPTP) (host-species dataset). B. Cladonia stellaris samples grouped by geography, 22 

lichen woodlands northern or southern Quebec (LWs dataset).  23 
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  1 

FIG. S3. Principal Coordinates analysis (PCoA) of bacterial community composition 2 

based on amplicon sequence variants (ASVs) (A) in reindeer lichens, and (B) in Cladonia 3 

stellaris from lichen woodlands (LWs) northern and southern Quebec. Bacterial 4 

communities are not grouped by host species. Two clusters are differentiated (p-value < 5 

0.01) between northern and southern LWs.  6 

 7 

FIG. S4. The estimates of richness values (number of observed amplicon sequence 8 

variants, ASVs) and alpha diversity indices (Shannon and Simpson) for reindeer lichens 9 

bacterial communities. Species delimited by morphology (host-species dataset). 10 

 11 

FIG. S5. Relative abundance of the bacteria associated with Cladonia stellaris. (A) 12 

Bacterial genera with significant (padj = 0.01) log2 fold changes between lichen 13 

woodlands (LWs) northern (Kuujjuarapik) and southern (PNGJ) Quebec. “NA” 14 

corresponds to amplicon sequence variants (ASVs) whose genera could not be assigned. 15 

Each dot represents an ASV. (B) Comparison of bacteria relative abundance between 16 

LWs. Groups that significantly differ between Kuujjuarapik and PNGJ are shown, such 17 

as genera Endobacter, genera Tundrisphaera, family Caulobacteraceae and family 18 

Emeriobacterota.  19 

 20 

FIG. S6. Venn diagram demonstrated the overlaps of the common core bacteriota of 21 

reindeer lichens and Cladonia stellaris. 22 

 23 
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TABLE S1. List of the 192 reindeer lichen specimens collected in Eastern North America 1 

and included in the study. The following information is provided for each sample: 2 

collection number, species name based on morphological delimitation, species named 3 

based on molecular delimitation (multi-rate Poisson tree processes method, mPTP), 4 

locality, vegetation zone, bioclimatic domain, altitude, type of genetic data generated and 5 

GenBank accession number. Data relative to the twenty-two specimens from GenBank 6 

are also provided.  7 

 8 

TABLE S2. Sequencing reads identified among the 189 reindeer lichen specimens before 9 

and after quality trimming.  10 

 11 

TABLE S3. Number of amplicon sequence variants (ASVs) for bacterial phyla detected in 12 

the two datasets (host-selectivity and LWs). Number of samples and names of reindeer 13 

lichen species considered for each dataset are included. Number of ASVs significant 14 

different in abundance is also provided. 15 

 16 

TABLE S4. Amplicon sequence variants (ASVs) that significantly differ in relative 17 

abundance between (A) reindeer lichen species delimited by the multi-rate Poisson tree 18 

processes method (mPTP), (B) reindeer lichen species delimited by morphology, and (C) 19 

lichen woodlands (LWs) northern and southern Quebec. P-values and bacteria identity 20 

are provided for each ASV. The identity (≥95%) of each ASV according to Blast 21 

alignment to 16 rRNA sequences from NCBI database is also included with maximum 22 

and total score, query cover and E values. 23 
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 1 

TABLE S5. Bacteria amplicon sequence variants (ASVs) with prevalence higher than (A) 2 

0.50 and (B) 0.75 across our reindeer lichen samples (common core bacteriota). For each 3 

ASV, we provided phylum, class, order, family, and genus, as well as DNA sequence. 4 

The identity (>96%) of each ASV according to Blast alignment to 16 rRNA sequences 5 

from NCBI database is also included with maximum and total score, query cover and E 6 

values. 7 

 8 

TABLE S6. Total common core abundance in each lichen sample as a sum of abundance of 9 

the common core members. A. Data for prevalence of 0.50. B. Data for prevalence of 10 

0.75.  11 

 12 

TABLE S7. Bacterial amplicon sequence variants (ASVs) with prevalence higher than (A) 13 

0.50 and (B) 0.75 across our Cladonia stellaris samples (common core bacteriota). For 14 

each ASV, we provided Phylum, class, order, family, and genus, as well as DNA 15 

sequence. The identity (>96% and >97%) of each ASV according to Blast alignment to 16 

16 rRNA sequences from NCBI database is also included with maximum and total score, 17 

query cover and E values. 18 

 19 

APPENDIX 01. FASTA alignment of 126 ITS sequences belonging to four species of 20 

reindeer lichens, such as Cladonia mitis, C. rangiferina, C. stellaris and C. stygia. Two 21 

individuals of C. wainioi are included as outgroup.    22 

 23 
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APPENDIX 02. Output file from the multi-rate PTP (mPTP) species delimitation method. 1 

Ten species are recognized with strongly supported values. Cladonia mitis was divided 2 

into four taxa; C. stellaris split into three; individuals belonging to C. rangiferina and C. 3 

stygia were merged together but split into two taxa, and two individuals of C. wainioi 4 

constituted the outgroup. 5 

 6 

APPENDIX 03. Statistical results of alpha-diversity in reindeer lichens for molecular and 7 

morphological-delimitated species (host-selectivity dataset). Values estimated based on 8 

number of observed amplicon sequence variants (ASVs), Shannon and Simpson effective 9 

indices. Results derived from Shapiro-Wilk test of normality, Kruskal-Wallis non-10 

parametric test and pairwise comparison with U-Mann-Whitney test are shown. 11 

 12 

APPENDIX 04. Statistical results of beta-diversity in reindeer lichens for molecular and 13 

morphological-delimitated species (host-selectivity dataset). Significant differences 14 

estimated based on the UniFrac distance matrix. Results derived from PERMANOVA 15 

test Adonis and pairwise comparison (pairwise.adonis) are shown. 16 

 17 

APPENDIX 05. Statistical results of alpha-diversity in Cladonia stellaris from lichen 18 

woodlands northern and southern Quebec (LWs dataset). Values estimated based on 19 

number of observed amplicon sequence variants (ASVs), Shannon and Simpson effective 20 

indices. Results derived from Shapiro-Wilk test of normality, Kruskal-Wallis non-21 

parametric test and pairwise comparison with U-Mann-Whitney test are shown. 22 

 23 
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APPENDIX 06. Statistical results of beta-diversity in Cladonia stellaris from lichen 1 

woodlands (LWs) northern and southern Quebec (LWs dataset). Significant differences 2 

estimated based on the UniFrac distance matrix. Results derived from PERMANOVA 3 

test Adonis and pairwise comparison (pairwise.adonis) are shown. 4 

 5 

APPENDIX 07. Results derived from the Blast alignment to sequences in NCBI database 6 

16S ribosomal RNA. Amplicon sequence variants (ASVs) associated to Cladonia 7 

stellaris significantly different in abundance between northern and southern lichen 8 

woodlands were aligned. Sequence identity, maximal and total score, query cover, E 9 

values and percentage of identity are displayed.  10 

 11 

APPENDIX 08. Results derived from the Blast alignment to sequences in NCBI database 12 

16S ribosomal RNA. Amplicon sequence variants (ASVs) included in the common core 13 

bacteriota (prevalence 0.50) of reindeer lichens were aligned. Sequence identity, maximal 14 

and total score, query cover, E values and percentage of identity are displayed.  15 

 16 

APPENDIX 09. Results derived from the Blast alignment to sequences in NCBI database 17 

16S ribosomal RNA. Amplicon sequence variants (ASVs) included in the common core 18 

bacteriota (prevalence 0.50) of Cladonia stellaris were aligned. Sequence identity, 19 

maximal and total score, query cover, E values and percentage of identity are displayed. 20 

 21 
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