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Abstract

:

Bacterial symbionts are essential components of healthy biological systems. They are increasingly recognized as important factors in the study and management of threatened species and ecosystems. Despite management shifts at the ecosystem level, microbial communities are often neglected in discussions of holobiont conservation in favor of the primary members of a symbiosis. In this study, we addressed the bacterial community knowledge gap for one of two federally endangered lichen species in the United States, Cetradonia linearis (Cladoniaceae). We collected 28 samples of the endangered rock gnome lichen (Cetradonia linearis) from 13 sites and characterized bacterial communities in thalli using 16S rRNA metabarcoding to investigate the factors influencing the microbiome composition and diversity within the thallus. We found that Proteobacteria (37.8% ± 10.3) and Acidobacteria (25.9% ± 6.0) were the most abundant phyla recovered. Cyanobacteria were a major component of the microbiome in some individuals, despite this species associating with a green algal symbiont. Habitat, climate, and geography were all found to have significant influences on bacterial community composition. An analysis of the core microbiome at a 90% threshold revealed shared amplicon sequence variants in the microbiomes of other lichens in the family Cladoniaceae. We concluded that the bacterial microbiome of Cetradonia linearis is influenced by environmental factors and that some bacterial taxa may be core to this group. Further exploration into the microbiomes of rare lichen species is needed to understand the importance of bacterial symbionts to lichen diversity and distributions.
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1. Introduction


Healthy microbial communities are essential to all functioning biological systems [1]. Changes in conservation and management strategies reflect the increasing appreciation and application of microbiome research [2]. Analysis of soil microorganisms has been used to track changes in diversity and abundance of keystone microbes during ecosystem recovery from anthropogenic or natural disturbance events [3,4,5]. When relationships between microbial diversity and recovery stage have been established, this data can be used in future ecosystem assessments to determine recovery progress [6,7]. Microbiome data has also informed strategies to decrease the extinction risk faced by threatened species, including informing population management strategies [8,9,10]. and disease mitigation [11,12].



Microbiome–host interactions are one example of the range of potential symbioses. The role of co-evolution in establishing a stable and efficient symbiosis has been illustrated in several prominent systems but generally focuses on the interactions between two distinctly identifiable organisms, a perspective that is frequently applied to rare and threatened species [13,14,15,16]. The holobiont perspective on symbioses has expanded boundaries beyond the dominant symbionts to integrate interactions among minor symbionts, fungal, bacterial, and viral communities, and all other members present [2]. Shifting from a dominant symbiont to holobiont perspective has substantial conservation implications. For instance, previous efforts to understand orchid mycorrhizal associations and their context in conservation have focused on identifying individual fungal strains and assessing their efficacy as a soil inoculant for orchid germination [17,18]. However, several studies have now shown that bacterial communities associated with the orchid endophytically or in the rhizosphere have a positive effect on germination as well as potentially being involved in promoting other biological processes that improve plant health and growth [19,20]. As data further illuminate the role of bacterial communities in orchid survival, new conservation considerations for bacteria as a part of a greater orchid holobiont should be implemented [21].



Lichens are obligate mutualistic symbioses composed of dominant fungal and algal symbionts. Application of the holobiont perspective has now expanded our conception of lichens to encompass the incredibly complex systems of endolichenic fungi, viruses, and bacteria present in each lichen in addition to the main symbionts [22,23]. Mycobiont–photobiont interactions display a range of specificity [24,25]. and are known to affect factors in the symbiosis, such as the range and adaptability to habitat changes [26,27]. Despite bacterial communities only recently being integrated into studies of lichens, there have been rapid, major gains in our knowledge of their microbiomes. The bacteria of the lichen microbiota are influenced by many biotic and abiotic factors, including nutrient availability, growth form, and age of host tissues [28,29,30,31]. In lichens, bacterial microbiomes tend to be dominated by the classes Alphaproteobacteria, Verrucomicrobia, Bacteroidetes, and Actinobacteria [32], but some specific lichen genera have also been found to contain bacteria from the class Acidobacteria [33]. Initial research suggested that the bacterial portion of the lichen microbiota primarily consists of opportunists from the immediate environment that have found an available niche in the thallus [34]; however, comparative population studies and metagenomic analyses suggest some degree of specialization [32,35]. While microbes from the surrounding environment and substrate heavily influence microbiome composition, asexual vegetative propagules can transfer bacteria from the parent to the offspring [36]. As a result, microbial diversity can be highly variable among individuals. Still, patterns of species, genus, and population-specific microbial composition have been well documented [37,38,39,40,41].



Cetradonia linearis (rock gnome lichen) is a federally endangered species narrowly endemic to the southern Appalachian Mountains of the eastern United States [42,43]. It is one of the earliest diverging lineages in Cladoniaceae, a diverse family that includes many abundant and widespread species [44,45]. Cetradonia linearis grows directly attached to non-calcareous rocks at the base of cliff faces with seeping water or above average high water lines on boulders in streams. Morphologically, it is relatively simple, consisting largely of 1–2 cm long, roughly cylindrical projections that grow in colonies (Figure 1). Both asexual (pycnidia) and sexual (apothecia) fungal reproductive structures are frequently present in colonies. Previous research on the population genomics of this species recovered evidence for a high degree of isolation by distance among populations and low rates of recombination [46], a similar pattern to what has been observed in other southern Appalachian endemic species [47,48,49].



Here, we address the following questions to better understand the microbiome of Cetradonia linearis individuals sampled throughout its range: (1) Which bacteria comprise the core microbiome of C. linearis? Alonso-Garcia et al. [37] recovered Proteobacteria and Acidobacteria as key components of the core microbiome of Cladonia stellaris, a more derived lineage of Cladoniaceae. We expect to find an overlap in the core microbiome of Cladonia stellaris and C. linearis due to their somewhat close phylogenetic relationship. (2) Do habitat, climate, or geographic distance influence bacterial community diversity and composition in C. linearis thalli? In other lichens, a variety of environmental factors, such as temperature and habitat, shape lichen microbiomes [37,38,39,40,41] and we aim to test if these factors significantly influence the microbiome of C. linearis, and (3) Do cyanobacteria comprise a major proportion of the bacterial communities? Cyanobacterial mats were often observed growing on and over C. linearis thalli. While the main photobiont is a green alga, we hypothesized that Cyanobacteria may be living inside of the lichen thalli, not only on the surface. To answer these questions, we conducted amplicon sequencing of the 16S rRNA region from 28 individuals of C. linearis collected throughout the range of the species. Sampling sites encompassed a diversity of habitat types, elevations, and all major mountain ranges in the study area.




2. Methods


2.1. Sampling, DNA Extractions, and Amplicon Sequencing


Samples were collected from throughout the range of Cetradonia linearis in August and September 2015 (Figure 2). Thirteen sampling sites were selected to capture habitat (boulders in streams vs. cliff faces) and climatic variation, along with a range of pairwise geographic distances among the sites. At each site, squamules from up to ten individuals were collected using sterilized forceps, and the samples were deposited directly into sterile 1.5 mL Eppendorf tubes. Samples were taken from healthy-looking individuals (green and dense) that were not overgrown by moss or cyanobacteria, covered with soil, or submerged in water. The species is easily identified in the field as there are no similar-looking species present in the region. Specimen identification was completed by the second author. The samples in the tubes were placed in a −40 °C freezer after being allowed to air dry for 24 h and maintained at this temperature except for one brief transport period between laboratories, during which the samples were kept on dry ice. These same exact individuals were used for a population genomic study, wherein 32 individuals were ultimately included in the study due to DNA extraction yields and funding limitations [46]. Twenty-eight of the thirty-two samples were further investigated in this study. The 28 individuals were selected based on the quantity of material availability. One or two squamules of each sample were removed from their original tubes, cleaned of external debris with sterile forceps, and vigorously sprayed clean with acetone, then moved into a fresh Eppendorf tube. The DNA was extracted using the PowerSoil DNA isolation kit according to the manufacturer’s protocols (MO BIO, Carlsbad, CA, USA). The V4 variable region of the 16S rRNA gene was amplified using the 515F/806R primer pair using the HotStarTaq Plus Master Mix Kit (Qiagen, Germantown, MD, USA). The thermal profile included an initial denaturation at 94 °C for 3 min, followed by 28 cycles of denaturation at 94 °C for 30 s, annealing at 53 °C for 40 s, and extension at 72 °C for 1 min, with a final extension at 72 °C for 5 min. Amplicons were pooled at equimolar concentrations and purified using Ampure XP beads. The purified PCR products were subsequently prepared for sequencing following the Illumina TruSeq DNA library preparation protocol. Sequencing was performed on the Illumina MiSeq platform at Molecular Research LP (Shallowater, TX, USA). Data are available for download from the National Center for Biotechnology Information BioProject PRJNA1076914.




2.2. Environmental Data


A suite of environmental variables was generated for each site. Whether the species was growing on a rock outcrop or on boulders in a stream was noted during collection. Slope and bioclimatic variable values were extracted from all 19 bioclimatic variables in the Worldclim dataset at 30-arc-second resolution in R using the raster package [50,51]. Variables were checked for collinearity using pairwise Spearman correlations among all variables. Slope and three bioclimatic variables—BIO8 (mean temperature of wettest quarter), BIO10 (mean temperature of warmest quarter), and BIO12 (annual precipitation)—were retained for downstream analyses (BIO8 vs. BIO10 rs = −0.24; BIO8 vs. BIO12 rs = −0.68; BIO10 vs. BIO 12 rs = 0.10; Supplementary Table S1). In addition to statistical robustness, we also considered the biological relevance of the climatic variables to both the mycobiont and microbiome. Temperature and moisture have well-documented impacts on the diversity of soil microbial communities [52,53,54,55]. The effects of temperature and humidity on lichen distribution have also been documented [56,57], which could relate to the individual effects of climate impacting photobiont distribution [58] or mycobiont distribution, which has not been extensively studied.




2.3. Microbiome Analyses in QIIME2


Read processing and community analyses were conducted in QIIME2 in the virtual box platform [59]. The reads were first demultiplexed, then denoising was conducted using DADA2 [60]. To complete the taxonomic classification, sklearn silva-138-99-515-806-nb-classifier was used [61]. Reads that mapped to mitochondria, chloroplast, Eukaryota, or were unassigned were removed from the dataset. A phylogenetic tree of the remaining reads was built using the mafft fasttree option, and the resulting rooted tree was used for alpha rarefaction with a sampling depth of 14,000. The rarefied taxa table was then used for downstream analyses.



The relationships between alpha diversity and geography and alpha diversity and environmental variables were evaluated using Spearman’s correlation and Kruskal-Wallis tests. Three measures of alpha diversity were calculated: Shannon diversity index, Pielou’s evenness, and Faith’s phylogenetic diversity. The correlations between the three climatic variables (BIO8, BIO10, and BIO12) and each of the diversity metrics were assessed. Kruskal-Wallis tests were used to evaluate differences in diversity based on habitat (cliff-dwelling vs. stream-dwelling), location, and mountain range.



To evaluate differences in beta diversity based on geography and environment we used PERMANOVA and Mantel tests. Four measures of beta diversity were calculated: Bray-Curtis dissimilarity, Jaccard, unweighted Unifrac, and weighted Unifrac. To test if the within-site and within-mountain range communities were significantly different from the among-site and mountain range diversity, a PERMANOVA of all four beta diversity measures was conducted. We used a variety of beta diversity metrics to determine if any significant results were robust to variation among those metrics. The same four measures were used to evaluate the difference in beta diversity between cliff-dwelling and stream-dwelling communities. Mantel tests were used to evaluate correlations between all four beta diversity measures and three climatic variables. Bray-Curtis dissimilarity values were also visualized in a principal coordinates analysis (PCoA) ordination using the Emperor plug-in.




2.4. Core Microbiome Characterization


The core microbiome was identified and visualized using the R Microbiome and Microbiome Utilities packages [62]. Here, the core microbiome was defined as an ASV present at any abundance in a minimum number of samples defined by the threshold and was used to visualize microbes shared across sites. Core bacterial ASVs were analyzed at three minimum prevalence thresholds: 50, 75, and 90 percent. For each prevalence threshold, a table of core taxa IDs and core abundances for each collection site was obtained. Core abundances were formatted according to the mountain range and assigned a value of 1–4 according to the quartile distribution for each prevalence threshold. ASVs were identified and formatted using microbiomeutilities::format_to_besthit(), a function that assigns all ASVs the best taxonomic rankings identified using the Silva classifier. Heatmaps were generated to visualize the relative abundance of bacterial orders at all three prevalence threshold levels. Sequences from the core ASVs identified at the 90% threshold level were extracted to conduct a BLAST search for more accurate identifications. Figures were formatted using Inkscape [63].





3. Results


Data cleaning and taxonomy assignment yielded a substantial dataset of 1,453,712 demultiplexed reads. The average number of reads per sample was 51,918. A total of 1,176,440 reads remained in the dataset after denoising was completed with DADA2, with an average of 42,016 reads per sample. Proteobacteria and Acidobacteria were the most abundant bacterial phyla recovered in all samples (Figure 3; 37.8% ± 10.3 and 25.9% ± 6.0, respectively). In some samples, Chloroflexi and/or Cyanobacteria were also abundant members of the communities (10.2% ± 7.2 and 3.5% ± 5.8, respectively). Within Proteobacteria, Alphaproteobacteria was by far the most frequently recovered (29.7% ± 8.4), and Rhizobiales and Acetobacteriales were the two most abundant orders (7.1% ± 4.4 and 17.7% ± 5.9, respectively). Within Acidobacteria, Acidobacteriae dominated (25.8% ± 6), and Acidobacteriales and Bryobacteriales were the two most abundant orders (14.4% ± 5.6 and 8.6% ± 5.2, respectively). Most reads ascribable to Chloroflexi belonged to Ktedonobacteria (9.9% ± 7.2%). Cyanobacteria comprised a major proportion of the bacterial communities in some individuals and were nearly absent from others (Figure 3 and Figure 4; 0.1–25.5% relative abundance). Cyanobacteria largely belonged to Cyanobacteriia in the Cyanobacteriales (2.7% ± 5.4).



3.1. Core Microbiome


Twenty-eight samples of Cetradonia linearis yielded a total of 4161 bacterial ASVs. At a 90% threshold level, 19 ASVs were identified as core (Figure 5). At the 50% and 75% threshold levels, 115 and 42 ASVs were identified as core, respectively (Supplementary Figures S1 and S2). ASVs from the families Acidobacteraceae and Acetobacteraceae as well as the phylum WPS-2 were the most prevalent ASVs identified at each threshold level (Figure 5; Supplementary Figures S1 and S2). Two Cyanobacterial ASVs, identified as Vampirivibrionia/Obscuribacterales and Cyanobacteriales/Chroococcidiopsaceae, were core constituents of the microbiome at the 50% threshold. No Cyanobacterial ASV was identified as core at the 75% and 90% threshold levels. Across thresholds, the proportion of the total microbiome that was comprised of ASVs identified as core varied among individual samples, but the patterns of relative core abundance were visible when samples were organized according to mountain range (Table 1). The majority of the samples from the Balsams and Roan Mountain ranges remained in the upper two quartiles at all three threshold levels, whereas the majority of samples from the Nantahala and Smokies ranges remained in the lower two quartiles (Table 1).



We conducted a BLAST search on the sequences of the core ASVs identified at the 90% threshold to look for more accurate identifications. The publications from which the top BLAST hit was derived were also noted in Supplementary Table S2 [64,65,66,67,68], [GenBank Accessions FJ625309.1, ON749377.1, ON749382.1, JX967334.1, LC076744.1, AY523615.1, KY876095.1]. Although many of the BLAST search results did not improve our taxonomic classifications, many of the top search results for each ASV were matched with relevant studies in arctic environments or of other lichens (Supplementary Table S2). One ASV, which was present at a low abundance of 0.006% in 50% of the samples, was not assigned to any taxonomic ranking using the silva classifier matched to the Alphaproteobacteria ASV from a study of the microbial community of Cladonia arbuscula, with a percent identity of 98.96%.




3.2. Factors Influencing Diversity and Community Composition


Habitat, climate, and geographic distance influenced bacterial community diversity and composition. Bacterial communities showed significant geographic structure among both sites and mountain ranges (PERMANOVA, p-value = 0.001, mountain range PERMANOVA, p-value = 0.004; Table 2). Bacterial communities in cliff-dwelling individuals were significantly more diverse than those in streams (Kruskal-Wallis, p-value = 0.049; Figure 6A; Table 3). Further, based on Bray-Curtis dissimilarities, individuals within each habitat category were significantly less dissimilar to each other than to the other category (PERMANOVA, p-value = 0.001; Figure 6B, Table 2). There was a positive correlation between the difference in mean temperature of the warmest quarter and all beta diversity metrics (Mantel test, r = 0.214218, p-value = 0.001; Table 4). There were no significant correlations between alpha diversity and other climatic variables (Table 5).





4. Discussion


The stability and efficiency of a symbiotic relationship is driven by co-evolutionary forces that enable both host and symbiont to adapt to changing conditions rapidly and effectively [69]. Recent developments in our understanding of how microbial symbiosis impacts host health and fitness have caused us to update management practices to integrate a meta-organismal approach to conservation [2]. This is especially prudent in the face of increasing extinction threats, as there are many groups of symbiotic organisms that are currently facing extinction [70]. Previous studies of lichen-associated microbial communities have supported both the predominance of environmental influence and host specificity [34,37,38,39,40,41]. In this study, we aimed to better understand the diversity of microbial communities in the endangered rock gnome lichen Cetradonia linearis. Building upon previous studies of more derived lineages in Cladoniaceae, we prioritized examining the co-evolutionary relationships between microbial symbionts and lichens. We also discussed the role of the microbiome in conservation, with an emphasis on how that applies to lichens. The results of this study supported both significant environmental impacts as well as evidence of bacterial host specificity in the family Cladoniaceae.



4.1. Dominant Groups in the Microbiome of Cetradonia linearis Are Consistent with Previous Reports in the Family Cladoniaceae


In previous studies, several groups of bacteria have been identified as prominent microbial symbionts in a diverse array of lichen species. Bates et al. (2011) [32] sequenced 16 samples of four lichen species across three families and found that the microbiomes of these lichens were all dominated by Alphaproteobacteria. This is consistent with the data from Cetradonia linearis, which was also dominated by Alphaproteobacteria (Figure 3). Unique to C. linearis was a high abundance of the phylum Acidobacteria, ranging from 20% to 30% or greater of the microbiome of any given sample; for comparison, none of the selected species from Bates et al. (2011) [32] exceeded 20% relative abundance of Acidobacteria. Other data from the squamulose cup-bearing lichens in the family Cladoniaceae continue this trend, as Acidobacteria is consistently identified as the second most abundant bacterial phylum present in the microbiome of the thallus [32,71,72]. The observed pattern of diversity in specific groups of bacteria within Cladoniaceae supports a certain degree of host specificity for bacterial symbionts in this family. Studies of other lichen families may reveal distinctive patterns of bacterial constituent diversity across broad taxonomic groups.



We found that some of the core ASVs in Cetradonia linearis were shared among other members of Cladoniaceae. Because C. linearis is the earliest diverging lineage in the family, Ref. [44] shared ASVs suggest a long-term stable association with specific bacteria. After identifying the core set of microbes with a 90% threshold, DNA sequences of corresponding ASVs were searched against the whole NCBI nucleotide database using rBLAST (Supplementary Table S2). Several of the ASVs returned matches with lichen-related sequencing efforts, and a few returned studies on Cladonia sp. specifically. One of the core identified ASVs matched an Alphaproteobacterium identified in a study of Cladonia arbuscula [73]. A large proportion of the remaining ASVs closely matched sequences from microbial consortia in arctic and boreal environments, which are the centers of diversity for Cladoniaceae ([63,64,65], GenBank Accession JX967334.1). Host specificity of lichen-associated microbial symbionts is generally understood through phylum-level diversity, but this result calls for further investigation into fine, detailed analyses of the specific microbes associated with particular lichen species.



Comparing the microbiome of C. linearis with another Cladoniaceae species of a different morphotype revealed some similarities but also significant differences. Alonso-García and Villarreal A. (2022) [37] sequenced the microbiomes of C. stellaris, which are the Cladina morphotype, in northern and southern boreal forests of Eastern North America. Similar to C. linearis, Proteobacteria was a dominant phylum present in all of the samples. Acidobacteria also comprised a substantial proportion of the microbial reads. Unlike C. linearis, the core microbiome of C. stellaris, when analyzed with a 50% threshold, was composed of two major families: the Beijerinckiaceae and the Acetobacteraceae. The core microbiome of C. linearis contained reads from both of these families, as well as a diverse array of bacteria in other families; no one bacterial family dominated the core microbiome (Figure 5). Despite these marked differences, the microbial communities of C. stellaris and C. linearis are both geographically structured and dominated by Proteobacteria. The two species occupy different habitat types, which likely contributes to the diverging microbiome composition. Further studies into the two distinct groups in the family Cladoniaceae may provide insight into the effects that morphological differences have on community structure and function and vice versa.



Cyanobacteria were observed growing on the exterior of some individuals in the field. While the growth of algae that may or may not be a photosynthetic symbiont on the surface of lichens is a phenomenon that occurs frequently, it is unclear if or when the external diversity penetrates into the thallus of the lichen. In this case, despite selecting samples that were not overgrown by Cyanobacteria and performing a thorough cleaning step prior to DNA extraction and sequencing, they did comprise a substantial portion of the core microbiome (Figure 5; Supplementary Figure S1). These data suggest that the exterior-dwelling Cyanobacteria may be able to enter the interior of the lichen, and it remains to be determined if this could serve as a mode of additional symbiont acquisition. Microscopic investigations are required to confirm the presence of Cyanobacteria in internal portions of the thallus, as they could instead be associated with the thallus cortices. To our knowledge, no other studies have documented this level of excessive growth of a potential photobiont on the exterior of a lichen thallus and linked it to potential internal occurrence. Further field and microscopy studies are needed to characterize the occurrence and frequency of such an event.




4.2. Both Mycobiont and Bacterial Communities Are Geographically Structured


Our analyses revealed geographical structure to the bacterial communities of C. linearis across sample sites and mountain ranges (Table 2). Relative abundances of the major groups of bacteria in the microbiome differed across sample sites to varying degrees, and sampling sites within the same mountain range showed similarity in relative abundances (Figure 3). This result is reflective of a previous study on the genomic diversity of C. linearis populations, which revealed low rates of recombination and strong geographic structure resulting from populations that are isolated by distance [46]. Sites from this study that were identified to have the highest proportion of shared genetic diversity, the Roan Highlands and Balsam Mountain ranges, were both placed in the highest quartile in terms of the proportion of core microbiome constituents in these samples, suggesting a shared microbial community structure (Table 1). While other studies have demonstrated geographic structure in lichen microbiomes and lichens separately [37,41], the connections between the genomic structure of the host and the structure of the microbiome have not been extensively studied. Previous studies have, however, demonstrated that the microbiome can be co-dispersed via lichen propagules, which could be one explanation for recovering significant geographic structure among the communities [36]. Whether the genetic diversity of C. linearis influences microbial diversity or if this is simply an effect of the isolated populations is unclear. In other studies on endangered organisms with isolated populations, impacts on the microbial diversity of physiologically important biofilms have been observed [8,74,75], but it was assumed that these effects are due to habitat degradation, dietary restrictions, human interferences associated with conservation management, and other stress factors. More in-depth studies on the population-level genetic diversity of the host and symbionts are needed in order to explain the connections between host genetic diversity and microbiome diversity.




4.3. Environmental Factors Significantly Impact the Bacterial Microbiome


We demonstrated habitat specificity in the microbial communities of C. linearis in terms of both diversity and community composition (Table 2 and Table 3; Figure 6B). Across the two habitats that C. linearis occupies, cliff faces and boulders in streams, differing environmental conditions, such as relative humidity, substrate type, and sun/wind exposure, could have caused the observed impacts on microbial communities. Studies on soil and cryptoendolithic biota have identified temperature, UV exposure, and substrate type as significant factors impacting the diversity and structure of bacterial communities [76,77,78]. In lichens, environmental influences on the bacteriome have been investigated across environmental gradients and distinct habitat types [37,79]. Even on extremely fine scales, differences in sunlight and moisture exposure can affect microbial communities residing in different parts of a single thallus, as identified by Noh et al. (2020) [71] in Cladonia squamosa. Although the data collected here are insufficient to identify which specific factors of each habitat contributed to the observed effects on the microbial communities of C. linearis, our results provide support for the general trend of environmental factors significantly impacting the bacteriome of lichens.



We found that the mean temperature of the warmest quarter, which varied among the sites, significantly influenced the beta diversity of C. linearis (Table 4). The samples in this study were collected during the warmest quarter of the year. Temporal shifts of the bacterial communities in lichens are not well studied, but in symbiotic corals, this relationship has been extensively researched [80,81,82]. Corals are susceptible to high oceanic temperatures driven by climate change, resulting in the breakdown of the symbiosis and, ultimately, coral death [83]. Studies on coral microbiomes revealed that the bacteriome plays roles in immune defense and heat tolerance, with direct impacts on host health and adaptability [84,85]. Functional gene analysis and metagenomic studies have revealed that the lichen microbiome has a potentially significant role in thallus maintenance and adaptability, with genes involved in nitrogen fixation, potassium metabolism, vitamin production, pathogen antagonism, and others being attributable to specific bacterial taxa [86,87,88,89,90]. In lichens, further investigation is needed to understand the environmental and temporal impacts on microbial communities and, from there, the potential for the bacteriome to facilitate host adaptations in a globally changing environment. In addition, the previously identified functional roles that microbes play in the lichen symbiosis increase the need for in-depth understanding of the importance of the microbiome and microbial diversity to conservation in this group. Further investigation of the relationship between host genetic diversity and microbiome diversity is needed to fully understand the potential implications that lichen-associated microbes have in the conservation of rare and endangered species.





5. Conclusions


Here we provide a holobiont perspective in support of the conservation of Cetradonia linearis based on the community composition of bacterial communities within thalli. Previous analysis of the C. linearis genome revealed geographically structured populations with strong isolation by distance [46]. This evidence has supported the continued conservation of this species, as the loss of any populations will result in a large loss of unique genetic diversity for the whole species. The microbial data in this study are congruent with the findings of Allen et al. (2018) [46], as we observed that different populations had differentiated microbiome structures, and the diversity was variable among the populations. In endangered and threatened species, genetic homogeneity in a population can reduce the capacity for adaptation to environmental change, increasing the risk of extinction for the group [91]. In multi-species associations, the consequences of genetic homogenization can be buffered by microbial diversity [92,93,94]. In multiple systems, microbiomes have been observed to have an important role in promoting fitness adaptations to the host [12,19,20,81,82], and microbiome dysbiosis has documented negative effects [95,96,97]. Thus, maintenance of both microbiome diversity and dominant symbiont genetic diversity is essential to supporting the long-term survival of species. In C. linearis, due to the congruence in forces shaping mycobiont genetic diversity and microbiome diversity, we suggest that conservation actions that maintain all known populations will likely mutually support all partners in the symbiosis.
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Figure 1. Cetradonia linearis overall habit showing the squamules comprising the main body of the lichen (green and white), sexual reproductive structures called apothecia (Ap), and asexual reproductive structures called pycnidia (Py). The scale bar in the bottom right corner is 3 mm long. 
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Figure 2. Global distribution of Cetradonia linearis, showing sampled sites (white circles) and all known occurrences for the species (black circles). The majority of sites from which C. linearis has been documented are in North Carolina in the United States of America. 
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Figure 3. Relative abundances of bacterial phyla with >0.1% mean abundance per sample and samples organized according to mountain range. All lineages with <0.1% relative abundances were removed from the dataset. 
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Figure 4. Relative abundance of Cyanobacterial orders in sampled individuals. Abundances range from zero (dark purple) to 0.214 (bright yellow). 
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Figure 5. Prevalence of the core constituents of the microbiome of Cetradonia linearis, defined as any bacterial ASV that was present at any abundance in at least 90% of the samples. Taxonomic assignments were deduced according to the Silva classifier and are shown on the left. Prevalences ranged from 0.0 (blue) to 1.0 (red) and refers to the proportion of samples that contained an ASV at a given detection threshold, indicated by the X-axis. 
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Figure 6. Habitat strongly shapes bacterial diversity and community structure. (A) Bacterial communities in cliff-dwelling individuals were more diverse than those in streams (cliff n = 18, stream n = 10, Kruskal-Wallis, p-value = 0.049). (B) Bacterial communities in each habitat type were significantly different from each other (PERMANOVA, p-value = 0.001). 
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Table 1. Relative abundance of the core microbiome in each sample according to mountain range and quartile position. The core microbiome was defined as any ASV present at any abundance in at least 50, 75, or 90 percent of samples. Core microbiome and abundance in each sample were calculated using the R Microbiome package [62]. Cells in the table are colored by the quartile position of each sample. Green indicates the fourth quartile, light green indicates the third quartile, yellow indicates the second quartile, and red indicates the first quartile.
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Mountain Range

	
Sample Name

	
50 (%)

	
50 Quartile

	
75 (%)

	
75 Quartile

	
90 (%)

	
90 Quartile






	
Roan Highlands

	
ROAN.2

	
0.446

	
4

	
0.327

	
4

	
0.186

	
4




	
ROAN.1

	
0.369

	
3

	
0.251

	
3

	
0.152

	
3




	
Balsams

	
B224.1

	
0.483

	
4

	
0.353

	
4

	
0.261

	
4




	
LG.2

	
0.453

	
4

	
0.276

	
4

	
0.200

	
4




	
B224.2

	
0.448

	
4

	
0.3435

	
4

	
0.301

	
4




	
LG.3

	
0.345

	
3

	
0.239

	
3

	
0.115

	
3




	
LG.1

	
0.287

	
2

	
0.184

	
2

	
0.078

	
1




	
Blacks

	
MG.1

	
0.336

	
3

	
0.241

	
3

	
0.117

	
3




	
AC.1

	
0.327

	
2

	
0.271

	
4

	
0.172

	
4




	
MG.2

	
0.304

	
2

	
0.246

	
3

	
0.111

	
2




	
AC.2

	
0.158

	
1

	
0.086

	
1

	
0.041

	
1




	
Nantahalas

	
SI.2

	
0.519

	
4

	
0.406

	
4

	
0.247

	
4




	
PV.1

	
0.371

	
4

	
0.159

	
1

	
0.098

	
2




	
WS.2

	
0.351

	
3

	
0.238

	
3

	
0.127

	
3




	
T3

	
0.338

	
3

	
0.219

	
2

	
0.125

	
3




	
WS.1

	
0.326

	
2

	
0.2242

	
2

	
0.099

	
2




	
SI.1

	
0.319

	
2

	
0.233

	
3

	
0.106

	
2




	
PV.2

	
0.316

	
2

	
0.138

	
1

	
0.0873

	
2




	
PV.3

	
0.247

	
1

	
0.123

	
1

	
0.0715

	
1




	
T1

	
0.220

	
1

	
0.188

	
2

	
0.106

	
2




	
T2

	
0.148

	
1

	
0.105

	
1

	
0.0465

	
1




	
Smokies

	
SC2

	
0.532

	
4

	
0.353

	
4

	
0.227

	
4




	
FC1

	
0.356

	
3

	
0.214

	
2

	
0.111

	
2




	
RP2

	
0.25

	
2

	
0.160

	
2

	
0.120

	
3




	
CD.2

	
0.247

	
1

	
0.175

	
2

	
0.079

	
1




	
SC.1

	
0.203

	
1

	
0.119

	
1

	
0.066

	
1




	
FC2

	
0.159

	
1

	
0.113

	
1

	
0.060

	
1











 





Table 2. PERMANOVA results to investigate differences in beta diversity between stream and cliff habitats, among the sampling locations, and among different mountain ranges. The statistical tests were conducted in QIIME 2. Bolded values indicate significant results.
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	Category
	Beta Diversity Metric
	Pseudo F
	p-Value





	Habitat (stream vs. cliff)
	Bray-Curtis
	2.038
	0.001



	
	Jaccard
	1.534
	0.002



	
	Unweighted unifrac
	1.659
	0.006



	
	Weighted unifrac
	1.189
	0.267



	Location
	Bray-Curtis
	2.015
	0.001



	
	Jaccard
	1.581
	0.001



	
	Unweighted unifrac
	1.560
	0.001



	
	Weighted unifrac
	2.102
	0.001



	Mountain Range
	Bray-Curtis
	1.431
	0.004



	
	Jaccard
	1.288
	0.001



	
	Unweighted unifrac
	1.245
	0.006



	
	Weighted unifrac
	1.726
	0.023










 





Table 3. The results of the Kruskal-Wallis tests to investigate differences in alpha diversity between stream and cliff habitats, among the sampling locations, and among different mountain ranges. The statistical tests were conducted in QIIME 2. Bolded values indicate significant results.
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	Category
	Alpha Diversity Metric
	H
	p-Value





	Habitat (stream vs. cliff)
	Shannon
	1.014
	0.313996



	
	Evenness
	0.230
	0.63161



	
	Faith
	3.864
	0.049322



	Location
	Shannon
	11.874
	0.45582



	
	Evenness
	15.803
	0.20043



	
	Faith
	20.766
	0.053914



	Mountain Range
	Shannon
	2.993
	0.558939



	
	Evenness
	0.670
	0.951372



	
	Faith
	6.416
	0.17016










 





Table 4. Results of the Mantel tests investigating the correlation between multiple beta diversity metrics and climatic variables. The Mantel tests were conducted in QIIME 2, and environmental variables were retrieved from the WorldClim dataset [50,51]. Bolded values indicate significant results.
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	Variable
	Beta Diversity Metric
	Spearman Rho
	p-Value





	Bio8
	Bray-Curtis
	0.023
	0.751



	Mean temperature of the wettest quarter
	Jaccard
	0.030
	0.667



	
	Unweighted unifrac
	0.079
	0.269



	
	Weighted unifrac
	−0.062
	0.395



	Bio10
	Bray-Curtis
	0.214
	0.001



	Mean temperature of the warmest quarter
	Jaccard
	0.205
	0.004



	
	Unweighted unifrac
	0.138
	0.022



	
	Weighted unifrac
	0.267
	0.001



	Bio12
	Bray-Curtis
	−0.043
	0.463



	Annual precipitation
	Jaccard
	−0.0291
	0.637



	
	Unweighted unifrac
	−0.088
	0.115



	
	Weighted unifrac
	−0.113
	0.064










 





Table 5. Results of the Spearman correlation analyses investigating the relationship between three different alpha diversity metrics (Shannon diversity, evenness, and faith phylogenetic diversity) and multiple different environmental variables. Correlation analyses were conducted in QIIME 2, and environmental variables were retrieved from the WorldClim dataset [50,51].
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	Variable
	Alpha Diversity Metric
	Spearman Rho
	p-Value





	Bio8
	Shannon
	−0.049
	0.8061



	Mean temperature of the wettest quarter
	Evenness
	−0.046
	0.8158



	
	Faith
	−0.153
	0.4357



	Bio10
	Shannon
	−0.083
	0.6766



	Mean temperature of the warmest quarter
	Evenness
	0.233
	0.2326



	
	Faith
	−0.369
	0.0536



	Bio12
	Shannon
	0.070
	0.07213



	Annual precipitation
	Evenness
	−0.152
	0.4382



	
	Faith
	0.330
	0.0862
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