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Abstract

Evolutionary radiations are one of the most striking processes biologists have studied in
islands. A radiation is often sparked by the appearance of ecological opportunity, which can
originate in processes like trophic niche segregation or the evolution of key innovations.
Another recently proposed mechanism is facilitation mediated by the bacterial communities
associated with the radiating species. Here we explore the role of the bacterial communities
in a radiation of lichen-forming fungi endemic to Macaronesia. Bacterial diversity was quanti-
fied by high throughput sequencing of the V1-V2 hyper-variable region of 172 specimens.
We characterized the taxonomic and phylogenetic diversity of the bacterial communities
associated with the different species, tested for compositional differences between these
communities, carried out a functional prediction, explored the relative importance of different
factors in bacterial community structure, searched for phylosymbiosis and tried to identify
the origin of this pattern. The species of the radiation differed in the composition of their bac-
terial communities, which were mostly comprised of Alphaproteobacteria and Acidobacter-
iia, but not in the functionality of those communities. A phylosimbiotic pattern was detected,
but it was probably caused by environmental filtering. These findings are congruent with the
combined effect of secondary chemistry and mycobiont identity being the main driver of bac-
terial community structure. Altogether, our results suggest that the associated bacterial
communities are not the radiation’s main driver. There is one possible exception, however,
a species that has an abnormally diverse core microbiome and whose bacterial communi-
ties could be subject to a specific environmental filter at the functional level.

Introduction

Oceanic islands, those which have never been connected to continental landmasses, have
attracted the interest of naturalists and evolutionary biologists since the 19th century. Their
isolation and the smaller size of their biotas compared to continental landmasses make them
ideal natural laboratories for studying the origin and evolution of biodiversity [1,2]. One of the

PLOS ONE | https://doi.org/10.1371/journal.pone.0298599 March 18, 2024

1/24


https://orcid.org/0000-0001-9470-8904
https://orcid.org/0000-0002-5411-3698
https://doi.org/10.1371/journal.pone.0298599
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0298599&domain=pdf&date_stamp=2024-03-18
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0298599&domain=pdf&date_stamp=2024-03-18
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0298599&domain=pdf&date_stamp=2024-03-18
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0298599&domain=pdf&date_stamp=2024-03-18
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0298599&domain=pdf&date_stamp=2024-03-18
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0298599&domain=pdf&date_stamp=2024-03-18
https://doi.org/10.1371/journal.pone.0298599
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

Bacterial communities associated with an island radiation of lichen-forming fungi

16784]. The funders had no role in study design,
data collection and analysis, decision to publish, or
preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

most studied evolutionary phenomena on oceanic islands are evolutionary radiations, that is,
how a single colonization event diversifies by cladogenesis into a collection of species [3]. Radi-
ations can be divided in adaptive and non-adaptive [4-6]. In non-adaptive radiations, diversi-
fication is not accompanied by niche differentiation and gives rise to ecologically similar
allopatric species [4,6]. In contrast, adaptive radiations are those in which ecological speciation
drives diversification, producing ecologically different species, either allopatric or sympatric
[5]. In adaptive radiations species differ in traits which show clear correlations with the niche
they occupy [5,7]. Hence, when studying the adaptive nature of a radiation, it is essential to
explore the variability of functional traits in the species and their correlation with abiotic fac-
tors. Textbook examples of adaptive radiation have focused on flagship organisms such as the
silversword alliance of Hawaii, that have diversified colonizing a vast array of habitats includ-
ing rain forests, bogs and alpine regions [8]. Silversword species are varied in their physiology
and morphology (e.g. growth form, rates of transpiration, leaf shape, etc.), and these variations
are correlated with the habitats in which the species are found [9-11]. Putative radiations have
also been reported in less studied organisms [12-14], but their adaptive nature has rarely been
studied [15,16].

Although the study of adaptive radiations has usually focused on the morphological vari-
ability of traits presumably related to the performance of the species in a certain environment
[17,18], or on physiological traits that denote differences in the use of resources associated
with certain niches [19], Gillespie et al. [20] proposed that symbiotic interactions with
microbes could facilitate adaptive radiation. The rationale behind this hypothesis is that spe-
cific microbiomes may mobilize previously unobtainable nutrients and harness new forms of
energy (e. g. [21]), helping their hosts colonize an ecological space that may otherwise be
unsuitable for them. The role of these interactions on adaptive radiations could be particularly
relevant for lichens, a symbiosis between a fungus and different types of microorganisms (i.e.,
algae, cyanobacteria, other fungi, and various microbes). The bacterial communities of the
lichen thallus are implicated in numerous functions [22,23]: nutrient supply, including nitro-
gen fixation and production of aminoacids and vitamins [24-27], growth hormone production
[28] and resistance against abiotic factors [22], pathogens [29] and toxins [30].

Bacterial communities of closely related species are generally more similar than those of
more distantly related species [31], and can even recapitulate the phylogeny of their hosts.
Such pattern has been termed phylosymbiosis [32] and has been found in plants [33], spiders
[34] and primates [35] but, to our knowledge, it has never been studied in lichen-forming
fungi. The mechanisms by which phylosymbiosis emerge are not clear [36,37], although two
agreed hypothesis are the vertical transmission of microbial communities [38,39] and environ-
mental filtering [36,40]. The role of associated microbiomes in adaptive radiations has been at
least partially explored in some of the best studied radiations, such as in the Darwin finches
[41-43], the Anolis lizards [44] or the African cichlid fishes [45], but so far its role in radiations
of lichen-forming fungi remains unexplored.

One of the most striking examples of radiation in lichen-forming fungi is the genus Rama-
lina in the islands of Macaronesia [46]. Ramalina has a subcosmopolitan distribution, but
most of its diversity occurs in five regions: East Africa [47], Baja California [48,49], The Andes
[50], Australasia [51,52] and Macaronesia [53-55]. Macaronesia is a biogeographical region
formed by a group of volcanic archipelagos in the North Atlantic; Azores, Madeira, Selvagens,
Canary Islands and Cape Verde, as well as by a swath of land in continental Africa known as
the Macaronesian Enclave [56]. Among the Macaronesian Rarmalina, two clades of saxicolous
species seem to have diversified in parallel, the R. bourgaeana and the R. decipiens groups
[46,53]. The taxonomy of the Ramalina decipiens group has been recently thoroughly studied
following an integrative approach [57]. Interestingly, most species are single-island endemics,

PLOS ONE | https://doi.org/10.1371/journal.pone.0298599 March 18, 2024 2/24


https://doi.org/10.1371/journal.pone.0298599

PLOS ONE

Bacterial communities associated with an island radiation of lichen-forming fungi

but two (R. decipiens and R. maderensis) are widespread. All are endemic to Macaronesia, with
the exception of R. maderensis, which has been reported from St Helena [58]. This solid taxo-
nomic background and the endemic character of the group makes it and excellent model sys-
tem to study evolutionary radiations in lichen-forming fungi on oceanic islands (e.g. [16]).

On the basis of the many functions that the associated bacterial communities fulfil in the
lichen symbiosis and the fact that these communities can vary between species [23,59-61], we
hypothesize that microbiomes may have played an important role in lichen-forming fungi
radiations in oceanic islands. To test this hypothesis in the Ramalina decipiens group, we spe-
cifically address the following questions: (i) does the microbiome composition vary among the
species of the group? (ii) Are there differences in the functional capacities of the bacterial com-
munities associated with each species? (iii) Which factors drive microbiome diversity and
composition? (iv) Is there a phylosymbiotic pattern? And, if so, (v) is the phylosymbiosis the
result of vertical transmission or of environmental filtering?

Materials and methods

Sampling

We studied 172 specimens of the R. decipiens group representing the 15 species-level lineages
found by Blazquez et al. [57]. Seven of them correspond to previously known species (Krog
and Osthagen 1980a; Krog 1990), six to the species that will be described in Blazquez et al.
[57], here referred to as R. delicata nom. Prov., R. fortunatarum nom. Prov., R. gomerana nom.
Prov., R. papyracea nom. Prov., R. sabinosana nom. Prov., and R. sampaioana nom. Prov., and
two to undescribed lineages, which are here referred to as Ramalina sp. 1 and Ramalina sp. 2.
The specimens were collected in 48 localities of the seven main Canary Islands, the islands of
Sal and Sado Vicente of the Cape Verde archipelago and the islands of Madeira and Porto Santo
of the Madeira archipelago (S1 Table). The number of samples belonging to the different spe-
cies was proportional to their distribution ranges, with the widely distributed species (Rama-
lina maderensis and R. decipiens) having more samples than the rest. Also, due to conservation
concerns, we collected fewer thalli belonging to the micro-endemic species, as these only occur
in one or a few very close localities and their local abundance is not always high. Thalli were
collected using forceps that had been sterilized with ethanol. Samples were immediately placed
on sterile bags, dried and frozen at -20°C until DNA extraction. Specific permissions were not
required, since none of the species in the R. decipiens group are listed as protected species in
any official document. Specimen collection in natural protected areas was authorized by Secre-
taria Regional do Ambiente e Recursos Naturais of the Governo Regional da Madeira, Parque
Nacional de Garajonay, Cabildo Insular de El Hierro, Cabildo Insular de Tenerife, Cabildo
Insular de Gran Canaria and Cabildo Insular de Lanzarote.

DNA extraction, amplification and sequencing

Approximately 20 mg of lichen material were selected for DNA extraction under a Nikon
SMZ800 stereomicroscope with the help of razor blades and forceps. Tools were sterilized
between samples using ethanol. Entire laciniae were included in order to capture bacterial
diversity associated with different zones of the thalli [23]. Laciniae showing conspicuous bio-
films or those colonized by lichenicolous fungi were excluded. Samples were then placed into
Eppendorf tubes and stored at —80°C. Frozen samples were pulverized using TissueLyser II
(Qiagen) with two crystal beads prior to DNA isolation. Genomic DNA was extracted using
the PowerSoil DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA, United States), follow-
ing the instructions of the manufacturer. The V1-V2 hyper-variable region of the bacterial 16S
rRNA was used as barcode to prospect bacterial diversity. We used universal primers 27F and
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338R [62,63] for amplification. PCR reactions were carried out in a total volume of 15 pl, con-
taining 3 pl of template DNA, 1 pl of each primer (10 pM), 7 pl of ACCUZYME™ DNA Poly-
merase Mix, 2x (Bioline, Sydney, Australia) and 3 pl of distilled water. PCR settings consisted
in an initial denaturation at 95°C for 5 min; 30 cycles of 94°C for 1 min, 54°C for 1 min and
72°C for 1 min; with a final extension at 72°C for 7 min. PCR products were checked in 1%
agarose gels stained with SYBR™ Safe DNA Gel Stain (Thermo Fisher Scientific) and quantified
using the Qubit dsDNA HS (High Sensitivity) Assay Kit (Thermo Fisher Scientific). Then they
were pooled in equimolar concentrations and sequenced on a single MiSeq run (Illumina,
USA) using v2 chemistry and 2 x 250-bp paired-end reads at the RTSF Genomics Core at
Michigan State University (East Lansing, Michigan).

Sequence processing

Raw sequences were processed using DADA?2 [64] in R 4.1.1 [65] using the parameters
described in Callahan et al. [66]. In short, DADA2 takes a set of demultiplexed paired-end
fastq files, filters the sequences based on their quality and length and assembles them into
amplicon sequence variants (ASVs) taking sequencing errors into account. We removed chi-
meric ASVs and assigned taxonomy to the remaining ones with the functions assignTaxonomy
and addSpecies of DADA?2 using the SILVA 132 database [67] as reference. We generated rare-
faction curves using the rarecurve function of the vegan R package [68]. All sequences obtained
in this study are available in the SRA (NCBI) under BioProject PRINA973550. We obtained
8,442,731 raw reads (min = 953, mean = 46,937 and max = 70,066), of which 1,976,254 passed
DADA?2 quality filter (min = 101, mean = 11,228 and max = 39,279) and clustered into 3,920
ASVs. After removing ASVs corresponding to chloroplasts and mitochondria, those that were
not identified as Bacteria in the SILVA database, and those present in less than 1% of the sam-
ples 1,798,461 reads belonging to 586 ASVs remained. Rarefaction curves indicated that a
sequencing depth of 2,000 reads was enough to capture the bacterial communities of the thalli
(S1 Fig). 33 samples belonging to seven species (R. decipiens, R. erosa, R. fortunatarum, R.
hamulosa, R. maderensis, R. nematodes and R. sabinosana) were removed because their
sequencing depth was below this threshold. An additional sample (M134) was also dropped
because it harboured an abnormally large number of ASVs. Thus, the filtered dataset included
138 samples belonging to the 15 species of the group.

Alignment and phylogenetic relationships

We aligned the remaining ASVs using SINA [69] and removed the hypervariable regions in
Gblocks [70,71] selecting settings for the least stringent selection available (ran on a webserver:
http://molevol.cmima.csic.es/castresana/Gblocks_server.html). In order to mitigate the uncer-
tainty derived of using short sequences for phylogenetic inference we constrained the tree
topology at the phylum and class levels to reflect ASV taxonomy, based on the SILVA database.
The phylogenetic analysis was carried out in BEAST 1.8.1 [72,73]. We used a lognormal uncor-
related relaxed clock and the substitution model GTR+I+G. The Tree Prior “Speciation: Birth-
Death” was selected. A randomly generated tree was used as the starting point. The analysis
was set to run for 2 x 10°® generations sampling every 20,000 steps. The phylogenetic tree was
time calibrated using secondary calibration, implemented with normal priors to calibrate the
nodes. We established seven calibration points at the phylum level and two at the class level
based on the crown ages reported by Marin et al. [74] for the origin of Acidobacteria (2,750
Mya), Actinobacteria (1,400 Mya), Alphaproteobacteria (1,850 Mya), Bacteroidetes (1,500
Mya), Cyanobacteria (2,100 Mya), Firmicutes (2,400 Mya), Fusobacteria (2,500 Mya), Gamma-
proteobacteria (1,700 Mya) and Planctomycetes (1,650 Mya). The sampled population of trees
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was processed with TreeAnnotator v.1.8.1 (http://beast.bio.ed.ac.uk/treecannotator) with a 50%
burnin to generate an annotated maximum clade credibility tree. The post-burnin population
of 5,000 trees was kept to take phylogenetic uncertainty into account in downstream analyses.
The BEAST analysis was performed in the Trueno cluster facility of the SGAI-CSIC.

Microbiome characterization

We combined the ASV table, the taxonomy and the phylogenetic tree of the ASVs in a single
phyloseq [75] object. Taxonomic profiles of the bacterial community of each sample were pro-
duced at the class level using the functions transform, aggregate_rare and plot_composition on
the raw phyloseq object in the microbiome R package (http://microbiome.github.io). ASVs
forming the strict (i. e. ASVs appearing in all the samples of a given species, [76]) and relaxed
(i. e. ASVs appearing in at least half the samples of a given species) core microbiomes of the
species were assessed using the core function of the microbiome R package for those species
represented by at least four samples. For visualization we produced a heatmap with the func-
tion plot_heatmap of the phyloseq R package. Alpha-diversity metrics, more specifically ASV
richness, inverse Simpson diversity, Shannon diversity, Pielou’s Evenness, Faith’s phylogenetic
diversity (PD, [77]) and the standardized effect size of PD (sesPD) were calculated using the
function alpha of the microbiome R package and pd and ses.pd of the picante R package [78].
sesPD was calculated with the null model "taxa.labels" and 9,999 permutations. Richness, PD
and sesPD were calculated from a rarefied phyloseq object that was generated using the func-
tion rarefy_even_depth of the phyloseq R package. Inverse Simpson diversity, Shannon diver-
sity and Pielou’s Evenness were calculated from a phyloseq object in which we transformed the
raw ASV abundance into relative abundance using the function phyloseq_standardize_otu_a-
bundance of the metagMisc R package [79] with the method "total". To take phylogenetic
uncertainty into account, PD and sesPD were calculated for 100 randomly selected trees of the
post-burnin population. To test the statistical significance of the observed differences we com-
puted an ANOVA followed by a post-hoc Nemenyi’s non-parametric all-pairs comparison test
for each of the indices using the functions aov of the stats R package [65] and kwAllPairsNeme-
nyiTest of the PMCMRplus R package [80], respectively. In order to explore if the composition
of the bacterial communities was different across the Ramalina species a non-metric multidi-
mensional scaling (NMDS) ordination based on the Bray-Curtis distance was computed using
the functions transform_sample_counts and ordinate of the phyloseq R package. The same
approach was used to explore compositional differences in the ASVs forming the relaxed core
microbiomes of the Ramalina species represented by at least four samples. The statistical sig-
nificance of the observed differences was tested by analyses of similarities (ANOSIM, [81])
using the anosim function of the vegan R package with 9,999 permutations. Additionally, we
used PERMDISP [82], implemented in the function betadisper of vegan, to determine if the
dispersion of the whole bacterial communities and the ASV's forming the relaxed core micro-
biomes differed across species. The phyloseq object with ASV relative abundance was used to
compute the NMDS, ANOSIM and PERMDISP.

Functional prediction

To explore the functionality of the bacterial communities associated with the different species
of the group, we used a functional prediction implemented in PICRUST?2 [83]. Briefly,
PICRUST?2 places ASVs into a reference genomic tree of 20,000 bacterial and archaeal species
[84] and uses this information to predict the ASVs genomes. The functional prediction is
derived from the gene-family copy numbers assigned to each ASV. To summarize the
PICRUST?2 output, first, we identified the metabolic pathways in which the species differed
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significantly. This was done by ANOVA in Statistical Analysis of Metagenomic Profiles
(STAMP, [85]). Only the species that were represented by more than two specimens were used
in this step. The remaining species were dropped from the following analysis. The values of
these pathways for every specimen were then standardized and included in a principal compo-
nent analysis (PCA), which was computed using the prcomp function in the stats R package
[65]. The coordinates of the specimens in the first two principal components were extracted
and used as synthetic trait values. Finally, these two synthetic values were used to explore inter-
specific differences in bacterial functionality. This was done by ANOVA, which was computed
using the aov function of the stats R package.

Factors driving microbiome community structure

The relative importance of different factors over the structure of the bacterial communities
was explored by distance-based redundancy analysis (dbRDA, [86]). We calculated an abun-
dance-weighed phylogenetic UniFrac distance-based dissimilarity matrix [87] in the phyloseq
R package. We used a phyloseq object with ASV relative abundances, calculated using the
function phyloseq_standardize_otu_abundance of the metagMisc R package, to compute the
dissimilarity matrix using the function UniFrac of the phyloseq R package. The dissimilarity
matrix was used as the response matrix for the dbRDA. We used four explanatory matrices: 1)
the first matrix corresponded to the islands where the samples were collected, 2) the second
consisted in the Ramalina species to which they belonged, 3) the third corresponded to the
main lichen substance present in the thalli (salazinic acid, lecanoric acid, protocetraric acid,
divaricatic acid or 4-O-demetilbarbatic acid) and 4) the fourth included macroclimate infor-
mation based on five variables downloaded from WorldClim [88]: precipitation (mm), average
temperature (°C), wind speed (m s, solar radiation (k] m™ day’l) and water vapour pressure
(kPa). As in previous studies [16], we used these variables instead of the commonly used bio-
clim variables because those are solely based on temperature and rainfall and do not include
information on other factors that are important to lichens, such as solar radiation or water
vapour pressure. We downloaded all layers of each variable (one for every month of the year)
at a resolution of 30 seconds (~1 km?). Then, they were merged into year averages using the
calc function of the raster R package [89]. Variable values for each sample were calculated
based on their geographic coordinates using the function extract from the raster R package.
Prior to the calculation of the dbRDA we checked for correlation between the macroclimatic
variables. For this, we calculated a Spearman correlation matrix that was used to produce a
correlation hierarchical cluster plot with the absolute correlation values. Precipitation and
water vapour pressure were dropped as they were correlated with solar radiation and average
temperature, respectively. Lastly, we checked the normality of the remaining variables by visual
inspection of their histograms. Histograms were generated with the hist function of the stats R
package [65]. Solar radiation was not normal and was log-transformed. dbRDA was calculated
with the dbrda function of the vegan R package. Variance partitioning between the four
explanatory matrices was calculated using adjusted R. Statistical significance of the adjusted
R® was assessed for each fraction with a permutation based anova test with 2000 permutations.
This was done using the functions varpart and anova.cca of the vegan R package. Significance
of the dbRDA as a whole was also assessed with a permutation based anova test with 2000 per-
mutations, this time with the function anova. The whole analysis was repeated using the phylo-
seq object containing the relative abundances of the ASV's belonging to the relaxed core
microbiomes of the nine Ramalina species represented by at least four samples. Venn dia-
grams were plotted to visualize variance partitioning.
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Assessing phylosymbiosis

We used the Procrustean approach to co-phylogeny (PACo, [90]) to explore if there was a phy-
losymbiotic pattern between the Ramalina species and their microbiomes. PACo was origi-
nally conceived to detect co-evolution patterns in host-parasite studies. Here, the bacterial
communities are treated as the parasites and are compared with the phylogeny of the R. deci-
piens group produced by Blazquez et al. [57]. The Ramalina phylogeny was transformed into a
distance matrix using the cophenetic function of the stats R package [65]. We used an abun-
dance-weighed phylogenetic UniFrac distance-based dissimilarity matrix, calculated as in pre-
vious sections from a phyloseq object with the relative abundance of the ASVs, as the
microbiome distance matrix. PACo was ran on these matrices using the functions prepare_pa-
co_data, PACo and paco_links of the paco R package [91]. Statistical significance of the analysis
was calculated with 10,000 permutations. To take phylogenetic uncertainty into account, both
for the Ramalina species and their microbiomes, PACo analysis was replicated 100 times with
randomly selected trees from the post-burning tree populations of the Ramalina species and
the bacterial ASVs. The correlation coefficient r was calculated as r = (1-ss).

To further explore the cause of the phylosymbiosis between the Ramalina phylogeny and
their bacterial communities we carried out beta diversity through time analysis (BDTT, [92]).
BDTT samples the bacterial phylogeny at user defined time intervals and provides a correla-
tion profile between the diversification of the bacterial taxa and a user defined variable for
each time interval. This methodology was developed to try to differentiate between several pro-
cesses that could generate congruence between the phylogeny of a host and its associated bac-
terial communities—co-evolution of both partners or phylogenetically correlated
environmental filters. A BDTT profile showing high correlation coefficients at recent times
and low correlation further back in evolutionary time is indicative of recent bacterial diversifi-
cation being responsible for the congruence between the variable and the bacterial communi-
ties. Alternatively, BDTT profiles showing high correlation back in time indicate that ancient
bacterial lineages are driving the observed correlation. It is important to note that the BDTT
profiles expand far beyond the diversification of the Ramalina decipiens group itself (around 3
Mya, [46]). Hence, BDTT can be used to discern if the putative correlation between the bacte-
rial phylogeny and the Ramalina species is explained by more ancient or more recent bacterial
evolution. The former would point to environmental filtering, while the later to co-evolution.
We calculated BDTT as described in Groussin et al. [92]. Briefly, we sliced the bacterial phy-
logeny in units of 10 Mya and computed BDTT using a phyloseq object with the relative abun-
dance of the ASVs, which we obtained with the function phyloseq_standardize_otu_abundance
of the metagMisc R package. This was done using the R function BDTT provided in the BDTT
original paper [92] using the Bray-Curtis distance. Then, we calculated the correlation between
BDTT and three explanatory variables (mycobiont identity, island and chemistry) through
PERMANOVA. This was done using the adonis function of the vegan R package.

Results
Microbiome characterization

The 586 ASVs belonged to 20 classes (Fig 1), the most common being Alphaproteobacteria
(71.57% of the reads) and Acidobacteriia (23.35%). 20 ASV's belonging to four classes were
found to be part of the strict core microbiome of the nine species represented by at least four
samples. Only 4 of these (ASV3, ASV7, ASV8 and ASV11) were part of the core microbiome
of more than one species. The median number of ASVs in the strict core microbiomes was 1.
The two widespread species, Ramalina decipiens and R. maderensis, did not have strict core
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Fig 1. Taxonomic profiles at class level of the bacterial communities found in the Ramalina decipiens group species. A) Mean relative abundance
of the bacterial classes across all samples of each species adjoining an ultrametric phylogenetic tree depicting the relationships between them (modified
from Blazquez et al. [57]). The number of samples of each species is depicted alongside its name. B) Relative abundance of the bacterial classes in
individual thalli, grouped by species.

https://doi.org/10.1371/journal.pone.0298599.9001
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microbiomes. On the other hand, Ramalina sampaioana nom. Prov. had a strict core micro-
biome comprised by 13 ASVs, some of them belonging to families not present in the strict
core microbiomes of the other species, specifically Beijerinckiaceae, Caulobacteraceae and
Isosphaeraceae. 58 ASV's belonging to five classes were found to be part of the relaxed core
microbiome of the nine species (Fig 2). No ASV belonged to the core microbiome of all spe-
cies. All core microbiomes were mostly comprised by ASVs belonging to the families Aceto-
bacteraceae (Proteobacteria), Acidobacteriaceae (subgroup 1, Acidobacteria) and
Propionibacteriaceae (Actinobacteria). The median number of ASVs in the relaxed core
microbiome of the species was 9. The least diverse was that of Ramalina maderensis, with
just four ASVs. On the other hand, Ramalina sampaioana nom. Prov. harboured a relaxed
core microbiome comprised by 43 ASVs, many of them belonging to genera not present in
the core microbiomes of the other species. These were Terriglobus (Acidobacteriaceae sub-
group 1) and unidentified genera belonging to the families Acidobacteriaceae subgroup 1
(Acidobacteria), Caulobacteraceae (Proteobacteria), Beijerinckiaceae (Proteobacteria) and
Rickettsiaceae (Proteobacteria).

We found differences in alpha diversity between the bacterial communities of the Ramalina
species (Fig 3, Table 1). The post-hoc tests (S2 Table) revealed that this had its origin in differ-
ences between Ramalina sampaioana nom. Prov. and/or R. maderensis and other species.
Despite ANOVA showing statistically significant differences between species phylogenetic
diversity, the post-hoc tests did not find supported differences between them. The NMDS ordi-
nation plots (Fig 4) showed differences in the structure of bacterial communities associated to
each Ramalina species. This pattern is somewhat obscured by the high intraspecific variability
of Ramalina maderensis and R. decipiens, the two species of the group with the largest distribu-
tion ranges. The pattern was observed analysing the whole bacterial communities (Fig 4a) as
well as the relaxed core microbiomes (Fig 4b). The existence of differences in community com-
position between species was statistically confirmed by ANOSIM results, both for the whole
bacterial community (R = 0.245, p < 0.001) and for the ASV's forming the relaxed core micro-
biomes (R = 0.262, p < 0.001). Differences in bacterial community dispersion between Rarma-
lina species were statistically confirmed by PERMDISP in the whole communities (F = 7.652,
p < 0.001), and in the relaxed core microbiomes (F = 4.633, p < 0.001).

Functional prediction

PICRUST?2 identified 342 metabolic pathways in the bacterial communities associated with
the R. decipiens group species (S3 Table). Of these, 185 differed significantly between Rama-
lina species. The first two principal components of the PCA computed with these pathways
explained 51.55% and 11.77% of the total variance, respectively. All species overlapped in
the two principal components (S2 Fig) although, interestingly, R. sampaioana nom. Prov.
showed less dispersion than the other species. However, ANOVA did not find statistically
significant differences in the overall functionality of the bacterial communities, neither in
the first (F = 1.385, p = 0.109) nor in the second (F = 1.844, p = 0.075) principal
components.

Factors driving microbiome community structure

The dbRDA analysis (Fig 5a) explained 33% of variance, showing that the main driver of bacte-
rial community structure was the combined effect of chemistry and mycobiont species
(F=1.895 with a p = 0.001). Considering the possibility that this pattern was an artefact caused
by the chemical variability of R. maderensis, which shows four different chemotypes and is the
most represented species in the study, we repeated the analysis excluding Ramalina maderensis
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Fig 2. Heatmap depicting the taxonomy and abundance of the bacterial ASVs that comprised the relaxed core microbiome (i. e. ASVs appearing in at least half
the samples) of the nine Ramalina species represented by more than four samples. ASVs belonging to the core microbiome of each species are highlighted in

yellow.

https://doi.org/10.1371/journal.pone.0298599.9002

and the pattern remained (data not shown). The dbRDA conducted over the standardized
phyloseq object containing the ASVs forming the relaxed core microbiome of the species rep-
resented by at least four samples returned a F = 2.920 with a p = 0.001. Its constrained axes
explained 38% of the variance in ASV communities. The variance partitioning pattern was dif-
ferent to the one in the former case (Fig 5b). There was not a single driver of bacterial commu-
nity composition, as the most important effects where those of the combination of two or even
three variables. The combined effect of chemistry and mycobiont identity remains, but its
importance is surpassed by that of other variables.
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Fig 3. Boxplots representing the six alpha-diversity metrics (ASV richness, inverse Simpson diversity, Shannon diversity, Pielou’s Evenness, PD and sesPD) for
each Ramalina species. Species occurring in one, two or three archipelagos are shown in green, yellow and orange, respectively.

https://doi.org/10.1371/journal.pone.0298599.9003

Assessing phylosymbiosis

PACo analysis detected a significant correlation between the phylogenetic distances between
Ramalina thalli and their microbiome communities (r = 0.66 + 0.10, p = 0.020 £ 0.019; values
here reported are the means and standard deviations across the 100 replicates). Thus, a phylo-
symbiotic pattern does exist. BDTT profiles showed that ‘Mycobiont identity’ was the variable
that most strongly correlated with the beta diversity (Fig 6). Its correlation coefficient was
always above R” = 0.20, and increased steadily to the present, raising above R = 0.30 around

Table 1. ANOVA results for the alpha diversity indices.

F p
ASV richness 2.968 <0.001***
Pielou’s evenness 3.349 <0.001***
Inverse Simpson diversity 3.539 <0.001***
Shannon diversity 2.787 0.0012**
PD 2.021 0.0212*
sesPD 6.101 <0.001***
*P < 0.05,
**P < 0.01,
***P < 0.001.

https://doi.org/10.1371/journal.pone.0298599.t001
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Fig 4. NMDS ordination plots based on Bray-Curtis dissimilarity matrices for (a) the whole bacterial communities and (b) the ASVs belonging to the relaxed
core microbiome of the nine Ramalina species represented by at least four samples.

https://doi.org/10.1371/journal.pone.0298599.9g004

300 Mya. ‘Island’ was the second most correlated variable, but its profile was different to that
of ‘Mycobiont identity’. It kept almost constant R* values c. 0.18 until around 600 Mya, when
it spiked and almost reached R* = 0.30 at around 100 Mya. Afterwards it decreased until the
present. The BDTT profile for ‘Chemistry’ shows the overall lowest values of R*. It kept R* val-
ues c. 0.10 until around 100 Mya, when it spiked and reached R* = 0.15 at present dates.

Discussion

We explored the role of the associated bacterial communities in the radiation of the Ramalina
decipiens group. According to our knowledge, this is the first time that the associated bacterial
communities have been analysed within the evolutionary framework of an island radiation in
lichen-forming fungi. The microbiomes of the 15 species of the group were dominated by
Alphaproteobacteria and, to a lesser extent, by Acidobacteriia. Alphaproteobacteria is the
dominant bacterial class in many genera of lichen-forming fungi, such as Cladonia [93],
Lobaria [22], Parmelia [94], Peltigera [95], Rhizoplaca [94] or other Ramalina species [96]. The
fact that Acidobacteriia is the second most abundant bacterial class in the R. decipiens group is
in agreement with previous studies that found that the microbiomes of some saxicolous
lichens, such as Ophioparma [60] and Umbilicaria [97], were dominated by this class. Also,
some specimens of R. decipiens, R. maderensis, R. nematodes and R. pluviariae harboured a sig-
nificant proportion of Actinobacteria, that even became the dominant class in some of them.
A relatively high presence of Actinobacteria has also been reported in Peltigera frigida [95] and
the bacterial communities of the intertidal Hydropunctaria maura are dominated by this class
[98]. Actinobacteria are known for their antimicrobial activity [99,100], and some species iso-
lated from lichens are able to produce bioactive compounds (e.g. [29,101,102]), which suggest
that Actinobacteria may have a role in defence against pathogens or in the balance of bacterial
communities within the thallus [61].

We found highly reduced or even non-existent strict core microbiomes and reduced
relaxed core microbiomes associated with the species of the R. decipiens group. While some
lichens harbour a relatively stable core microbiome (e. g. Lobaria pulmonaria, [103]), others
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Fig 5. Venn diagrams showing variance partitioning between the combined and simple effects of the variables
included in the dbRDAs (chemistry, island, macroclimate and mycobiont identity) over bacterial community
structure in (a) the whole communities and (b) the ASVs belonging to the relaxed core microbiome of the nine
Ramalina species represented by at least four samples. The explained variation indicated are the adjusted R* values.
Values < 0 not shown. *P < 0.05, **P < 0.01, ***P < 0.001.

https://doi.org/10.1371/journal.pone.0298599.9005
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Fig 6. Beta diversity through time analysis. Profiles show the correlation between the pairwise Bray Curtis dissimilarities of the bacterial
communities determined by time slices every 10 Mya. Bold lines are the mean values across 100 randomly selected phylogenetic trees and
envelopes represent standard deviations.

https://doi.org/10.1371/journal.pone.0298599.g006

do not (e. g. Cladonia stellaris, [104]). These differences could be related with the predominant
reproductive strategy. Aschenbrenner et al. ([105]) discovered that the asexual propagules of
Lobaria pulmonaria host bacterial communities largely similar to those of whole thalli. They
argued that these bacteria acted as a ‘starter community’ in the development of the thallus
microbiome, which could be linked with the fact that distant Lobaria pulmonaria populations
share a core microbiome. The asexual propagules of Lobaria pulmonaria are isidia and/or sore-
dia, which contain both fungal and algal cells, whereas in most of the Ramalina decipiens
group species asexual reproduction is mediated by conidia, which are asexual spores of the
fungus. This difference in the type of asexual propagules, together with the fact that many of
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the species in the R. decipiens group reproduce sexually, could explain the fact that their core
microbiomes are formed by a rather low number of ASVs. This result would be congruent
with the fact that species in which the co-dispersion of both symbionts is predominant tend to
show higher levels of specialization towards their photobionts than sexually reproducing spe-
cies [106], although the environment may modulate the relationships [107]. The strict and
relaxed core microbiomes were comprised by ASVs belonging to the families Acetobacteraceae
(Endobacter, Acidiphilum and an unidentified genus) and Acidobacteriaceae subgroup 1 (Acid-
ipila and Bryocella). This could be related with the substrate on which the species of the R. deci-
piens group occur: acidic volcanic lavas. Bates et al. ([94]) found that Acetobacteraceae were
fairly dominant in species of Parmelia, Rhizoplaca and Umbilicaria collected from acidic
rocks. Acidobacteriaceae occur in all manner of acidic environments, from Sphagnum peat to
uranium-contaminated soils [108]. It would be valuable to carry out a further study to assess
the influence of substrate composition on the structure of the bacterial communities associated
with these species.

Regarding the functional prediction, we did not find significant differences in the variability
of the overall bacterial functionality associated with the R. decipiens group species, despite the
existence of differences in individual metabolic pathways. Such result could be due to the phe-
nomenon of functional redundancy, where communities have similar functional spaces
[109,110]. However, the case of R. sampaioana nom. Prov. is intriguing. This species harbours
the most diverse core community of the group, containing ASVs belonging to genera that are
not present in the core communities of the other species and, despite ANOVA did not find dif-
ferences between its microbiome functionality and those of the other species, R. sampaioana
shows a more reduced dispersion in the PCA. This would imply that the functional space of
the R. sampaioana microbiome is particularly homogeneous, perhaps being subject to a spe-
cific environmental filter at the functional level. However, since we predict overall metabolic
potential but not actual activity, we cannot rule out functional diversity that we have not been
able to quantify in our study, requiring to obtain metagenomic, proteomic, or metatranscrip-
tomic data (see [22]). It would also be interesting to characterize the functionality of the bacte-
rial communities of different zones of the thalli and to try to differentiate between ectolichenic
and endolichenic bacteria, as previous research showed that there were differences for both
variables in Ramalina farinacea [96].

We found differences in the composition of the bacterial communities associated with each
species of the group, as well as in all the alpha diversity indices. ‘Mycobiont species’ was the
only variable that had a simple effect on the structure of the bacterial communities and,
together with ‘secondary chemistry’, were the main drivers of community structure. Also,
‘island” and ‘macroclimate’ influenced the structure of the bacterial communities only through
their combined effect with chemistry and mycobiont species. Alonso-Garcia and Villarreal
Aguilar ([104]) found that geography was the key factor behind the structure of the bacterial
communities associated with Cladonia stellaris. Likewise, Cardinale et al. ([26]) found that the
diversity of Alphaproteobacteria associated with Lobaria pulmonaria was mainly explained by
geography, while the diversity of Burkholderia and the nitrogen fixers was explained by the
local habitat. The preponderant role of geography has also been reported by other authors
[60,111]. However, it is likely that the effect on community composition exerted by intraspe-
cific differences among populations of the same species cannot be compared with the effect
produced by different species.

A plethora of studies have shown unequivocally that the secondary metabolites produced
by plants affect the composition and function of their associated microbiomes [112-118]. We
have found that the combined effect of secondary chemistry and mycobiont species was the
most important driver of bacterial community structure in the R. decipiens group. These
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findings are in agreement with Grube and Berg [119], who argued that differences in chemis-
try between lichens, together with thallus structure, could create different ecological niches for
the associated microorganisms. To our knowledge, this is the first time that the relative impor-
tance of secondary chemistry in shaping the bacterial communities associated with lichen thalli
has been explicitly explored, in spite of the well-known role of certain secondary metabolites
as potential antibiotics [120,121]. Also, the species of the Ramalina decipiens group produce
compounds such as depsides and depsidones [53] that are known to have antimicrobial activ-
ity, like divaricatic acid [122], protocetraric acid [123] and salazinic acid [124], which further
points to secondary metabolites having an important role in shaping the associated
microbiomes.

We detected a phylosymbiotic pattern between the Ramalina phylogeny and the bacterial
communities associated with the thalli. However, the high correlation values in the beta diver-
sity through time profiles (around 100 Mya), well beyond the divergence time of the Ramalina
decipiens group (around 3 Mya, [46]), suggest that this pattern is due to divergence among
ancient lineages of bacteria, which points to phylogenetically structured environmental filter-
ing and does not support the co-evolution hypothesis. These findings are congruent with those
reported by Loo et al. ([42]) for the Darwin finches, which also showed phylosymbiosis and
BDTT profiles indicative of environmental filtering. They are also congruent with those found
by Perez-Lamarque et al. ([125]) for the Hawaiian Ariamnes spiders, who show a significant
phylosymbiosis with their microbiota that is most likely not caused by vertical transmission.
The relationship between microbiomes and host diversification has been explored in other
well-known examples of adaptive radiations, namely the Anolis lizards [44] and the African
and American cichlid fishes [126], although the existence of phylosymbiosis has not been
explicitly tested. In both cases the host phylogeny was related to the associated bacterial com-
munities, but weakly. Ren et al. ([44]) found substantial variability in the microbiomes associ-
ated with the different Anolis species and ecomorphs (i. e. species that occupy the same niche
and are similar in morphology and behaviour), but there were no significant differences in
alpha diversity among them. They did find subtle differences in beta diversity related to host
phylogeny, but not to the ecomorphs. The cichlid microbiomes were firstly influenced by
geography (continent and lake) and then by genetic and ecological distances between species
[126]. This could be related with the fact that all these are rather recent radiations. Host-micro-
biome co-diversification has been detected in older groups, like mammals [92] or sea turtles
[127].

Conclusions

We have found that the species of the Ramalina decipiens group differ in the composition of
their associated bacterial communities, that mycobiont identity is an important driver of the
bacterial community structure and that a phylosymbiotic pattern between the Ramalina spe-
cies and their microbiomes does exist. However, the main driver of bacterial community
structure is the combined effect of secondary chemistry and mycobiont identity, the phylo-
symbiotic pattern is most likely caused by phylogenetically structured environmental filter-
ing and the bacterial communities associated with the different species do not show overall
functional differences. Based on these findings we discard a prominent role of the bacterial
communities associated with the Ramalina decipiens group in its diversification within
Macaronesia, but they could have had a more relevant role in the origin of one species,
Ramalina sampaioana. This hypothesis should be properly tested from a multi-omics
perspective.

PLOS ONE | https://doi.org/10.1371/journal.pone.0298599 March 18, 2024 16/24


https://doi.org/10.1371/journal.pone.0298599

PLOS ONE

Bacterial communities associated with an island radiation of lichen-forming fungi

Supporting information

S1 Fig. Rarefaction curves.
(PDF)

$2 Fig. Overall functional diversity of the bacterial communities associated with the R. dec-
ipiens group species. Boxplots show the coordinates of the studied specimens in the (a) first
and (b) second principal components of the PCA computed from the 185 metabolic pathways
predicted by PICRUST?2 in which there where interspecific differences.

(PDF)

S1 Table. Metadata containing DNA isolate codes, species identification, specimen collec-
tor numbers, geographic origin, secondary chemistry and coordinates.
(XLSX)

S2 Table. Post-hoc Nemenyi’s non-parametric all-pairs comparison tests for each of the
alpha diversity indices.
(XLSX)

$3 Table. PICRUST2 metabolic pathways.
(XLSX)

Acknowledgments

We are grateful to two anonymous reviewers for their careful reading of our manuscript and
their insightful comments and suggestions. We thank Mar Villar-dePablo for her help with the
PICRUST?2 functional prediction and Emilio Cano for his help with technical issues in the lab-
oratory. Finally, we thank Yolanda Turégano, David Monjas, Lucia Selva Herndndez-Moreno,
Mar Villar-dePablo and Rubén Gonzalez-Miguéns for fruitful discussions.

Author Contributions

Conceptualization: Francisco Gasulla, Israel Pérez-Vargas, Sergio Pérez-Ortega.
Data curation: Miguel Blazquez.

Formal analysis: Miguel Blazquez, Rudiger Ortiz-Alvarez.

Funding acquisition: Sergio Pérez-Ortega.

Investigation: Miguel Blazquez.

Methodology: Miguel Blazquez, Riidiger Ortiz-Alvarez.

Project administration: Sergio Pérez-Ortega.

Resources: Israel Pérez-Vargas, Sergio Pérez-Ortega.

Supervision: Francisco Gasulla, Israel Pérez-Vargas, Sergio Pérez-Ortega.
Visualization: Miguel Blazquez.

Writing - original draft: Miguel Blazquez.

Writing - review & editing: Miguel Blazquez, Riidiger Ortiz-Alvarez, Francisco Gasulla, Israel
Pérez-Vargas, Sergio Pérez-Ortega.

PLOS ONE | https://doi.org/10.1371/journal.pone.0298599 March 18, 2024 17/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0298599.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0298599.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0298599.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0298599.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0298599.s005
https://doi.org/10.1371/journal.pone.0298599

PLOS ONE

Bacterial communities associated with an island radiation of lichen-forming fungi

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Whittaker RJ, Fernandez-Palacios JM. Island biogeography: ecology, evolution, and conservation.
OUP Oxford; 2007.

Warren BH, Simberloff D, Ricklefs RE et al. Islands as model systems in ecology and evolution: pros-
pects fifty years after MacArthur-Wilson. Ecology Letters 2015; 18:200—17. https://doi.org/10.1111/
ele.12398 PMID: 25560682

Gould SJ, Eldredge N. Punctuated equilibria: the tempo and mode of evolution reconsidered. Paleobi-
ology. 1977; 3: 115-151. https://doi.org/10.1017/S0094837300005224

Gittenberger E. What about non-adaptive radiation? Biological Journal of the Linnean Society. 1991;
43: 263-272. https://doi.org/10.1111/j.1095-8312.1991.tb00598.x

Schiuter D. The ecology of adaptive radiation. OUP Oxford; 2000.

Rundell RJ, Price TD. Adaptive radiation, nonadaptive radiation, ecological speciation and nonecologi-
cal speciation. Trends in Ecology & Evolution. 2009; 24: 394-399. https://doi.org/10.1016/j.tree.2009.
02.007 PMID: 19409647

Givnish TJ. Adaptive radiation versus ‘radiation’ and ‘explosive diversification’: why conceptual distinc-
tions are fundamental to understanding evolution. New Phytologist. 2015; 207: 297-303. https://doi.
org/10.1111/nph.13482 PMID: 26032979

Landis MJ, Freyman WA, Baldwin BG. Retracing the Hawaiian silversword radiation despite phyloge-
netic, biogeographic, and paleogeographic uncertainty. Evolution. 2018; 72: 2343—2359. https://doi.
org/10.1111/evo.13594 PMID: 30198108

Robichaux RH. Variation in the tissue water relations of two sympatric Hawaiian Dubautia species and
their natural hybrid. Oecologia. 1984; 65: 75-81. https://doi.org/10.1007/BF00384465 PMID:
28312112

Robichaux RH, Canfield JE. Tissue elastic properties of eight Hawaiian Dubautia species that differ in
habitat and diploid chromosome number. Oecologia. 1985; 66: 77—80. https://doi.org/10.1007/
BF00378555 PMID: 28310815

Carr GD, Robichaux RH, Witter MS, Khyos DW. Adaptive radiation in the Hawaiian silversword alli-
ance (Compositae: Madiinae): a comparison with Hawaiian picture-winged Drosophila. Genetics, spe-
ciation and the founder principle. Oxford: Oxford University Press; 1989. pp. 79-97.

Monaghan MT, Balke M, Pons J, Vogler AP. Beyond barcodes: complex DNA taxonomy of a South
Pacific Island radiation. Proceedings of the Royal Society B: Biological Sciences. 2006; 273: 887—-893.
https://doi.org/10.1098/rspb.2005.3391 PMID: 16618684

Parent CE, Crespi BJ. Ecological opportunity in adaptive radiation of Galapagos endemic land snails.
The American Naturalist. 2009; 174: 898-905. https://doi.org/10.1086/646604 PMID: 19848556

Simon A, Goffinet B, Magain N, Sérusiaux E. High diversity, high insular endemism and recent origin
in the lichen genus Sticta (lichenized Ascomycota, Peltigerales) in Madagascar and the Mascarenes.
Molecular Phylogenetics and Evolution. 2018; 122: 15-28. https://doi.org/10.1016/j.ympev.2018.01.
012 PMID: 29360617

Gaya E, Fernandez-Brime S, Vargas R, Lachlan RF, Gueidan C, Ramirez-Mejia M, et al. The adaptive
radiation of lichen-forming Teloschistaceae is associated with sunscreening pigments and a bark-to-
rock substrate shift. PNAS. 2015; 112: 11600-11605. https://doi.org/10.1073/pnas. 1507072112
PMID: 26324894

Blazquez M, Hernandez-Moreno LS, Gasulla F, Pérez-Vargas |, Pérez-Ortega S. The role of photo-
bionts as drivers of diversification in an island radiation of lichen-forming fungi. Frontiers in Microbiol-
ogy. 2022; 12: 4037. https://doi.org/10.3389/fmicb.2021.784182 PMID: 35046912

Pinto G, Mahler DL, Harmon LJ, Losos JB. Testing the island effect in adaptive radiation: rates and
patterns of morphological diversification in Caribbean and mainland Anolis lizards. Proceedings of the
Royal Society B: Biological Sciences. 2008; 275: 2749-2757. https://doi.org/10.1098/rspb.2008.0686
PMID: 18713721

Jonsson KA, Fabre P-H, Fritz SA, Etienne RS, Ricklefs RE, Jorgensen TB, et al. Ecological and evolu-
tionary determinants for the adaptive radiation of the Madagascan vangas. Proceedings of the
National Academy of Sciences. 2012; 109: 6620—-6625. https://doi.org/10.1073/pnas.1115835109
PMID: 22505736

Givnish TJ, Montgomery RA, Goldstein G. Adaptive radiation of photosynthetic physiology in the
Hawaiian lobeliads: light regimes, static light responses, and whole-plant compensation points. Ameri-
can Journal of Botany. 2004; 91: 228-246. https://doi.org/10.3732/ajb.91.2.228 PMID: 21653379

Gillespie RG, Bennett GM, De Meester L, Feder JL, Fleischer RC, Harmon LJ, et al. Comparing Adap-
tive radiations across space, time, and taxa. Journal of Heredity. 2020; 111: 1-20. https://doi.org/10.
1093/jhered/esz064 PMID: 31958131

PLOS ONE | https://doi.org/10.1371/journal.pone.0298599 March 18, 2024 18/24


https://doi.org/10.1111/ele.12398
https://doi.org/10.1111/ele.12398
http://www.ncbi.nlm.nih.gov/pubmed/25560682
https://doi.org/10.1017/S0094837300005224
https://doi.org/10.1111/j.1095-8312.1991.tb00598.x
https://doi.org/10.1016/j.tree.2009.02.007
https://doi.org/10.1016/j.tree.2009.02.007
http://www.ncbi.nlm.nih.gov/pubmed/19409647
https://doi.org/10.1111/nph.13482
https://doi.org/10.1111/nph.13482
http://www.ncbi.nlm.nih.gov/pubmed/26032979
https://doi.org/10.1111/evo.13594
https://doi.org/10.1111/evo.13594
http://www.ncbi.nlm.nih.gov/pubmed/30198108
https://doi.org/10.1007/BF00384465
http://www.ncbi.nlm.nih.gov/pubmed/28312112
https://doi.org/10.1007/BF00378555
https://doi.org/10.1007/BF00378555
http://www.ncbi.nlm.nih.gov/pubmed/28310815
https://doi.org/10.1098/rspb.2005.3391
http://www.ncbi.nlm.nih.gov/pubmed/16618684
https://doi.org/10.1086/646604
http://www.ncbi.nlm.nih.gov/pubmed/19848556
https://doi.org/10.1016/j.ympev.2018.01.012
https://doi.org/10.1016/j.ympev.2018.01.012
http://www.ncbi.nlm.nih.gov/pubmed/29360617
https://doi.org/10.1073/pnas.1507072112
http://www.ncbi.nlm.nih.gov/pubmed/26324894
https://doi.org/10.3389/fmicb.2021.784182
http://www.ncbi.nlm.nih.gov/pubmed/35046912
https://doi.org/10.1098/rspb.2008.0686
http://www.ncbi.nlm.nih.gov/pubmed/18713721
https://doi.org/10.1073/pnas.1115835109
http://www.ncbi.nlm.nih.gov/pubmed/22505736
https://doi.org/10.3732/ajb.91.2.228
http://www.ncbi.nlm.nih.gov/pubmed/21653379
https://doi.org/10.1093/jhered/esz064
https://doi.org/10.1093/jhered/esz064
http://www.ncbi.nlm.nih.gov/pubmed/31958131
https://doi.org/10.1371/journal.pone.0298599

PLOS ONE

Bacterial communities associated with an island radiation of lichen-forming fungi

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Douglas AE. The microbial dimension in insect nutritional ecology. Functional Ecology. 2009; 23: 38—
47. https://doi.org/10.1111/j.1365-2435.2008.01442.x

Grube M, Cernava T, Soh J, Fuchs S, Aschenbrenner |, Lassek C, et al. Exploring functional contexts
of symbiotic sustain within lichen-associated bacteria by comparative omics. ISME J. 2015; 9: 412—
424. https://doi.org/10.1038/ismej.2014.138 PMID: 25072413

Grimm M, Grube M, Schiefelbein U, Ziihlke D, Bernhardt J, Riedel K. The lichens’ microbiota, still a
mystery? Frontiers in Microbiology. 2021; 12: 714. https://doi.org/10.3389/fmicb.2021.623839 PMID:
33859626

Croft MT, Lawrence AD, Raux-Deery E, Warren MJ, Smith AG. Algae acquire vitamin B12 through a
symbiotic relationship with bacteria. Nature. 2005; 438: 90-93. https://doi.org/10.1038/nature04056
PMID: 16267554

Ellis CJ, Crittenden PD, Scrimgeour CM, Ashcroft CJ. Translocation of 15N indicates nitrogen recy-
cling in the mat-forming lichen Cladonia portentosa. New Phytologist. 2005; 168: 423—434. https://doi.
org/10.1111/j.1469-8137.2005.01524.x PMID: 16219081

Cardinale M, Grube M, Castro JV Jr, Miller H, Berg G. Bacterial taxa associated with the lung lichen
Lobaria pulmonaria are differentially shaped by geography and habitat. FEMS Microbiology Letters.
2012; 329: 111-115. hitps://doi.org/10.1111/].1574-6968.2012.02508.x PMID: 22268428

Almendras K, Garcia J, Caru M, Orlando J. Nitrogen-fixing bacteria associated with Peltigera cyanoli-
chens and Cladonia chlorolichens. Molecules. 2018; 23: 3077. https://doi.org/10.3390/
molecules23123077 PMID: 30477264

Grube M, Cardinale M, de Castro JV, Milller H, Berg G. Species-specific structural and functional
diversity of bacterial communities in lichen symbioses. ISME J. 2009; 3: 1105—1115. https://doi.org/10.
1038/ismej.2009.63 PMID: 19554038

Cernava T, Miller H, Aschenbrenner IA, Grube M, Berg G. Analyzing the antagonistic potential of the
lichen microbiome against pathogens by bridging metagenomic with culture studies. Frontiers in Micro-
biology. 2015; 6: 620. https://doi.org/10.3389/fmicb.2015.00620 PMID: 26157431

Cernava T, Vasfiu Q, Erlacher A, Aschenbrenner IA, Francesconi K, Grube M, et al. Adaptions of
lichen microbiota functioning under persistent exposure to arsenic contamination. Frontiers in Microbi-
ology. 2018; 9: 2959. https://doi.org/10.3389/fmicb.2018.02959 PMID: 30555453

Hacquard S, Garrido-Oter R, Gonzalez A, Spaepen S, Ackermann G, Lebeis S, et al. Microbiota and
host nutrition across plant and animal kingdoms. Cell Host & Microbe. 2015; 17: 603—616. https://doi.
org/10.1016/j.chom.2015.04.009 PMID: 25974302

Lim SJ, Bordenstein SR. An introduction to phylosymbiosis. Proceedings of the Royal Society B:
Biological Sciences. 2020; 287: 20192900. https://doi.org/10.1098/rspb.2019.2900 PMID:
32126958

Yeoh YK, Dennis PG, Paungfoo-Lonhienne C, Weber L, Brackin R, Ragan MA, et al. Evolutionary con-
servation of a core root microbiome across plant phyla along a tropical soil chronosequence. Nat Com-
mun. 2017; 8: 215. https://doi.org/10.1038/s41467-017-00262-8 PMID: 28790312

Armstrong EE, Perez-Lamarque B, Bi K, Chen C, Becking LE, Lim JY, et al. A holobiont view of island
biogeography: Unravelling patterns driving the nascent diversification of a Hawaiian spider and its
microbial associates. Molecular Ecology. 2022; 31: 1299-1316. https://doi.org/10.1111/mec.16301
PMID: 34861071

Amato KR, Sanders JG., Song SJ, Nute M, Metcalf JL, Thompson LR, et al. Evolutionary trends in
host physiology outweigh dietary niche in structuring primate gut microbiomes. ISME J. 2019; 13:
576-587. https://doi.org/10.1038/s41396-018-0175-0 PMID: 29995839

Moran NA, Sloan DB. The hologenome concept: Helpful or hollow? PLOS Biology. 2015; 13:
€1002311. https://doi.org/10.1371/journal.pbio.1002311 PMID: 26636661

Kohl KD. Ecological and evolutionary mechanisms underlying patterns of phylosymbiosis in host-asso-
ciated microbial communities. Philosophical Transactions of the Royal Society B: Biological Sciences.
2020; 375: 20190251. https://doi.org/10.1098/rstb.2019.0251 PMID: 32200746

Ochman H, Worobey M, Kuo C-H, Ndjango J-BN, Peeters M, Hahn BH, et al. Evolutionary relation-
ships of wild hominids recapitulated by gut microbial communities. PLOS Biology. 2010; 8: e1000546.
https://doi.org/10.1371/journal.pbio.1000546 PMID: 21103409

Moeller AH, Suzuki TA, Phifer-Rixey M, Nachman MW. Transmission modes of the mammalian gut
microbiota. Science. 2018; 362: 453—-457. https://doi.org/10.1126/science.aat7164 PMID:
30361372

Mazel F, Davis KM, Loudon A, Kwong WK, Groussin M, Parfrey LW. Is host filtering the main dDriver
of phylosymbiosis across the tree of life? mSystems. 2018; 3: e00097—18. https://doi.org/10.1128/
mSystems.00097-18 PMID: 30417109

PLOS ONE | https://doi.org/10.1371/journal.pone.0298599 March 18, 2024 19/24


https://doi.org/10.1111/j.1365-2435.2008.01442.x
https://doi.org/10.1038/ismej.2014.138
http://www.ncbi.nlm.nih.gov/pubmed/25072413
https://doi.org/10.3389/fmicb.2021.623839
http://www.ncbi.nlm.nih.gov/pubmed/33859626
https://doi.org/10.1038/nature04056
http://www.ncbi.nlm.nih.gov/pubmed/16267554
https://doi.org/10.1111/j.1469-8137.2005.01524.x
https://doi.org/10.1111/j.1469-8137.2005.01524.x
http://www.ncbi.nlm.nih.gov/pubmed/16219081
https://doi.org/10.1111/j.1574-6968.2012.02508.x
http://www.ncbi.nlm.nih.gov/pubmed/22268428
https://doi.org/10.3390/molecules23123077
https://doi.org/10.3390/molecules23123077
http://www.ncbi.nlm.nih.gov/pubmed/30477264
https://doi.org/10.1038/ismej.2009.63
https://doi.org/10.1038/ismej.2009.63
http://www.ncbi.nlm.nih.gov/pubmed/19554038
https://doi.org/10.3389/fmicb.2015.00620
http://www.ncbi.nlm.nih.gov/pubmed/26157431
https://doi.org/10.3389/fmicb.2018.02959
http://www.ncbi.nlm.nih.gov/pubmed/30555453
https://doi.org/10.1016/j.chom.2015.04.009
https://doi.org/10.1016/j.chom.2015.04.009
http://www.ncbi.nlm.nih.gov/pubmed/25974302
https://doi.org/10.1098/rspb.2019.2900
http://www.ncbi.nlm.nih.gov/pubmed/32126958
https://doi.org/10.1038/s41467-017-00262-8
http://www.ncbi.nlm.nih.gov/pubmed/28790312
https://doi.org/10.1111/mec.16301
http://www.ncbi.nlm.nih.gov/pubmed/34861071
https://doi.org/10.1038/s41396-018-0175-0
http://www.ncbi.nlm.nih.gov/pubmed/29995839
https://doi.org/10.1371/journal.pbio.1002311
http://www.ncbi.nlm.nih.gov/pubmed/26636661
https://doi.org/10.1098/rstb.2019.0251
http://www.ncbi.nlm.nih.gov/pubmed/32200746
https://doi.org/10.1371/journal.pbio.1000546
http://www.ncbi.nlm.nih.gov/pubmed/21103409
https://doi.org/10.1126/science.aat7164
http://www.ncbi.nlm.nih.gov/pubmed/30361372
https://doi.org/10.1128/mSystems.00097-18
https://doi.org/10.1128/mSystems.00097-18
http://www.ncbi.nlm.nih.gov/pubmed/30417109
https://doi.org/10.1371/journal.pone.0298599

PLOS ONE

Bacterial communities associated with an island radiation of lichen-forming fungi

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Michel AJ, Ward LM, Goffredi SK, Dawson KS, Baldassarre DT, Brenner A, et al. The gut of the finch:
uniqueness of the gut microbiome of the Galapagos vampire finch. Microbiome. 2018; 6: 167. https://
doi.org/10.1186/s40168-018-0555-8 PMID: 30231937

Loo WT, Dudaniec RY, Kleindorfer S, Cavanaugh CM. An inter-island comparison of Darwin’s finches
reveals the impact of habitat, host phylogeny, and island on the gut microbiome. PLOS ONE. 2019;
14: e0226432. https://doi.org/10.1371/journal.pone.0226432 PMID: 31834908

Loo WT, Garcia-Loor J, Dudaniec RY, Kleindorfer S, Cavanaugh CM. Host phylogeny, diet, and habi-
tat differentiate the gut microbiomes of Darwin’s finches on Santa Cruz Island. Sci Rep. 2019; 9:
18781. https://doi.org/10.1038/s41598-019-54869-6 PMID: 31827126

Ren T, Kahrl AF, Wu M, Cox RM. Does adaptive radiation of a host lineage promote ecological diver-
sity of its bacterial communities? A test using gut microbiota of Anolis lizards. Molecular Ecology.
2016; 25: 4793-4804. https://doi.org/10.1111/mec.13796 PMID: 27497270

Baldo L, Pretus JL, Riera JL, Musilova Z, Bitja Nyom AR, Salzburger W. Convergence of gut microbio-
tas in the adaptive radiations of African cichlid fishes. ISME J. 2017; 11: 1975-1987. https://doi.org/10.
1038/ismej.2017.62 PMID: 28509910

Spjut R, Simon A, Guissard M, Magain N, Sérusiaux E. The fruticose genera in the Ramalinaceae
(Ascomycota, Lecanoromycetes): their diversity and evolutionary history. MycoKeys. 2020; 73: 1-68.
https://doi.org/10.3897/mycokeys.73.47287 PMID: 32994702

Krog H, Swinscow TDV. The genus Ramalina in East Africa. Norwegian Journal of Botany. 1976; 23:
153-175.

Bowler P, Rundel PW. Ramalina bajacalifornica, a new species of lichen from Baja California. The Bry-
ologist. 1972; 75: 365-368.

Bowler P, Rundel PW. Two new lichens (Ramalina) from Baja California, Mexico. The Bryologist.
1973; 76: 211-213.

Marcano V, Méndez AM, Pri EP. The genus Ramalina Acharius (Ascomycota, Lecanoromycetes,
Ramalinaceae) in northern South America. Phytotaxa. 2021; 504: 1-77-1-77. https://doi.org/10.
11646/phytotaxa.504.1.1

Stevens GN. The lichen genus Ramalina in Australia. Bulletin of the British Museum (Natural History)
Botany. 1987; 16(2): 107-223.

Blanchon DJ, Braggins JE, Stewart A. The lichen genus Ramalina in New Zealand. The Journal of the
Hattori Botanical Laboratory. 1996; 79: 43-98.

Krog H, @sthagen H. The genus Ramalina in the Canary Islands. Norwegian Journal of Botany. 1980;
27:255-296.

Krog H, @sthagen H. Two new Ramalina species from Porto Santo, the Madeira Islands. Norwegian
Journal of Botany. 1980; 27: 185—188.

Krog H. New Ramalina species from Porto Santo, Madeira. The Lichenologist. 1990; 22: 241-247.
https://doi.org/10.1017/S0024282990000263

Fernandez-Palacios JM, de Nascimento L, Otto R, Delgado JD, Garcia-del-Rey E, Arévalo JR, et al. A
reconstruction of Palaeo-Macaronesia, with particular reference to the long-term biogeography of the
Atlantic island laurel forests. Journal of Biogeography. 2011; 38: 226—246. https://doi.org/10.1111/j.
1365-2699.2010.02427.x

Blazquez M., Pérez-Vargas |., Garrido-Benavent |., Villar-dePablo M., Turégano Y., Frias-Lopez C.,
et al. Endless forms most frustrating: disentangling species boundaries in the Ramalina decipiens
group (Lecanoromycetes, Ascomycota), with the description of six new species and a key to the
group. Persoonia-Molecular Phylogeny and Evolution of Fungi. In press.

Aptroot A. Lichens of St Helena and Ascension Island. Botanical Journal of the Linnean Society. 2008;
158: 147-171.

Biosca EG, Flores R, Santander RD, Diez-Gil JL, Barreno E. Innovative approaches using lichen
enriched media to improve isolation and culturability of lichen associated bacteria. PLOS ONE. 2016;
11: e0160328. https://doi.org/10.1371/journal.pone.0160328 PMID: 27494030

Hodkinson BP, Gottel NR, Schadt CW, Lutzoni F. Photoautotrophic symbiont and geography are
major factors affecting highly structured and diverse bacterial communities in the lichen microbiome.
Environmental Microbiology. 2012; 14: 147—-161. https://doi.org/10.1111/j.1462-2920.2011.02560.x
PMID: 21906220

Sierra MA, Danko DC, Sandoval TA, Pishchany G, Moncada B, Kolter R, et al. The microbiomes of
seven lichen genera reveal host specificity, a reduced core community and ootential as source of anti-
microbials. Frontiers in Microbiology. 2020; 11. Available: https://www.frontiersin.org/article/10.3389/
fmicb.2020.00398.

PLOS ONE | https://doi.org/10.1371/journal.pone.0298599 March 18, 2024 20/24


https://doi.org/10.1186/s40168-018-0555-8
https://doi.org/10.1186/s40168-018-0555-8
http://www.ncbi.nlm.nih.gov/pubmed/30231937
https://doi.org/10.1371/journal.pone.0226432
http://www.ncbi.nlm.nih.gov/pubmed/31834908
https://doi.org/10.1038/s41598-019-54869-6
http://www.ncbi.nlm.nih.gov/pubmed/31827126
https://doi.org/10.1111/mec.13796
http://www.ncbi.nlm.nih.gov/pubmed/27497270
https://doi.org/10.1038/ismej.2017.62
https://doi.org/10.1038/ismej.2017.62
http://www.ncbi.nlm.nih.gov/pubmed/28509910
https://doi.org/10.3897/mycokeys.73.47287
http://www.ncbi.nlm.nih.gov/pubmed/32994702
https://doi.org/10.11646/phytotaxa.504.1.1
https://doi.org/10.11646/phytotaxa.504.1.1
https://doi.org/10.1017/S0024282990000263
https://doi.org/10.1111/j.1365-2699.2010.02427.x
https://doi.org/10.1111/j.1365-2699.2010.02427.x
https://doi.org/10.1371/journal.pone.0160328
http://www.ncbi.nlm.nih.gov/pubmed/27494030
https://doi.org/10.1111/j.1462-2920.2011.02560.x
http://www.ncbi.nlm.nih.gov/pubmed/21906220
https://www.frontiersin.org/article/10.3389/fmicb.2020.00398
https://www.frontiersin.org/article/10.3389/fmicb.2020.00398
https://doi.org/10.1371/journal.pone.0298599

PLOS ONE

Bacterial communities associated with an island radiation of lichen-forming fungi

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Lane DJ. 16S/23S rRNA sequencing. Nucleic acid techniques in bacterial systematics. 1991; 115—
175.

Fierer N, Hamady M, Lauber CL, Knight R. The influence of sex, handedness, and washing on the
diversity of hand surface bacteria. PNAS. 2008; 105: 17994—17999. https://doi.org/10.1073/pnas.
0807920105 PMID: 19004758

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. DADA2: high-resolution
sample inference from lllumina amplicon data. Nature Methods. 2016; 13: 581-583. https://doi.org/10.
1038/nmeth.3869 PMID: 27214047

R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing Vienna, Austria. 2022.

Callahan BJ, Sankaran K, Fukuyama JA, McMurdie PJ, Holmes SP. Bioconductor workflow for micro-
biome data analysis: from raw reads to community analyses. F1000Research. 2016; 5. https://doi.org/
10.12688/f1000research.8986.2 PMID: 27508062

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA ribosomal RNA gene
database project: improved data processing and web-based tools. Nucleic Acids Research. 2013; 41:
D590-D596. https://doi.org/10.1093/nar/gks 1219 PMID: 23193283

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin P, O'Hara R, et al. Vegan: Community ecology
package. R package version 2.0-2. 2012.

Pruesse E, Peplies J, Glockner FO. SINA: Accurate high-throughput multiple sequence alignment of
ribosomal RNA genes. Bioinformatics. 2012; 28: 1823—-1829. https://doi.org/10.1093/bioinformatics/
bts252 PMID: 22556368

Castresana J. Selection of conserved blocks from multiple alignments for their use in phylogenetic
analysis. Molecular Biology and Evolution. 2000; 17: 540-552. https://doi.org/10.1093/oxfordjournals.
molbev.a026334 PMID: 10742046

Talavera G, Castresana J. Improvement of phylogenies after removing divergent and ambiguously
aligned blocks from protein sequence alignments. Systematic Biology. 2007; 56: 564—577. https://doi.
org/10.1080/10635150701472164 PMID: 17654362

Suchard MA, Rambaut A. Many-core algorithms for statistical phylogenetics. Bioinformatics. 2009; 25:
1370-1376. https://doi.org/10.1093/bioinformatics/btp244 PMID: 19369496

Drummond AJ, Suchard MA, Xie D, Rambaut A. Bayesian phylogenetics with BEAUti and the BEAST
1.7. Molecular Biology and Evolution. 2012; 29: 1969—-1973. https://doi.org/10.1093/molbev/mss075
PMID: 22367748

Marin J, Battistuzzi FU, Brown AC, Hedges SB. The timetree of Prokaryotes: New insights into their
evolution and speciation. Molecular Biology and Evolution. 2017; 34: 437—446. https://doi.org/10.
1093/molbev/msw245 PMID: 27965376

McMurdie PJ, Holmes S. phyloseq: An R package for reproducible interactive analysis and graphics of
microbiome census data. PLOS ONE. 2013; 8: €61217. https://doi.org/10.1371/journal.pone.0061217
PMID: 23630581

Risely A. Applying the core microbiome to understand host—microbe systems. Journal of Animal Ecol-
ogy. 2020; 89: 1549-1558. https://doi.org/10.1111/1365-2656.13229 PMID: 32248522

Faith DP. Conservation evaluation and phylogenetic diversity. Biological Conservation. 1992; 61: 1—
10. https://doi.org/10.1016/0006-3207(92)91201-3

Kembel SW, Cowan PD, Helmus MR, Cornwell WK, Morlon H, Ackerly DD, et al. Picante: R tools for
integrating phylogenies and ecology. Bioinformatics. 2010; 26: 1463—1464. https://doi.org/10.1093/
bioinformatics/btq166 PMID: 20395285

Mikryukov V. metagMisc: miscellaneous functions for metagenomic analysis. 2019.

Pohlert T. PMCMRplus: calculate pairwise multiple comparisons of mean rank sums extended. R
package version 1.4. 0. 2018.

Clarke KR. Non-parametric multivariate analyses of changes in community structure. Australian Jour-
nal of Ecology. 1993; 18: 117—143. hitps://doi.org/10.1111/j.1442-9993.1993.tb00438.x

Anderson MJ. Distance-based tests for homogeneity of multivariate dispersions. Biometrics. 2006; 62:
245-253. https://doi.org/10.1111/j.1541-0420.2005.00440.x PMID: 16542252

Douglas GM, Maffei VJ, Zaneveld JR, Yurgel SN, Brown JR, Taylor CM, et al. PICRUSt2 for prediction
of metagenome functions. Nat Biotechnol. 2020; 38: 685—688. https://doi.org/10.1038/s41587-020-
0548-6 PMID: 32483366

Markowitz VM, Chen I-MA, Palaniappan K, Chu K, Szeto E, Grechkin Y, et al. IMG: the integrated
microbial genomes database and comparative analysis system. Nucleic Acids Research. 2012; 40:
D115-D122. https://doi.org/10.1093/nar/gkr1044 PMID: 22194640

PLOS ONE | https://doi.org/10.1371/journal.pone.0298599 March 18, 2024 21/24


https://doi.org/10.1073/pnas.0807920105
https://doi.org/10.1073/pnas.0807920105
http://www.ncbi.nlm.nih.gov/pubmed/19004758
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
http://www.ncbi.nlm.nih.gov/pubmed/27214047
https://doi.org/10.12688/f1000research.8986.2
https://doi.org/10.12688/f1000research.8986.2
http://www.ncbi.nlm.nih.gov/pubmed/27508062
https://doi.org/10.1093/nar/gks1219
http://www.ncbi.nlm.nih.gov/pubmed/23193283
https://doi.org/10.1093/bioinformatics/bts252
https://doi.org/10.1093/bioinformatics/bts252
http://www.ncbi.nlm.nih.gov/pubmed/22556368
https://doi.org/10.1093/oxfordjournals.molbev.a026334
https://doi.org/10.1093/oxfordjournals.molbev.a026334
http://www.ncbi.nlm.nih.gov/pubmed/10742046
https://doi.org/10.1080/10635150701472164
https://doi.org/10.1080/10635150701472164
http://www.ncbi.nlm.nih.gov/pubmed/17654362
https://doi.org/10.1093/bioinformatics/btp244
http://www.ncbi.nlm.nih.gov/pubmed/19369496
https://doi.org/10.1093/molbev/mss075
http://www.ncbi.nlm.nih.gov/pubmed/22367748
https://doi.org/10.1093/molbev/msw245
https://doi.org/10.1093/molbev/msw245
http://www.ncbi.nlm.nih.gov/pubmed/27965376
https://doi.org/10.1371/journal.pone.0061217
http://www.ncbi.nlm.nih.gov/pubmed/23630581
https://doi.org/10.1111/1365-2656.13229
http://www.ncbi.nlm.nih.gov/pubmed/32248522
https://doi.org/10.1016/0006-3207%2892%2991201-3
https://doi.org/10.1093/bioinformatics/btq166
https://doi.org/10.1093/bioinformatics/btq166
http://www.ncbi.nlm.nih.gov/pubmed/20395285
https://doi.org/10.1111/j.1442-9993.1993.tb00438.x
https://doi.org/10.1111/j.1541-0420.2005.00440.x
http://www.ncbi.nlm.nih.gov/pubmed/16542252
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1038/s41587-020-0548-6
http://www.ncbi.nlm.nih.gov/pubmed/32483366
https://doi.org/10.1093/nar/gkr1044
http://www.ncbi.nlm.nih.gov/pubmed/22194640
https://doi.org/10.1371/journal.pone.0298599

PLOS ONE

Bacterial communities associated with an island radiation of lichen-forming fungi

85.

86.

87.

88.

89.

90.

91.

92,

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Parks DH, Tyson GW, Hugenholtz P, Beiko RG. STAMP: statistical analysis of taxonomic and func-
tional profiles. Bioinformatics. 2014; 30: 3123-3124. https://doi.org/10.1093/bioinformatics/btu494
PMID: 25061070

Legendre P, Anderson MJ. Distance-based redundancy analysis: Testing multispecies responses in
multifactorial ecological experiments. Ecological Monographs. 1999; 69: 1-24. https://doi.org/10.1890/
0012-9615(1999)069[0001:DBRATM]2.0.CO;2

Shankar V, Agans R, Paliy O. Advantages of phylogenetic distance based constrained ordination anal-
yses for the examination of microbial communities. Scientific Reports. 2017; 7: 6481. https://doi.org/
10.1038/s41598-017-06693-z PMID: 28743891

Fick SE, Hijmans RJ. WorldClim 2: new 1-km spatial resolution climate surfaces for global land areas.
International Journal of Climatology. 2017; 37: 4302—4315. https://doi.org/10.1002/joc.5086

Hijmans RJ, Van Etten J, Cheng J, Mattiuzzi M, Greenberg JA. Package ‘raster.’ R package.
2015;734.

Balbuena JA, Miguez-Lozano R, Blasco-Costa I. PACo: A novel procrustes application to cophyloge-
netic analysis. PLOS ONE. 2013; 8: e61048. https://doi.org/10.1371/journal.pone.0061048 PMID:
23580325

Hutchinson MC, Cagua EF, Balbuena JA, Stouffer DB, Poisot T. paco: implementing procrustean
approach to cophylogeny in R. Methods in Ecology and Evolution. 2017; 8: 932—940. https://doi.org/
10.1111/2041-210X.12736

Groussin M, Mazel F, Sanders JG, Smillie CS, Lavergne S, Thuiller W, et al. Unraveling the processes
shaping mammalian gut microbiomes over evolutionary time. Nat Commun. 2017; 8: 14319. https://
doi.org/10.1038/ncomms 14319 PMID: 28230052

Noh H-J, Lee YM, Park CH, Lee HK, Cho J-C, Hong SG. Microbiome in Cladonia squamosais verti-
cally stratified according to microclimatic conditions. Frontiers in Microbiology. 2020; 11. Available:
https://www.frontiersin.org/article/10.3389/fmicb.2020.00268.

Bates ST, Cropsey GWG, Caporaso JG, Knight R, Fierer N. Bacterial communities associated with
the lichen symbiosis. Appl Environ Microbiol. 2011; 77: 1309-1314. https://doi.org/10.1128/AEM.
02257-10 PMID: 21169444

Leiva D, Fernandez-Mendoza F, Acevedo J, Caru M, Grube M, Orlando J. The bacterial community of
the foliose macro-lichen Peltigera frigida is more than a mere extension of the microbiota of the subja-
cent substrate. Microb Ecol. 2021; 81: 965-976. https://doi.org/10.1007/s00248-020-01662-y PMID:
33404820

Figas Segura A. Bacterial communities associated with the lichen Ramalina farinacea (L.) Ach.: com-
position, biodiversity and biotechnological potential. 2018. Ph.D. thesis, Universitat de Valéncia,
Valencia.

Greshake Tzovaras B, Segers FHID, Bicker A, Dal Grande F, Otte J, Anvar SY, et al. What is in Umbili-
caria pustulata? A metagenomic approach to reconstruct the holo-genome of a lichen. Genome Biol-
ogy and Evolution. 2020; 12: 309—-324. https://doi.org/10.1093/gbe/evaa049 PMID: 32163141

Bjelland T, Grube M, Hoem S, Jorgensen SL, Daae FL, Thorseth IH, et al. Microbial metacommunities
in the lichen—rock habitat. Environmental Microbiology Reports. 2011; 3: 434—442. https://doi.org/10.
1111/.1758-2229.2010.00206.x PMID: 23761305

Barka EA, Vatsa P, Sanchez L, Gaveau-Vaillant N, Jacquard C, Klenk H-P, et al. Taxonomy, physiol-
ogy, and natural products of Actinobacteria. Microbiology and Molecular Biology Reviews. 2015; 80:
1-43. https://doi.org/10.1128/MMBR.00019-15 PMID: 26609051

Liu C, Jiang Y, Wang X, Chen D, Chen X, Wang L, et al. Diversity, antimicrobial activity, and biosyn-
thetic potential of cultivable actinomycetes associated with lichen symbiosis. Microb Ecol. 2017; 74:
570-584. https://doi.org/10.1007/s00248-017-0972-4 PMID: 28361265

Davies J, Wang H, Taylor T, Warabi K, Huang X-H, Andersen RJ. Uncialamycin, a new enediyne anti-
biotic. Org Lett. 2005; 7: 5233-5236. https://doi.org/10.1021/01052081f PMID: 16268546

Parrot D, Antony-Babu S, Intertaglia L, Grube M, Tomasi S, Suzuki MT. Littoral lichens as a novel
source of potentially bioactive Actinobacteria. Sci Rep. 2015; 5: 15839. https://doi.org/10.1038/
srep15839 PMID: 26514347

Eymann C, Lassek C, Wegner U, Bernhardt J, Fritsch OA, Fuchs S, et al. Symbiotic interplay of fungi,
algae, and bacteria within the lung lichen Lobaria pulmonaria L. Hoffm. as assessed by state-of-the-Art
metaproteomics. J Proteome Res. 2017; 16: 2160-2173. https://doi.org/10.1021/acs.jproteome.
6b00974 PMID: 28290203

Alonso-Garcia M, Villarreal Aguilar JC. Bacterial community of reindeer lichens differs between north-
ern and southern lichen woodlands. Can J For Res. 2022 [cited 1 Mar 2022]. https://doi.org/10.1139/
cjfr-2021-0272

PLOS ONE | https://doi.org/10.1371/journal.pone.0298599 March 18, 2024 22/24


https://doi.org/10.1093/bioinformatics/btu494
http://www.ncbi.nlm.nih.gov/pubmed/25061070
https://doi.org/10.1890/0012-9615%281999%29069%5B0001%3ADBRATM%5D2.0.CO%3B2
https://doi.org/10.1890/0012-9615%281999%29069%5B0001%3ADBRATM%5D2.0.CO%3B2
https://doi.org/10.1038/s41598-017-06693-z
https://doi.org/10.1038/s41598-017-06693-z
http://www.ncbi.nlm.nih.gov/pubmed/28743891
https://doi.org/10.1002/joc.5086
https://doi.org/10.1371/journal.pone.0061048
http://www.ncbi.nlm.nih.gov/pubmed/23580325
https://doi.org/10.1111/2041-210X.12736
https://doi.org/10.1111/2041-210X.12736
https://doi.org/10.1038/ncomms14319
https://doi.org/10.1038/ncomms14319
http://www.ncbi.nlm.nih.gov/pubmed/28230052
https://www.frontiersin.org/article/10.3389/fmicb.2020.00268
https://doi.org/10.1128/AEM.02257-10
https://doi.org/10.1128/AEM.02257-10
http://www.ncbi.nlm.nih.gov/pubmed/21169444
https://doi.org/10.1007/s00248-020-01662-y
http://www.ncbi.nlm.nih.gov/pubmed/33404820
https://doi.org/10.1093/gbe/evaa049
http://www.ncbi.nlm.nih.gov/pubmed/32163141
https://doi.org/10.1111/j.1758-2229.2010.00206.x
https://doi.org/10.1111/j.1758-2229.2010.00206.x
http://www.ncbi.nlm.nih.gov/pubmed/23761305
https://doi.org/10.1128/MMBR.00019-15
http://www.ncbi.nlm.nih.gov/pubmed/26609051
https://doi.org/10.1007/s00248-017-0972-4
http://www.ncbi.nlm.nih.gov/pubmed/28361265
https://doi.org/10.1021/ol052081f
http://www.ncbi.nlm.nih.gov/pubmed/16268546
https://doi.org/10.1038/srep15839
https://doi.org/10.1038/srep15839
http://www.ncbi.nlm.nih.gov/pubmed/26514347
https://doi.org/10.1021/acs.jproteome.6b00974
https://doi.org/10.1021/acs.jproteome.6b00974
http://www.ncbi.nlm.nih.gov/pubmed/28290203
https://doi.org/10.1139/cjfr-2021-0272
https://doi.org/10.1139/cjfr-2021-0272
https://doi.org/10.1371/journal.pone.0298599

PLOS ONE

Bacterial communities associated with an island radiation of lichen-forming fungi

105.

106.

107.

108.

109.

110.

111.

112,

113.

114.

115.

116.

117.

118.

119.

120.

121.

122,

123.

Aschenbrenner |A, Cardinale M, Berg G, Grube M. Microbial cargo: do bacteria on symbiotic propa-
gules reinforce the microbiome of lichens? Environmental Microbiology. 2014; 16: 3743-3752. https://
doi.org/10.1111/1462-2920.12658 PMID: 25331462

Steinova J, Skaloud P, Yahr R, Bestova H, Muggia L. Reproductive and dispersal strategies shape the
diversity of mycobiont-photobiont association in Cladonia lichens. Molecular Phylogenetics and Evolu-
tion. 2019; 134: 226-237. https://doi.org/10.1016/j.ympev.2019.02.014 PMID: 30797939

Berlinches de Gea A., Verdu M., Villar-dePablo M., Pérez-Ortega S. The combined effects of habitat
fragmentation and life history traits on specialisation in lichen symbioses. Journal of Ecology. 2023;
00: 1-17. https://doi.org/10.1111/1365-2745.14229

Campbell BJ. The family Acidobacteriaceae. In: Rosenberg E, DeLong EF, Lory S, Stackebrandt
E, Thompson F, editors. The pProkaryotes: Other major lineages of bacteria and the Archaea.
Berlin, Heidelberg: Springer; 2014. pp. 405—415. https://doi.org/10.1007/978-3-642-38954-2_
160

Allison SD, Martiny JBH. Resistance, resilience, and redundancy in microbial communities. Proceed-
ings of the National Academy of Sciences. 2008; 105: 11512—-11519. https://doi.org/10.1073/pnas.
0801925105 PMID: 18695234

Louca S, Polz MF, Mazel F, Albright MBN, Huber JA, O’Connor M, et al. Function and functional
redundancy in microbial systems. Nat Ecol Evol. 2018; 2: 936—943. https://doi.org/10.1038/s41559-
018-0519-1 PMID: 29662222

Printzen C, Fernandez-Mendoza F, Muggia L, Berg G, Grube M. Alphaproteobacterial communities in
geographically distant populations of the lichen Cetraria aculeata. FEMS Microbiology Ecology. 2012;
82: 316-325. https://doi.org/10.1111/j.1574-6941.2012.01358.x PMID: 22469494

Lebeis SL, Paredes SH, Lundberg DS, Breakfield N, Gehring J, McDonald M, et al. Salicylic acid mod-
ulates colonization of the root microbiome by specific bacterial taxa. Science. 2015; 349: 860—-864.
https://doi.org/10.1126/science.aaa8764 PMID: 26184915

Stringlis IA, Yu K, Feussner K, de Jonge R, Van Bentum S, Van Verk MC, et al. MYB72-dependent
coumarin exudation shapes root microbiome assembly to promote plant health. Proceedings of the
National Academy of Sciences. 2018; 115: E5213—-E5222. https://doi.org/10.1073/pnas.1722335115
PMID: 29686086

Cotton TEA, Pétriacq P, Cameron DD, Meselmani MA, Schwarzenbacher R, Rolfe SA, et al. Metabolic
regulation of the maize rhizobiome by benzoxazinoids. ISME J. 2019; 13: 1647—1658. https://doi.org/
10.1038/s41396-019-0375-2 PMID: 30796337

Huang AC, Jiang T, Liu Y-X, Bai Y-C, Reed J, Qu B, et al. A specialized metabolic network selectively
modulates Arabidopsis root microbiota. Science. 2019; 364: eaau6389. https://doi.org/10.1126/
science.aau6389 PMID: 31073042

Koprivova A, Schuck S, Jacoby RP, Klinkhammer |, Welter B, Leson L, et al. Root-specific camalexin
biosynthesis controls the plant growth-promoting effects of multiple bacterial strains. Proceedings of
the National Academy of Sciences. 2019; 116: 15735—-15744. https://doi.org/10.1073/pnas.
1818604116 PMID: 31311863

Voges MJ, Bai Y, Schulze-Lefert P, Sattely ES. Plant-derived coumarins shape the composition of an
Arabidopsis synthetic root microbiome. Proceedings of the National Academy of Sciences. 2019; 116:
12558-12565.

Jacoby RP, Koprivova A, Kopriva S. Pinpointing secondary metabolites that shape the composition
and function of the plant microbiome. Journal of Experimental Botany. 2021; 72: 57—69. https://doi.org/
10.10983/jxb/eraad24 PMID: 32995888

Grube M, Berg G. Microbial consortia of bacteria and fungi with focus on the lichen symbiosis. Fungal
Biology Reviews. 2009; 23: 72—85. https://doi.org/10.1016/j.fbr.2009.10.001

Shrestha G, St. Clair LL. Lichens: a promising source of antibiotic and anticancer drugs. Phytochem
Rev. 2013; 12: 229-244. https://doi.org/10.1007/s11101-013-9283-7

Kosani¢ M, Rankovi¢ B. Lichen Secondary Metabolites as Potential Antibiotic Agents. In: Rankovi¢
B, editor. Lichen secondary metabolites: Bioactive properties and pharmaceutical potential.

Cham: Springer International Publishing; 2019. pp. 99—127. https://doi.org/10.1007/978-3-030-
16814-8_3

Oh JM, Kim YJ, Gang H-S, Han J, Ha H-H, Kim H. Antimicrobial activity of divaricatic acid isolated
from the lichen Evernia mesomorpha against methicillin-resistant Staphylococcus aureus. Molecules.
2018; 23: 3068. https://doi.org/10.3390/molecules23123068 PMID: 30477128

Nishanth KS, Sreerag RS, Deepa |, Mohandas C, Nambisan B. Protocetraric acid: an excellent broad
spectrum compound from the lichen Usnea albopunctata against medically important microbes. Natu-
ral Product Research. 2015; 29: 574-577. https://doi.org/10.1080/14786419.2014.953500 PMID:
25174415

PLOS ONE | https://doi.org/10.1371/journal.pone.0298599 March 18, 2024 23/24


https://doi.org/10.1111/1462-2920.12658
https://doi.org/10.1111/1462-2920.12658
http://www.ncbi.nlm.nih.gov/pubmed/25331462
https://doi.org/10.1016/j.ympev.2019.02.014
http://www.ncbi.nlm.nih.gov/pubmed/30797939
https://doi.org/10.1111/1365-2745.14229
https://doi.org/10.1007/978-3-642-38954-2%5F160
https://doi.org/10.1007/978-3-642-38954-2%5F160
https://doi.org/10.1073/pnas.0801925105
https://doi.org/10.1073/pnas.0801925105
http://www.ncbi.nlm.nih.gov/pubmed/18695234
https://doi.org/10.1038/s41559-018-0519-1
https://doi.org/10.1038/s41559-018-0519-1
http://www.ncbi.nlm.nih.gov/pubmed/29662222
https://doi.org/10.1111/j.1574-6941.2012.01358.x
http://www.ncbi.nlm.nih.gov/pubmed/22469494
https://doi.org/10.1126/science.aaa8764
http://www.ncbi.nlm.nih.gov/pubmed/26184915
https://doi.org/10.1073/pnas.1722335115
http://www.ncbi.nlm.nih.gov/pubmed/29686086
https://doi.org/10.1038/s41396-019-0375-2
https://doi.org/10.1038/s41396-019-0375-2
http://www.ncbi.nlm.nih.gov/pubmed/30796337
https://doi.org/10.1126/science.aau6389
https://doi.org/10.1126/science.aau6389
http://www.ncbi.nlm.nih.gov/pubmed/31073042
https://doi.org/10.1073/pnas.1818604116
https://doi.org/10.1073/pnas.1818604116
http://www.ncbi.nlm.nih.gov/pubmed/31311863
https://doi.org/10.1093/jxb/eraa424
https://doi.org/10.1093/jxb/eraa424
http://www.ncbi.nlm.nih.gov/pubmed/32995888
https://doi.org/10.1016/j.fbr.2009.10.001
https://doi.org/10.1007/s11101-013-9283-7
https://doi.org/10.1007/978-3-030-16814-8%5F3
https://doi.org/10.1007/978-3-030-16814-8%5F3
https://doi.org/10.3390/molecules23123068
http://www.ncbi.nlm.nih.gov/pubmed/30477128
https://doi.org/10.1080/14786419.2014.953500
http://www.ncbi.nlm.nih.gov/pubmed/25174415
https://doi.org/10.1371/journal.pone.0298599

PLOS ONE

Bacterial communities associated with an island radiation of lichen-forming fungi

124.

125.

126.

127.

Candan M, Yilmaz M, Tay T, Erdem M, Ttirk AQ. Antimicrobial activity of extracts of the lichen Parme-
lia sulcata and its salazinic acid constituent. Zeitschrift fir Naturforschung C. 2007; 62: 619-621.
https://doi.org/10.1515/znc-2007-7-827 PMID: 17913083

Perez-Lamarque B, Krehenwinkel H, Gillespie RG, Morlon H. Limited evidence for microbial transmis-
sion in the phylosymbiosis between Hawaiian spiders and their microbiota. mSystems. 2022; 7:
e01104-21. https://doi.org/10.1128/msystems.01104-21 PMID: 35076268

Baldo L, Riera JL, Salzburger W, Barluenga M. Phylogeography and ecological niche shape the cichlid
fish gut microbiota in Central American and African lakes. Frontiers in Microbiology. 2019; 10. Avail-
able: https://www.frontiersin.org/article/10.3389/fmicb.2019.02372. PMID: 31681230

Scheelings TF, Moore RJ, Van TTH, Klaassen M, Reina RD. Microbial symbiosis and coevolution of
an entire clade of ancient vertebrates: the gut microbiota of sea turtles and its relationship to their phy-
logenetic history. Animal Microbiome. 2020; 2: 17. https://doi.org/10.1186/s42523-020-00034-8 PMID:
33499954

PLOS ONE | https://doi.org/10.1371/journal.pone.0298599 March 18, 2024 24/24


https://doi.org/10.1515/znc-2007-7-827
http://www.ncbi.nlm.nih.gov/pubmed/17913083
https://doi.org/10.1128/msystems.01104-21
http://www.ncbi.nlm.nih.gov/pubmed/35076268
https://www.frontiersin.org/article/10.3389/fmicb.2019.02372
http://www.ncbi.nlm.nih.gov/pubmed/31681230
https://doi.org/10.1186/s42523-020-00034-8
http://www.ncbi.nlm.nih.gov/pubmed/33499954
https://doi.org/10.1371/journal.pone.0298599

