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Ecography The large distributional areas and ecological niches of many lichenized fungi may in
41: 1380-1392, 2018 part be due to the plasticity in interactions between the fungus (mycobiont) and its algal
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analyses show that partner compatibility in lichens is rather constrained and shaped by
Subject Editor: Fernando T. Maestre reciprocal selection pressures and codiversification independent of ecological drivers.
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switching between photobiont ecotypes with distinct environmental preferences has
been hypothesized as an adaptive strategy for lichen-forming fungi to broaden their
ecological niche. The extent and direction of photobiont-mediated range expansions in
lichens, however, have not been examined comprehensively at a broad geographic scale.
Here we investigate the population genetic structure of Lasallia pustulata symbionts
at sub-species-level resolution across the mycobionts Europe-wide range, using fungal
MCM7 and algal ITS rDNA sequence markers. We show that variance in occurrence
probabilities in the geographic distribution of genetic diversity in mycobiont-
photobiont interactions is closely related to changes in climatic niches. Quantification
of niche extent and overlap based on species distribution modeling and construction
of Hutchinsonian climatic hypervolumes revealed that combinations of fungal—algal
interactions change at the sub-species level along latitudinal temperature gradients
and in Mediterranean climate zones. Our study provides evidence for symbiont-
mediated niche expansion in lichens. We discuss our results in the light of symbiont
polymorphism and partner switching as potential mechanisms of environmental
adaptation and niche evolution in mutualisms.

Introduction

Associations between species in obligate mutualisms, such as lichens or corals, evolve
under two main sets of constraints: a broad-scale phylogenetic component, deter-
mined by the general compatibility of host genera with their symbiotic partners; and
a local-scale ecological component determined by adaptive dynamics, environmental
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tolerances, and dispersal abilities of partners in the symbiosis.
For instance, the majority of lichen-forming fungi (myco-
bionts) in nature are known to be exclusively associated with
particular genera of autotrophic photobionts (i.e. Trebouxia
algae or Nostoc cyanobacteria), suggesting an inherent deep
phylogenetic constraint in partner compatibility (Beck et al.
1998, Rambold et al. 1998, Piercey-Normore and DePriest
2001, DePriest 2004). Likewise, comprehensive analyses of
symbiont associations in the species-rich lichen family Par-
meliaceae revealed that, at the scale of ecoregions, the fungal
host genus determines the composition of photobionts more
than ecological predictors (Leavitt et al. 2015).

At the level of species, however, and especially at the
level of populations, the phylogenetic specificity of associ-
ating lichen partners appears to be less stringent. On the
one hand, several mycobiont species may associate with the
same photobiont species, often forming so called lichen
guilds (e.g. cyanobacteria: Rikkinen et al. 2002, Wirtz et al.
2003, green algae: Doering and Piercey-Normore 2009, Dal
Grande et al. 2014, Singh etal. 2017). On the other hand, a
particular mycobiont can associate with multiple strains of
photobionts, as well as switch between those strains within
its distributional range (Piercey-Normore and DePriest
2001, Blaha et al. 2006, Piercey-Normore 2006, Yahr et al.
2006, Muggia et al. 2010). Moreover, photobionts are not
exclusively transmitted vertically during propagation and
reproduction of their mycobiont partners, but can also be
transmitted horizontally between mycobionts (Friedl 1987,
Piercey-Normore and DePriest 2001, Werth and Sork 2008,
2010) and potentially even occur free-living (Mukhtar et al.
1994, Beck et al. 1998). Thus, while environmental pref-
erences in lichen photobionts can evolve independently of
a particular mycobiont, the spatial distribution and (real-
ized) niche breadth of lichen-forming fungi will inherently
depend on the adaptation of their photobionts to local
environmental conditions (Piercey-Normore and DePriest
2001, Yahr et al. 2006, Ferndndez-Mendoza et al. 2011).

Evidence that association with differentially adapted pho-
tobionts alters the niche breadth of lichen-forming fungi
comes from explicit phylogeographic approaches that relate
the congruency in genetic structures of symbiotic partners
to their geographic distributions. A common pattern found
in studies addressing this question is that the fungal partner
often exhibits substantially less genetic structure at the sub-
species level across habitats compared to its photobiont part-
ners; thereby suggesting a generalist strategy in the former,
and a central role for local adaptation in the latter (Piercey-
Normore 2006, Yahr et al. 2006, Werth and Sork 2008,
2010, Widmer et al. 2012, Muggia et al. 2014). Moreover,
horizontal transfer of photobionts of the genus Trebouxia
or the genus Asterochloris between different populations
of mycobionts seems to have occurred with high ecologi-
cal specificity both at a local-scale (Piercey-Normore 2000,
Werth and Sork 2010, Peksa and Skaloud 2011) and at larger
scales of ecogeographic regions (Yahr et al. 2006, Ferndndez-
Mendoza et al. 2011, Werth and Sork 2014). By and large,

inferences in these studies are drawn from methods that aim
at 1) explaining the molecular variance observed for a par-
ticular taxonomic group (i.e. photobionts or mycobionts)
via categorical predictors for habitat and/or symbiotic part-
ners (e.g. Fo; and AMOVA methods, Werth and Sork 2008,
2010); 2) evaluating phylogenetic correspondence between
associated symbiotic partners and habitat (e.g. Mantel tests
and phylogenetic signal; Yahr et al. 20006, Peksa and Skaloud
2011, Singh et al. 2017); or 3) partitioning presence/absence
variation for particular symbiont haplotypes onto environ-
mental variables (e.g. redundancy analysis; Ferndndez-Men-
doza et al. 2011, Werth and Sork 2014). Yet, while these
approaches do consider environmental variables as predic-
tors for the distribution of molecular variance, none of them
places special emphasis on explicitly quantifying the niche
breadth of; or the niche overlap between, symbiotic partners.

If mycobionts broaden their distributional range by
associating with differently adapted photobionts, we would
expect to find a patchwork of genetically differentiated
populations of interacting partners throughout that range.
Moreover, we expect such a geographic mosaic of interac-
tions to be structured by the mode of dispersal (and repro-
duction) of partners, as well as by their capabilities to adapt
to spatially varying selection regimes (Thompson 1999,
2005). More specifically, in the case of predominantly ver-
tical transmission of photobionts (i.e. no algal switches)
during mycobiont reproduction and dispersal, the spatial
genetic structure of partners should be congruent through-
out the geographic mosaic. In contrast, if algal switches are
frequent, the spatial genetic structure of partners should
be incongruent, resembling a broad generalistic distri-
bution for mycobionts associating with distinct, locally
restricted, photobionts (Werth and Sork 2010, Ferndndez-
Mendoza et al. 2011, Dal Grande et al. 2012, O’Brien et al.
2013). Notably, these scenarios should also translate
into distinct patterns of overlap in (climatic) niche space
among genetically differentiated symbiont partners, given
that their observed ecological preferences are the result of
adaptation. Thus, modeling niche dimensions (and spatial
distributions) for photobionts and mycobionts respectively
will provide a more detailed picture of potential coevolu-
tionary ‘hotspots’, where reciprocal selection between part-
ners is strong, and ‘coldspots’, where reciprocal selection is
weak or absent throughout the lichen’s range (Thompson
1999, 2005, Brodie et al. 2002). Furthermore, while there
are studies addressing climate change impacts on lichens
(Klanderud and Totland 2005, Crabtree and Ellis 2010,
Bjerke 2011, Ellis et al. 2014, Lendemer and Allen 2014,
Allen and Lendemer 2016), none of them considers envi-
ronmental preferences of symbiont partners separately.
However, assuming that photobiont switches are an adap-
tive strategy, at least in some lichens (Piercey-Normore and
DePriest 2001, Werth and Sork 2008, 2010), and that some
photobionts may even occur free-living (Mukhtar et al.
1994, Beck et al. 1998), an important question then arises
as to what extent particular photobionts are climatically
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suitable in order to facilitate future range shifts in lichens
(Ellis 2012).

In the present study, we address the above questions
with a model-based framework in the widespread macro-
lichen Lasallia pustulata, using a comprehensive dataset
of presence/absence occurrences throughout the species
distributional range, together with a marker-based delin-
eation of sub-species level molecular variance in photobi-
onts and mycobionts (for similar approaches see Gotelli
and Stanton-Geddes 2015, Marcer et al. 2016). Despite
its predominantly clonal dispersal, L. pustulata exhibits a
high variability of Trebouxia sp. photobionts throughout
its range; and most of the Trebouxia lineages are shared
with other lichen-forming fungi (Sadowska-De§ et al.
2013, 2014), a pattern that suggests frequent switches of
photobionts across the species’ range. We explore species
distribution models (SDMs; Guisan and Zimmermann
2000) together with Hutchinsonian niche hypervolumes
(Hutchinson 1957) to ask 1) which climatic factors gov-
ern the distribution of photobionts and mycobionts in
L. pustulata and 2) whether associating with different pho-
tobionts influences range expansion of this lichen. Notably,
niche quantifications and SDMs calculated from large-scale
occurrence data can only give an incomplete description of a
species’ ecological requirements (or its predicted geographic
distribution), because they ignore biotic factors, such as
dispersal, competition, and the physiological properties
of the organism (Chase and Leibold 2003, Keaney 20006).
Our models therefore aim at a dimensional comparison
(e.g., uniqueness, extent, overlap) of potential habitat space
within a given climatic envelope, rather than at predicting
the realized niches of species (Guisan and Zimmermann
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2000). Interestingly, however, the quantification of one spe-
cies’ extent in abiotic space (in our study the Trebouxia pho-
tobionts) can directly correspond to a major biotic niche
dimension of another species (in our study the L. pustulata
mycobionts). Thus, in order to understand potential partner
switching strategies, particularly in obligate mutualisms, it
is important to quantify the (potential) outcomes of part-
ner switches based on each partner’s potential habitat space.
To our knowledge, this is the first study approaching the
question of preferential photobiont association in lichens
from a niche modeling perspective.

Material and methods

Field sampling and molecular methods

We sampled specimens of L. pustulata across the species
entire core range, i.e. central Scandinavia to the Canary
Islands, and the British Isles to Ukraine and Turkey. In total,
we obtained molecular data for 1940 samples (individual
thalli) from 119 unique sampling locations (Fig. 1A). Fresh
samples were dried and stored at —20°C until DNA extrac-
tion. Detailed information about sampling locations and
haplotypes are given in Supplementary material Table S1,
together with GenBank accession numbers.

From all samples, total genomic DNA was extracted using
a small part of the thallus following the CTAB protocol
(Cubero and Crespo 2002). Algal symbionts were sequenced
at the internal transcribed spacer region nrITS rDNA
(primers nrITS1T (f) and nrITS4T (r) based on Kroken and
Taylor 2000), and mycobionts were sequenced at the MCM7
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Figure 1. (A) Map depicting 119 unique sampling locations across the core distributional range of L. pustulata. (B) Visualization of spatial
genetic patterns of Trebouxia photobionts using MEMGENE projection (Galpern et al. 2014). Circles represent individual haplotypes. Size
and color of the circles depict genetic similarity, with large black and large white circles at opposite extremes of the MEMGENE axis. The
legend indicates MEMGENE score values. Visualization of scores for the first MEMGENE axis (explaining 72% of genetic variation
among 42 algal haplotypes) suggests the presence of a central genetic cluster (in central Europe) and a peripheral cluster (see Supplementary
material Appendix 1 Fig. S1, for the MEMGENE projection of fungal haplotypes).
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locus (primers MCM7-709 (f) and MCM7-1348 (r) based
on Schmitt et al. 2009). We chose these markers because we
have previously shown that they provide the highest intra-
population resolution among commonly used sequence-based
molecular markers in L. pustulata and its associated photobi-
onts (Sadowska-De§ et al. 2013). PCR amplification, ampli-
con sequencing, and sequence alignment followed established
protocols for L. pustulata described in Sadowska-De§ et al.
(2013, 2014). Trebouxia and Lasallia sequence identities were
confirmed using BLAST searches in GenBank.

Genetic variance and spatial genetic structure

From the aligned sequences, we extracted a total of 42
nrlTS rDNA haplotypes for the Trebouxia photobionts, and
11 MCM7 haplotypes for the mycobiont. To characterize
the geographic distribution of molecular variance among
these haplotypes, we used a regression-based framework to
describe the genetic distances — using Kimura’s 2-parameter
distance — with spatial predictor variables that were generated
using Moran’s eigenvector maps (MEM; Borcard and Leg-
endre 2002, Griffith and Peres-Neto 20006), as implemented
in the ‘MEMGENE’" R package (Galpern et al. 2014).
This approach detects spatial neighborhoods in distance-
based data and has been widely used in spatial ecological
and genetic contexts (Dray et al. 2012, Manel et al. 2012,
Wagner and Fortin 2013, Roffler et al. 2016). The resulting
scores for each individual haplotype on the MEM-variables
were then used to visualize the spatial genetic structure in
our data. Moreover, to examine the genetic variance struc-
ture of Trebouxia photobionts within and among their fungal
partners, we calculated a hierarchical analysis of molecular
variance (AMOVA, Excoffier et al. 1992) that considered all
algal haplotypes that were associated with one or more of the
11 fungal haplotypes.

Haplotype clustering and OTU delimitation

To circumscribe the molecular variance in our samples for
downstream ecological analyses, we used two different
approaches to delineate algal and fungal genetic clusters, or
operational taxonomic units (hereafter OTUs). Starting from
the 42 nrITS rDNA algal haplotypes and the 11 MCM7 fun-
gal haplotypes respectively, we used the Automatic Barcode
Gap Discovery method (ABGD; Puillandre et al. 2012) to
delineate photobiont and mycobiont OTUs. Barcode gap
discovery infers a model-based confidence limit for intra-
and inter-specific genetic distances based on the distribution
of all pairwise distances. Depending on this threshold, the
method then detects ‘barcode gaps’ that separate candidate
OTUs (Hebert et al. 2003, Puillandre et al. 2012). Notably,
the ABGD method has previously been applied to a com-
prehensive ITS database of Trebouxia photobionts from the
lichen family Parmeliaceae across a worldwide distribution
(Leavitt et al. 2015). In their study, Leavite et al. (2015)
propose a practical ABGD-based classification system for
Trebouxia photobionts in order to facilitate communication

and consistency across future studies. Thus, we carried out
the classification of Trebouxia OTUs in our study in accor-
dance with the methods used in Leavitt et al. (2015). For
this, genetic distances for the ABGD approach were calcu-
lated using the JC69 model, and other parameters were set
as follows: Pmin=0.001, Pmax=0.01, steps= 10, bins =20,
gap width ranging from 0.1 to 1.5 for consistency assess-
ment of inferred groups. The same settings were used for the
MCM7 data obtained from the mycobionts — although here,
no general classification reference for the mycobiont exists.
Moreover, in order to investigate the robustness of our algal
OTUs, we compared the result of the ABGD delimitation
against results from a comprehensive set of alternative delimi-
tation and clustering methods (see Supplementary material
Appendix 2, for a detailed description of methods and results
of all algal OT'U robustness analyses). For downstream analy-
ses, algal and fungal OTUs with too few sampling locations
(n < 5) were omitted (see Results).

Niche hypervolumes and species distribution modeling

Delineated clusters/OTUs of photobionts and mycobionts
were subjected to two distinct approaches to character-
ize their respective ecological niches: 1) direct estimation
of n-dimensional hypervolumes from observation points
(Blonder et al. 2014), and 2) species distribution modeling
(SDM) using maximum entropy (MaxEnt, Phillips et al.
2006). We focus on the Hutchinsonian niche concept that
describes a species’ niche as an n-dimensional hypervolume,
where the dimensions are environmental variables, such as
climatic variables or resource distributions (Hutchinson
1957). In our study, we describe these environmental dimen-
sions based on a comprehensive set of 12 bioclim variables
from the WorldClim dataset (Supplementary material
Table S2), drawn at the highest spatial resolution (~1 km)
for our sampling area (WorldClim; Hijmans et al. 2005). We
chose this restricted but straightforward set of environmental
predictor variables to facilitate the interpretation of our mod-
els along the main climatic dimensions of temperature and
precipitation in wet and dry periods. In addition to the bio-
clim variable set reported in the main text, we ran all analyses
1) based on the full set of 19 bioclim variables, and 2) based
on a reduced set of seven bioclim variables that showed the
weakest correlation structure in our dataset. The former set
of analyses addresses the issue of variable set completeness,
whereas the latter set of analyses addresses issues of collinear-
ity and non-independence among variables (Dormann et al.
2013). We report all results based on the additional variable
sets in the supplementary material (i.e. robustness analyses,
Supplementary material Appendix 3). Because all results from
these robustness analyses of variable sets were highly congru-
ent with the results based on our original variable choice
(Supplementary material), we here present results based on
the above mentioned set of 12 bioclim variables that facilitate
the interpretation of climatic dimensions in our study area.
Based on the aforesaid environmental predictors, we con-
structed climatic hypervolumes using multivariate kernel
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density estimation, described in Blonder et al. (2014). We
first condensed the 12 environmental variables into prin-
cipal component variables (PCs), where PC1-PC2 already
described 90% of the total variance. Hypervolumes for each
of the photobiont and mycobiont OTUs were then calcu-
lated based on n=5000 random background points across
PC1-PC2, applying a range of bandwidth values (0.2-0.8)
to test for stability of results. Varying bandwidths did not
change the interpretation of our data and we here show
results based on a bandwidth of 0.3. To characterize indi-
vidual differences in climatic preferences among OTUs,
reflected by different niche dimensions, we visually exam-
ined hypervolume overlaps in niche space. For this, the indi-
vidual hypervolume of a particular target OTU (fungal or
algal) was projected onto the merged hypervolume of the
remaining set of OTUs (fungal or algal). The resulting pro-
jection in niche space then allows the identification of par-
ticular niche dimensions that are uniquely covered by the
respective target OTU. Analyses were carried out using the
‘hypervolume’ R package (Blonder et al. 2014). Notably,
the described hypervolume kernel density estimation has
been shown to be sensitive to sample sizes and/or environ-
mental dimensionality (Qaio et al. 2016). Thus, in order to
test for robustness of our hypervolume analyses, we addi-
tionally calculated all niche quantifications based on the
approach developed by Broennimann et al. (2012), imple-
mented in the ‘ecospat’ R package (Di Cola et al. 2017).
We show all additional results from these robustness tests,
including the above mentioned robust variable sets, in the
supplementary material (Supplementary material Appendix
3). Because the alternative niche quantification approach
did not reveal significant differences compared to our origi-
nal hypervolume analyses, we here report the latter and refer
the reader to the Supplementary material Appendix 3 for a
detailed comparison of methods.

In addition to hypervolume construction, we used Max-
Ent species distribution modeling (Elith et al. 2011, Renner
and Warton 2013) as a predictive framework to infer niche
breadth and geographic overlap of fungal and algal OTUs.
MaxEnt is the most commonly used SDM algorithm that
has been shown to perform well for datasets with few occur-
rence sample points (Elith et al. 2006, Phillips et al. 20006,
Elith and Graham 2009, Allen and Lendemer 2016). All
MaxEnt models were run for the basic set of 12 bioclim vari-
ables, the full set of 19 bioclim variables, and the set of seven
bioclim variables that were the least correlated (see Supple-
mentary material Appendix 2 for detailed results). To address
issues of model complexity, overfitting, and evaluation, we
first applied a jackknife data-partitioning approach to dis-
tribute occurrence and background localities (n=35000)
into training and testing bins for k — 1 crossvalidations
of k occurrence localities (Shcheglovitova and Anderson
2013, Mateo et al. 2015). Different levels of model com-
plexity were then explored across varying classes of response
curves (L: linear, LQ: linear and quadratic, LQH: linear
quadratic hinge, H: hinge, and LQHP: linear quadratic
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hinge product) and regularization multipliers (ranging
from 0.5-4), as implemented in the R packages ‘dismo’ and
‘ENMeval’ (Muscarella et al. 2014, Hijmans et al. 2015).
From a total of 48 different parameter sets, we chose the
best model complexity based on AICc values and the AUC
criterion (Phillips et al. 2006, Warren and Seifert 2011). In
addition to visualizing the predicted spatial distribution of
OTUs, we used MaxEnt model outcomes to infer poten-
tial interaction hotspots, defined as geographic areas where
the encounter probability of particular symbiont partners
(i.e. their combined occurrence probabilities) is predicted
to be high. Moreover, we calculated pairwise overlap scores
for all mycobionts and photobionts in total niche space,
based on Schoener’s D (ranging from 0: no overlap, to 1:
complete overlap; Schoener 1968). For both sets of analy-
ses (hypervolumes and SDMs) we omitted OTUs with too
few sampling locations (n <5), or combined their distribu-
tions (see Results). All analyses were carried out in R 3.3.2
(R Core Development Team).

Data deposition

Data available from the Dryad Digital Repository: <htep://
dx.doi.org/10.5061/dryad.64149 > (Rolshausen etal. 2017).

Results

Genetic structure and OTU delimitation

Most of the genetic variance among Trebouxia photobionts
was detected within mycobionts (93.61%), whereas only
6.39% variation was explained between mycobionts
(AMOVA), indicating that only a small fraction of the total
variance among photobionts is structured by mycobiont
partners. The spatial structure of ITS variation in photo-
bionts across our sampling area, as described by the first
MEMGENE axis (explaining 72% of the genetic variation)
reveals the greatest differentiation between haplotypes occur-
ring in central Europe and haplotypes from the Mediter-
ranean regions, the British Isles, and south-eastern Europe
(Fig. 1B). Comparing the amount of spatial genetic pattern
explained by the full analysis (R*=16.31) with recently pub-
lished simulation results further indicates that more of the
genetic structure in our data is explicable by spatial structure
than might be expected under a pure isolation-by-distance
(IBD) scenario where R* values typically fall below 0.10
(Galpern et al. 2014). For fungal haplotypes, spatial structur-
ing of MCM7 variation was non-significant (i.e. no significant
MEMGENE axes found) and a low R? value of 0.06 did not
exclude the IBD null model (distribution plot based on non-
significant MEMGENE axis 1 is shown in Supplementary
material Appendix 1 Fig. S1).

The two approaches to delineate clusters of genetic
variance in mycobionts and photobionts yielded very
similar results. For 7rebouxia photobionts, the 42 ITS
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haplotypes were grouped into seven distinct clusters based on
hierarchical clustering of pairwise genetic distances. Using the
alternative ABGD method (Puillandre et al. 2012), we recov-
ered six OTUs (hereafter OTU,,,, based on JC69 distance
model with prior maximal dlstance, p=0.0046), one of which
merged two of the aforesaid clusters (Supplementary mate-
rial Appendix 1 Fig. S2A, Supplementary material Table
S1). For the L. pustulata mycobiont, hierarchical clustering
of 11 haplotypes yielded nine clusters, of which two were
merged by the ABGD method into a total of seven OTUs
(hereafter OTUfunguS, based on JC69 distance model with
prior maximal distance, p=0.0028; Supplementary material
Appendix 1 Fig. S2B). Haplotype networks for photobionts
and mycobionts respectively are shown in Supplementary
material Appendix 1 Fig. S3. Furthermore, comparing the
Trebouxia haplotypes from our study to the 69 ITS OTUs
underlying the recently proposed classification system for
Trebouxia photobionts (Leavitt et al. 2015) revealed that all of
our haplotypes fall into the ‘S’ clade (simplex/lethariiljamesii
group; Supplementary material Appendix 1 Fig. S2A). For
downstream ecological analyses, we omitted algal and fun-
gal OTUs with too few sampling locations (n < 5), leading
to the exclusion of three mycobionts (OTUﬁmgus 5-7), and
one photobiont (OTU,, 6) for niche construction and SDM
analyses (Supplementary material Table S1). In order to com-
plete results for the omitted mycobionts, we also combined
the distribution data of OTU,, . 5-7 and examined their
merged niche dimensions.

fungus

Climatic niche construction and SDM

We constructed 2-dimensional (BioClim PC1-PC2; explain-
ing 90% variation) hypervolumes for each OTU (i.e. the
target OTU) versus all of the remaining OTUs combined.
Inspection of overlaps between these two projections in PCA
space allows the following interpretation regarding environ-
mental preferences of target OTUs: in photobionts, we found
the environmental preferences of OTU, 1 to span most of
the total Trebouxia niche space (here defined as the Trebouxia
niche space in association with L. pustulata in our study),

extending into all main climatic dimensions of the depicted
PCA space (Fig. 2A). Two other OTU,,, 2 and 3, showed
restricted niche dimensions, and neither of them covered a
unique area of the total Trebouxia niche. Interestingly, the
two remaining OTUalga showed non-overlapping dimensions
compared to the remaining overall niche projection (OTU,
1-3), both at opposite ends of niche space: OTU,,,, 4 spreacf
ing uniquely into colder and wetter regions, and OTUalga 5
spreading uniquely into warmer and potentially drier regions
(Fig. 2A). Applying the same logic to projections of OTU,, .,
niches revealed a different picture for the environmental pref-
erences among the mycobionts. Here, OTUj,,, 1 broadly
covered the full L. pmmlam niche space depicted in our
study, including several unique portions (Fig. 2B). In con-
trast, the remaining four OTUfungus (2—4, and 5-7 merged)
indeed showed differences in their niche dimensions, but
none comprised unique (i.e. non-overlapping) portions

of the full niche projection, except a small fraction for
OTUg,,. 2 (Fig. 2B).

A similar picture emerged from MaxEnt SDM predic-
tions. After evaluation of the best parameter sets for each
OTU (Supplementary material Table S3), MaxEnt was run
for OTUs (alga and fungus) with > 15 sampling locations.
From this, we highlight SDM results for three OTU,,
(1, 4, and 5) that already showed distinguished patterns of
habitat suitability in hypervolume projections. In particu-
lar, the geographic SDM predictions for habitat suitability
in OTU,,, 1 confirmed its relatively generalistic climatic
preferences (in association with L. pustulata), with the high-
est suitability values for central European regions, northern
Spain, and northern Turkey (Fig. 3, upper panel). In con-
trast, OTUalgd 4 had the highest suitability scores in arctic-
alpine regions, such as the Alps, the Pyrenees, the Cantabrian
mountain ridge, Scotland, and Norway. OTU,,, 5, the
putatively more warm-tolerant photobiont, was predicted
to occur with the highest probability in the Mediterranean
region (southern Spain, southern Italy, Corsica, Sardinia,
and the Aegean Sea), as well as the Canary Islands (Fig. 3,
upper panel). To further explore how these niche preferences
in photobionts might translate into geographic hotspots of
symbiotic interactions, we overlaid the SDM predictions for
each of the three OTU,,, (1,4, and 5) with the overall SDM
prediction for the mycobionts (combining predictions for
all OTUj,,,,)- Using multiplication as the connecting opera-
tion between SDM prediction layers of symbiont partners
then yielded a map of potential interaction hotspots where it
is most likely that the (generalist) mycobiont overlaps with
particular photobionts (depicted as encounter probability
in Fig. 3, lower panel). In accordance with hypervolume
projections and SDM model predictions, the OTUj, .~
OTU,,, overlap quantification depicts interaction hotspots
for OTU ag | (generalist) to be broadly distributed, hotspots
for OTUalgq 4 (cold preferring) located in colder regions and
higher elevations, and hotspots for OTU(llga 5 (warm pre-
ferring) in warmer Mediterranean regions and the Canary
Islands (Fig. 3, lower panel). A complete overview of sepa-
rate MaxEnt model projections for all OTUs with sufficient
data is given in Supplementary material Appendix 1 Fig. $4,
while Fig. S5 gives pairwise niche overlap scores between all
OTU,,, and OTU,, . based on Schoener’s D metric.

alga fungus

Discussion

Theory predicts that mutualists may augment the environ-
mental tolerance of host species and increase the potential
for a host to expand its ecological niche and geographic range
(Moran 2007, Poisot et al. 2011, Friesen and Jones 2012,
Hussa and Goodrich-Blair 2013). Empirical examples come
from fungal or bacterial symbionts that catalyse niche expan-
sion in plants and invertebrates (Joy 2013, Afkhami et al.
2014, Chong and Moran 2016, Maher et al. 2017), or from
photosynthetic algal symbionts that govern distinct environ-
mental zonation in corals and sea anemones (Bates 2000,
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[l Warmer in warm periods

[l Warmer in cold & dry periods
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[ More rain in warm & dry periods

OTUqga 3 OTUqug. 4 OTUqga 5

PC Loadings

[l Warmer in warm periods

B Warmer in cold & dry periods
[l More rain in cold & wet periods
[ More rain in warm & dry periods

OTUfungus 3 OTUfungus 4 OTUfungus 5-7

Figure 2. Niche hypervolumes for (A) Trebouxia photobionts and (B) L. pustulata mycobionts based on environmental PC1-PC2 axes
(explaining 94% of variation; PC loadings are depicted in mid-upper panel together with their general interpretations; Supplementary
material Table 52). Each of the five projections in (A) and (B) shows the niche hypervolume of a particular OTU i, (4)/fyges 8 (in cyan)
superimposed on the complete niche hypervolume of all remaining OTU, .. (in grey). Non-overlapping portions of cyan and grey
projections indicate unique contributions of a particular OTU to the overall fungal or algal niche space.

1386



Habitat suitability

2

£ g :

:E i LR re 25 ._(, ¢

= = 06 _'__J'Jg' T g

~ | 04 T e e S

g § L
2 5 !
w = o

Figure 3. Upper panel: habitat suitability predictions from MaxEnt species distribution models for three prominent algal OT'Us (generalistic

ecotype OTU,,, 1, arctic-alpine ecotype OTU,,,
above ecotypes with the fungal mycobiont (all OTU

fungus)

(combining all OTUg,,..
Iglesias-Prieto et al. 2004, Mieog et al. 2009, Bongaerts et al.
2015). Similar patterns are also observed in lichen symbioses
where a particular mycobiont can associate with genetically
differentiated photobionts across a broad eco-geographic
range (Opanowicz and Grube 2004, Yahr et al. 2006,
Muggia et al. 2010, Ferndndez-Mendoza et al. 2011, Werth
and Sork 2014). Yet, to what extent ecological differentiation
(e.g. climatic tolerance) among distinct mutualists alters the
overall niche breadth of a symbiosis, is less well understood.
To investigate this question, we quantified individual niche
contributions of genetically differentiated photobionts and
mycobionts in the lichen L. pustulata across its core range.
The particular distribution pattern we found resembles a cli-
matically structured interaction mosaic between symbionts,
and highlights the association with different photobionts as
an adaptive strategy in this lichen.

Genetic variance and spatial structure

All 42 Trebouxia algae haplotypes we found for our broad-
scale European dataset (Fig. 1A) fall within the ‘S’ clade of the
recently published Ziebouxia phylogeny (Leavitt et al. 2015),
where they mainly comprise two distinct clades together with
the already existing stock of ‘S’-clade photobionts. One of
these clades includes OTUalga 1, 3, and 6 — showing more
generalistic environmental preferences; whereas the other

4, and Mediterranean ecotype OTU

ag 0)- Lower panel: encounter probability of the

throughout the distributional range of L. pustulata. Probability scores were
calculated as the product of model-based habitat suitabilities for the respective photobionts (OTU,

1, 4, and 5) and the mycobiont

alga

). Separate model predictions for all symbiont partners are depicted in Supplementary material Appendix 1 Fig. S4.

clade includes, along with OTU, 2, the two environmen-
tally specialized OTU_, 4, and 5 (Supplementary material
Appendix 1 Fig. S2A). A closer look at the spatial distribution
of ITS variance among photobionts reveals a central cluster,
surrounded by a differentiated peripheral cluster (Fig. 1B).
Regression modeling that involved spatially explicit predic-
tors to explain genetic distances among photobiont haplo-
types, further indicated that the basic negative relationship
between distance and gene flow (isolation-by-distance, IBD)
might not be sufficient to explain the genetic structure in
our data. We thus interpret the pattern of spatial differentia-
tion to be not only governed by IBD dynamics, but also by
adaptive dynamics of particular photobionts evolving distinct
environmental preferences. As for the mycobiont, we did
not discover significant spatial structure in AM/CM7 variation
compared to ITS variation in photobionts (Supplementary
material Appendix 1 Fig. S1). The analyses of spatial genetic
variation among haplotypes of these markers therefore sug-
gests environmental structuring in photobionts, but not in
mycobionts; a pattern that was then further corroborated
through niche modeling of algal and fungal OTUs.

Among the five photobiont OTUs that were further scru-
tinized for their environmental preferences (in association
with L. pustulata), we found one generalist (OTU,,, 1) witha
broad climatic niche, and two putative specialists (OTUalga 4
and 5) with unique preferences at opposite ends of the
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climatic niche space governing our sampling area (Fig. 2A).
Notably, although our delineation approach is based on only
a single genetic marker, the barcode gap detection approach
(ABGD, Puillandre et al. 2012) we applied to define OTUs
has recently been tested extensively for Trebouxia algal
ITS sequences where it reliably depicted OTU boundaries
(Leavitt et al. 2015). Accordingly, we consider the photobiont
OTUs recovered from our data as evolutionary independent,
non-recombining units for which the described pattern of
non-overlapping niches (in OTU,,, 4 and 5) suggests distinct
climatic preferences in response to environmental selection
(Graham et al. 2004, Kozak et al. 2008). However, for an in-
depth examination of adaptive divergence among Trebouxia
photobionts — which was not the focus of our study — the
description of genetic variance has to include genome-wide
patterns that surmount the scope of a single (or a few)
barcode markers.

In comparison to the niche spaces we found for the
photobionts of L. pustulata, the mycobionts showed a dif-
ferent pattern, involving a broadly distributed generalistic
type (OTUg,,,, 1) that occurred throughout the sampling
area, together with a few genetically differentiated sub-types
that did, however, not show unique climatic preferences in
their spatial distributions (Fig. 2B). Interestingly, the selec-
tive regimes potentially associated with the genetic variation
among photobionts lie on opposite ends of the full climatic
specttum of L. pustulata (Fig. 2A). Hence, variation in
environmental preferences among algal OTUs significantly
broadens the overall niche space of L. pustulata towards colder
and wetter climates (OTU,,, 4 associating with OTU,,,. 1),
as well as towards warmer and drier climates (OTU,,,
associating with OTUy,, . 1-4). Taken together, the analyses
of spatial genetic variance and niche hypervolumes in L.
pustulata lichens thus support the hypothesis of photobiont
switches as an adaptive strategy for a (generalist) mycobiont
to broaden its distributional range (Piercey-Normore and
DePriest 2001, Werth and Sork 2008, 2010, Ferndndez-
Mendoza et al. 2011, O’Brien et al. 2013).

Distribution modeling and interaction hotspots

Given that photobiont switches occur throughout the
distributional range of L. pustulata, such that the generalist
mycobiont will associate with locally frequent photobionts, the
question then arises as to where these switches are most likely
to take place. Based on species distribution models (SDM),
we approached this question by translating environmental
preferences of symbiont partners into their respective geo-
graphic distributions. With regard to algal switches and niche
expansion, we focused on interactions between the general-
ist mycobiont and the three photobiont OTUs that showed
either generalistic (OTU,,, 1), cold-tolerant (OTU,,, 4),
or warm-tolerant (OTU, . 5) distributions in their asso-
ciation with L. pustulata. In accordance with niche hyper-
volume analyses, SDMs predicted OTU 1 to span most
of central Europe, whereas habitat suitabiiity for OTU, 4

alga
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peaked in arctic-alpine regions, and OTU,, 5 appeared
to be restricted to the Mediterranean (Fig. 3; Supplemen-
tary material Appendix 1 Fig. S4A). Moreover, as would
be expected, SDMs for the mycobionts predicted a broad
central European distribution with no particular special-
ization for OTU,,, . 1, and a clustered distribution in the
Mediterranean region for OTU,, . 2-4 (Supplementary
material Appendix 1 Fig. $4B). We also point out that the
suggested pattern of photobiont switches from the generalistic
OTU,,, 1 to the warm preferring OTU, 5 in our broad-scale
analyses has recently been detected along a local-scale altitudi-
nal gradient in the Mediterranean (Dal Grande et al. 2017a;
see Supplementary material Appendix 2 for congruency
between OTU delimitations).

Interestingly, the overall distribution of suitable habitat
for Trebouxia photobionts was predicted to be significantly
larger than the overall distribution of L. pustulata mycobionts
(Supplementary material Appendix 1 Fig. S4C). Here, it is
important to note that the data only include 77ebouxia strains
that were found to be associated with L. pustulata, whereas
other lichen-forming fungi occurring in the same range were
not examined. Hence, given the low specificity of Trebouxia
algae towards their fungal partners (Friedl and Biidel 1996,
Piercey-Normore and DePriest 2001, Peksa and Skaloud
2011), we can currently not resolve whether the differentiated
model distributions (and niches) of algal OTUs correspond
to locally adapted strains, or whether their distributions are
in fact broader considering additional fungal partners. In
order to fully understand local adaptation in strains of lichen-
associated algae, the spatial extent and dispersal capacities of
the entire lichen community harboring those strains has to be
taken into account.

Notwithstanding, the modeled distributions of algal
OTUs from our data do strengthen the assumption that the
range of L. pustulata lichens is probably not restricted, but
broadened, by environmental preferences of Trebouxia algae.
In particular, range expansions via photobiont switches will
be most effective either towards colder and wetter climates,
such as in arctic-alpine regions (switching to OTU,,, 4), or
towards warmer and drier climates, such as in the Mediter-
ranean (switching to OTU,,, 5, see also Dal Grande et al.
2017a). Accordingly, regarding the interaction hotspots of
symbiont partners (depicted as the product of their respec-
tive occurrence probabilities), the generalist mycobiont
(OTUj, 0 1) will also likely encounter these Trebouxia strains
at the outer margins of its distribution (Fig. 3, lower panel).
Notably, the remaining genetically differentiated mycobionts
(OTUj,p, 2—4) primarily clustered in the Mediterranean
(Supplementary material Appendix 1 Fig. $4B), suggesting
diversification of mycobionts to be more likely in that region.
However, to further explore the adaptive significance of this
pattern, particularly in regard to photobiont switching and
niche overlap (Supplementary material Appendix 1 Fig. S5),
additional genome-wide analyses — as opposed to our rather
conservative set of genetic markers (ITS rDNA for algae
and MCM7 for fungi) — would be valuable. For instance,



a recent study found genome-wide differentiation among
L. pustulata mycobionts from the Mediterranean (Sardinia,
Italy) that is likely driven by adaptive divergence along an
elevational cline (Dal Grande et al. 2017b). Taken together,
our results provide evidence for mutualist-mediated niche
(and range) expansion in lichens — a strategy also observed
in other mutualisms (Afkhami et al. 2014, Bongaerts et al.
2015, Maher et al. 2017) — thereby corroborating theoreti-
cal predictions for symbiosis as an adaptive process (Moran
2007, Poisot et al. 2011, Friesen and Jones 2012). We also
highlight the importance of niche and distribution models
to quantify or locate unique ranges and overlaps of distinct

partners involved in a symbiosis (see also Peksa and Skaloud
2011, Afkhami et al. 2014, Allen and Lendemer 2016).

Coevolution and ecological fitting

Regarding the underlying mechanisms structuring L. pustulata
lichen symbioses across ecological gradients, the spatial genetic
pattern of symbiont partners together with their model-based
niche predictions can also help to distinguish between two
fundamental mechanistic concepts of species associations:
coevolution and ecological fitting. Coevolution requires
reciprocal selection pressures between interacting species,
such that the fitnesses of particular genotypes in one species
depend on the distribution of genotypes in the other species
(Ehrlich and Raven 1964, Thompson 1999, 2005). Moreover,
this reciprocity in fitness functions will often be geographi-
cally structured based on local genotype-by-genotype-by-
environment interactions, thereby creating a geographic
mosaic of strong and weak (or absent) coevolution (Thomp-
son 1999, 2005). On the one hand, strong interdependence
of genotype distributions will lead to codiversification and
phylogenetic conservatism among interacting partners. On
the other hand, weak genetic interdependence can lead to
breaks in codiversification, specifically if one genotype obrtains
realized fitness after colonizing a new habitat where fitnesses
are not strongly dependent on the distribution of genotypes
in the other species (Thompson 1999, Gomulkiewisz et al.
2000, Nuismer et al. 2000, 2003). The latter scenario is often
related to the concept of ecological fitting which is based on
the evolutionary history of interacting species being co-opted
in a new selective environment with little to no adaptive
divergence to the current partner (Janzen 1985, Agosta and
Klemens 2008, Agosta et al. 2010).

The spatial genetic pattern we observed in L. pustulata
lichens — i.e. a generalistic mycobiont switches between
genetically differentiated photobionts with divergent ecologi-
cal amplitudes — appears to be in agreement with the con-
cept of ecological fitting, rather than with strong coevolution
between specific genotypes. Indeed, our study thereby con-
firms a commonly observed pattern found in other lichen
symbioses at the level of sub-species or populations (Piercey-
Normore 2006, Yahr et al. 2006, Werth and Sork 2008,
2010, Muggia et al. 2014). On a larger phylogenetic scale,
however, lichen symbioses are certainly structured by coevo-
lution, as is evident from strong phylogenetic constraint in

partner compatibility (DePriest 2004, Yahr et al. 2004, Miad-
likowska et al. 2006, Leavitt et al. 2015, Singh et al. 2017).
Interestingly, despite only weak codiversification among
partners on the sub-species level, their spatial interaction pat-
tern — especially in regard to niche expansion — will often still
resemble a mosaic of interaction hotspots (where putatively
specialized partners are more frequently available) and cold-
spots (where there are mainly generalist partners). Hence, it
is important for our understanding of lichen symbioses to
identify such hotspots where photobiont switches will most
likely occur with adaptive benefits.

Conclusions

This study highlights the importance of spatial genetic
approaches in order to determine the ecological drivers that
structure mutualisms (Yahr et al. 2006, Werth and Sork
2008, 2010, Muggia et al. 2014). Our results confirm a com-
monly observed pattern in lichen symbioses, where a gen-
eralist mycobiont associates with genetically differentiated
and ecologically divergent photobionts, thereby potentially
expanding its distributional range. Particularly with regard
to ongoing climate change, the identification of interac-
tion hotspots among symbiont partners will not only help
to understand how lichens can cope with shifting climatic
selection regimes, but also to inform conservation strategies
on potentially vulnerable populations (Klanderud and Tot-
land 2005, Ellis 2012, Allen and Lendemer 2016). Impor-
tantly, given that our assessment of genetic differentiation is
currently based on a rather conservative set of genetic mark-
ers (ITS rDNA for algae and MCM7 for fungi), additional
analyses with broad-scale genomic tools are needed. To con-
clude, quantifying the ecological contribution of different
genotypes to the overall (climatic) niche of a symbiosis will
help to inform future molecular and genomic approaches aim-
ing to understand eco-evolutionary dynamics in mutualisms.
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