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ABSTRACT

River gravel bars are dynamic and heterogeneous habitats straddling the transition between aquatic and ter-
restrial environments. Periodic flooding, low nutrient concentrations, frost, lack of stable sites, drought, and
ground surface heat significantly influence the biota of these habitats. Mutualistic symbiosis may be a successful
strategy for organisms to survive and proliferate under such harsh conditions. The lichen genus Stereocaulon was
selected as a model symbiotic system from among the organisms living on river gravel bars. The goal of the
current study was to determine the effect of this dynamic environment on phycobiont (i.e., green eukaryotic
photobiont) community structure. We analyzed 147 Stereocaulon specimens collected in the Swiss Alps using
Sanger sequencing (fungal internal transcribed spacer (ITS) rDNA, algal ITS rDNA, and algal actin type I gene)
and analyzed 8 selected thalli and 12 soil samples using Illumina metabarcoding (ITS2 rDNA). Phytosociological
sampling was performed for all 13 study plots. Our analyses of communities of phycobionts, lichens, bryophytes,
and vascular plants indicated a gradual change in the phycobiont community along a successional gradient. The
particularly large phycobiont diversity associated with Stereocaulon mycobionts included algae, here reported as
phycobionts for the first time. Each of the two Stereocaulon mycobiont operational taxonomic units had a distinct
pool of predominant phycobionts. The thalli selected for Illumina metabarcoding contained a wide range of
additional algae, i.e., they showed algal plurality.

1. Introduction

which are characterized by high species richness and evenness, and
relatively low vegetation cover. In later successional stages, the even-

River gravel bars are dynamic and heterogeneous habitats that
occur in a range of ecosystems, from glacial floodplains and wide alpine
river valleys to the piedmont [1-4]. Periodic flooding, together with
variations in the speed and intensity of the water current, create richly
braided rivers with a mosaic of channels, pools, bars, and islands [5-7].
The destruction and reformation of river gravel bars by floods result in
wide structural changes and cyclic vegetation succession. The early
successional vegetation type, together with subsequent vegetation types
(mainly shrubs), form a mosaic of microhabitat conditions that are
determined according to the disturbance levels [6,8-12]. Gravel bars in
alpine zones significantly contribute to the regional diversity of the
alpine environment [13]. The early- to mid-successional stands are
often occupied by relatively diverse communities of vascular plants,
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ness and species richness decrease as organic matter and nutrients ac-
cumulate, and competition from established dominant species in-
creases, as demonstrated in many studies [14-16].

Glacier-fed alpine rivers are highly influenced by daily flooding
from the melting glaciers, which makes their conditions even more
extreme (e.g., [2,6,17]). Low nutrient concentrations in surficial sub-
strates represent the most limiting environmental factor in glacial
floodplains. Recently deglaciated terrain is characterized by bare soils,
which do not contain any organic matter and initially lack a soil seed
bank. Additionally, frost, lack of stable sites, drought, and ground
surface heat significantly influence life in these habitats [4,18,19]. To
help survive and persist in these conditions, common characteristics of
gravel bar species include high diaspore dispersibility, fast growth,
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tolerance of disturbance, clonal growth, and the ability to grow on
nutrient-poor soils [20-25].

Under the harsh conditions of river gravel bars, mutualistic sym-
biosis may be a successful strategy for organisms to survive and pro-
liferate [26,27]. Since lichens represent one of the oldest known and
most recognizable examples of mutualistic symbiosis in stressful con-
ditions [28], the lichen genus Stereocaulon was selected as a model
symbiotic system from among the organisms living on river gravel bars.
Stereocaulon is a widespread and ecologically successful pioneer lichen
to be able to grow under harsh conditions on newly formed substrates
[29,30]. Moreover, previous studies confirmed its ability to survive
episodic submersion [31], even though it is not aquatic. Lichens are
complex symbiotic systems, composed of various heterotrophic and
autotrophic organisms. The presence of these various autotrophic and
heterotrophic symbionts gives rise to a thallus with a typical phenotype
[32]. The Stereocaulon mycobionts are associated with green algal
symbionts (i.e., phycobionts) and sometimes with additional cyano-
bionts located in specialized structures [33,34]. Recently, an ex-
ceptionally high diversity of phycobionts was discovered to be asso-
ciated with Stereocaulon, including three ecologically diversified
trebouxiophycean genera, Asterochloris, Vulcanochloris, and Chloroidium
[35,36].

The ecological amplitude of the lichen mycobiont may be influenced
by its specificity for the phycobionts [35,37]. Symbiotic interactions
vary along environmental gradients [38] and could be affected by
stressful environments [39,40]. Therefore, the goal of our study was to
determine patterns in phycobiont diversity of Stereocaulon along a
gradient of vegetation succession. Sanger sequencing of all 147 samples
and Illumina metabarcoding of 8 selected thalli were applied to Ste-
reocaulon specimens collected from 13 study plots to address the fol-
lowing questions: (1) is phycobiont diversity influenced by succession?;
(2) how specific is Stereocaulon towards its phycobionts on river gravel
bars?; and (3) does Stereocaulon growing on gravel bars exhibit algal
plurality?

2. Material and methods
2.1. Study area and field sampling

The sampling was carried out in August 2017. Four localities, all
situated on river gravel bars of glacial floodplains (1995-2070 m a.s.1.),
were sampled across three glacial valleys: Morteratsch locality in the
Morteratsch valley, Roseg I and Roseg II localities in the Roseg valley in
the Bernina range, and Lonza locality in the Lotschental valley of the
Lonza River in the Bernese Alps (a map is shown in Fig. S1). 13 vege-
tation plots (4 m X 4 m) were investigated. Study plots in each locality
represented three successional stages [41]: (1) early stage (herbaceous
early-successional scattered vegetation characterized by stands of al-
pine and scree-related herbs), (2) moderate (sparse scrub vegetation
with willow species and Myricaria germanica), and (3) developed
(stands with scattered trees of Larix decidua and scrubs of Juniperus
communis subsp. nana), with the exception of the Roseg II locality where
only the first and second stages were present (Tables 1, S1). Photo-
graphs of the study plots at different successional stages are given in
Fig. S2.

Coordinates of each plot were recorded using a portable GPS (WGS-
84 coordination system). The elevation of the gravel bar (as a distance
from its highest point to the actual water level) and distance from the
river were measured. One soil sample per plot was taken. All lichen,
bryophyte and vascular plant taxa within the vegetation plots were
recorded, with lichens and bryophytes collected from soil and stones.
The cover of each species according to the extended Braun-Blanquet
cover scale [42] and the total vegetation cover and the cover of each
layer (tree, shrub, herb, moss, and lichen) were estimated in each plot.
Vegetation plot data are listed in the Table S1. Ellenberg indicator
values [43] and indicator values for bryophytes [44,45] were
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calculated. On each plot, a minimum of 10 Stereocaulon samples was
collected; for each sample the type of substrate was noted. Only one
morphospecies of Stereocaulon (S. alpinum) was found in the study area.
Lichen morphospecies were identified in the field, as well as in the
laboratory using standard microscopic and chemical methods, in-
cluding spot tests and thin-layer chromatography (TLC). Stereocaulon
vouchers were deposited in the Herbarium of Charles University in
Prague (PRC) and vouchers of accompanying lichens in the personal
herbarium of J. Mali¢ek. Vascular plants and bryophytes unidentified in
the field were collected for laboratory determination. All records for the
vegetation plots were stored in the Gravel bar vegetation database — ID:
EU-00-025 [46], which is included in the European Vegetation Archive
[47]. Nomenclature follows Euro+ Med PlantBase [48] for vascular
plants, Hill et al. [49] for mosses, Grolle & Long [50] for liverworts, and
Nimis et al. [51] for lichens.

2.2. DNA extraction, amplification, and Sanger sequencing

DNA was extracted from lichen thalli (total lichen DNA). Lichen
thalli were examined under a dissecting microscope and washed with
water before DNA extraction to remove possible surface contamination.
Total genomic DNA was isolated from thallus fragments following the
CTAB protocol [52]. Both algal and fungal nuclear internal transcribed
spacers (ITS rDNA) and the algal actin type I gene (including one
complete exon and two introns located at codon positions 206 and 248
[53]1) were PCR amplified using primers listed in Table 2. PCRs were
performed as described in Vancurova et al. [35]. All PCRs were per-
formed in a volume of 20 pl using Red Taq Polymerase (Sigma) as de-
scribed by Peksa and Skaloud [54] or with My Taq Polymerase. Nega-
tive controls, without DNA template, were included in every PCR run to
eliminate false-positive results caused by contaminants in the reagents.
The PCR products were sequenced using the same primers at Macrogen
in Amsterdam, Netherlands. The newly obtained sequences were de-
posited in GenBank under accession numbers MT066249-MT066395,
MT076321-MT076465, and MT093213-MT093219 (Table S2).

2.3. Sequence alignment and DNA analyses

Asterochloris datasets were analyzed both as a single locus for the
ITS rDNA (data not shown) and as a concatenated dataset of ITS rDNA
and actin type I loci. The Asterochloris ITS rDNA dataset consisted of
202 sequences (142 newly obtained and 60 previously published) from
Stereocaulon and other lichens retrieved from GenBank. The actin type I
dataset consisted of 67 sequences (7 newly obtained and 60 previously
published). Actin type I locus was sequenced primarily in those samples
where unique ITS rDNA barcodes were obtained, to increase the phy-
logenetic resolution. Since (1) ITS rDNA and actin type I topologies are
highly congruent, and (2) the samples with identical ITS rDNA barcodes
generally show identical actin type I locus sequences, actin type I se-
quences were not obtained for all studied strains. The alignment was
automatically performed by MAFFT v.7 software [59] under the Q-INS-I
strategy and manually edited according to the published secondary
structures of ITS2 rDNA [58] using MEGA v.6 [60]. The actin type I
sequences were aligned using MAFFT v.7 software [59] under the Q-
INS-I strategy. After deleting identical sequences, the resulting con-
catenated alignment comprised 64 samples represented by unique ITS
rDNA and actin type I sequences.

The ITS rDNA dataset of the Stereocaulon mycobiont comprised 171
sequences: 145 newly obtained sequences and 26 representative se-
quences selected to cover all the main clades 1-8 published by
Hognabba [61]. The alignment was automatically performed by MAFFT
v.7 software [59] under the Q-INS-I strategy. After removing identical
sequences, the resulting alignment comprised 48 sequences. All DNA
alignments are freely available on Mendeley Data: http://dx.doi.org/
10.17632/jchg5h3t5k.1.

Phylogenetic relationships were inferred with the Bayesian
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Table 1
Location of study plots.
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Plot number Successional stage Locality Altitude (m) River distance (m) Height above river (m) GPS coordinates
1 1 Morteratsch 2070 10.0 0.8 46.4308528 9.9357028
2 2 Morteratsch 2018 35.0 2.5 46.4305556 9.9350000
3 3 Morteratsch 2026 240.0 13.0 46.4332500 9.9332500
4 1 Rosegl 2034 15.0 0.5 46.4253611 9.8604444
5 1 Rosegl 2031 2.0 0.7 46.4250278 9.8602500
6 2 Rosegl 2040 75.0 1.0 46.4238333 9.8590278
7 3 Rosegl 2050 20.0 2.5 46.4215556 9.8586111
8 2 Rosegll 2012 10.0 1.5 46.4341111 9.8649722
9 1 Rosegll 1997 2.5 0.4 46.4376944 9.8702778
10 1 Lonza 1995 0.3 1.0 46.4459722 7.8999167
11 1 Lonza 2027 4.0 1.0 46.4473056 7.9040556
12 2 Lonza 2003 16.0 0.9 46.4463333 7.9000833
13 3 Lonza 2007 200.0 10.0 46.4465000 7.8997778

Inference (BI) carried out in MrBayes v.3.2.2 [62], maximum likelihood
(ML) analysis implemented in GARLI v.2.0 [63], and maximum parsi-
mony (MP) analysis using PAUP v.4.0b10 [64]. BI and ML analyses
were carried out on a dataset partitioned into ITS1, 5.8 S and ITS2
rDNA, actin intron 206, actin intron 248, and actin exon regions. The
best-fit substitution models (Table S3) were selected using the Bayesian
information criterion (BIC) implemented in JModelTest2 [65,66]. ML
analysis was carried out using default settings, five search replicates,
with an automatic termination set at 5 million generations. The MP
analysis was performed using heuristic searches with 1000 random
sequence addition replicates and random addition of sequences (the
number was limited to 10* per replicate). ML and MP bootstrap support
values were obtained from 100 and 1000 bootstrap replicates, respec-
tively. Only one search replicate was applied for ML bootstrapping.

2.4. Ecological community analyses

From a total of 147 samples with successfully sequenced phyco-
bionts, two were excluded due to the absence of a mycobiont sequence.
Since the mycobiont identity affects the phycobiont diversity [35], four
samples belonging to the minority species-level lineage (OTU2) were
also excluded. Thus, statistical analyses were carried out using 141
members of the prevailing mycobiont species-level lineage (OTU35)
and their phycobionts. Since the number of samples per plot varied, it
was impossible to perform analyses requiring an equal number of
samples per plot with the original dataset. Therefore, the number of
phycobiont species-level lineages was rarefied to the smallest sample
size in the data set, i.e. five samples (Fig. S3). After excluding study plot
no. 11 (with the sample size of 5), the smallest sample size in the data
set increased to 10 samples. The rarefaction was performed using the
rarefy function in vegan R package [67].

To visualize phycobiont diversity in the context of surrounding
vegetation, an ordination model (non-metric multidimensional scaling;
NMDS) was computed as available in vegan package of R [67]. The
input dataset included vascular plants, bryophytes and lichens, whose
cover values were converted to percentage and further log transformed.
Afterwards, four variables (i.e., successional stage, number of lichen

species, number of phycobiont species rarefied to sample size 5 and
proportion of locally common phycobionts) were passively fitted using
the function envfit of vegan R package. Asterochloris StA5 and A. phy-
cobiontica were considered as locally common phycobionts.

Thereafter, the relationship between species richness of Stereocaulon
alpinum OTU35 phycobionts and overall lichen species richness was
investigated in order to determine if there was a correlation between
the number of phycobiont species-level lineages and number of lichen
species. The linear regression was performed separately for the dataset
including all plots and the dataset restricted to plots with sample size =
10. Since the parametric regression analyses can be significantly biased
in small sample sizes, the Bayesian linear regression was used and the
number of phycobionts modeled as a function of lichen species richness.

The gradual change of phycobiont community composition was
inspected as a correlation between the proportion of the two most
abundant phycobiont species-level lineages ((number of Asterochloris
phycobiontica samples + number of StA5 lineage samples)/number of
all samples) and the successional stage (coded 1, 2 and 3). The pro-
portion of the most abundant phycobionts was modeled as a function of
the successional stage. The program JAGS v. 4.2.0 [68] through the
R2JAGS package [69] in R was used to fit all regression models.

The vegetation plot data were stored in Turboveg for Windows v.2
database [70] and further managed with JUICE software [71] and in
the R environment [72] with the help of the vegan R package [67].

Bipartite association networks were produced using bipartite R
package [73].

2.5. Illumina metabarcoding of algal communities in selected lichen thalli
and soil samples

In order to describe algal plurality in Stereocaulon thalli, llumina
metabarcoding was performed. Eight thalli (four assigned to mycobiont
OTU35 and four to OTU2) were examined. The samples which showed
difficulties with Sanger sequencing of predominant phycobiont, a
probable/possible sign of the algal plurality, were selected [74].
Therefore, the evaluation of the frequency of this phenomenon is be-
yond the scope of this study. The samples were rehydrated with Milli-Q

Table 2

Primers used in this study.
Name Sequence Reference
nr-SSU-1780-5" 5’-CTG CGG AAG GAT CAT TGA TTC-3’ Algal ITS region, algal-specific [55]
ITS1-F-5 5-CTT GGT CAT TTA GAG GAA GTA A-3’ Fungal ITS region, fungal-specific [56]
1TS4-3 5’-TCC TCC GCT TAT TGA TAT GC-3’ Algal and fungal ITS region, universal [57]
ActinF2 Astero-5’ 5’-AGC GCG GGT ACA GCT TCA C-3’ Actin type I locus, algal specific [58]
ActinR2 Astero-3’ 5’-CAG CAC TTC AGG GCA GCG GAA-3’ Actin type I locus, algal specific [58]
1378-Chlorophyta 5-TTG CCT TGT CAG GTT GAT TCC GG-3’ Illumina sequencing of ITS2 This study
5.8F-Chlorophyta 5’-GAA TTC CGT GAA CCA TCG AAT CTT T-3/ Ilumina sequencing of ITS2 This study
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Fig. 1. Unrooted phylogenetic hypothesis of Stereocaulon resulting from the Bayesian analysis of ITS rDNA. Values at the nodes indicate the statistical supports of
Bayesian posterior probability (left), maximum-likelihood bootstrap (middle) and maximum parsimony bootstrap (right). Scale bar shows the estimated number of
substitutions per site. Newly obtained sequences are in boxes. All new sequences belong to Group 8b sensu Hognabba [61], as marked.

sterile water one day before being processed and stored in a growth
chamber at 20 °C under a 12h/12h light/dark cycle (15 umol/m?/s).
Thalli were cleaned under a stereomicroscope to remove soil particles
and then superficially sterilized following Arnold et al. [75]. Fragments
from different parts of each thallus were randomly excised and pooled
together (0.1 mg). Total genomic DNA was isolated and purified using
the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany).

Soil samples, one from each study plot, were sieved to remove
contamination. Total genomic DNA was isolated and purified using the
Soil DNA Isolation Plus Kit® (Norgen Biotek Corp.), following the
manufacturer's instructions. Since the soil sample from plot number 7
was not processed successfully, only 12 soil samples were analyzed in
the next steps.

Chlorophyta algal communities associated with the eight thalli and
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12 soil samples were assayed using Illumina high-throughput sequen-
cing of ITS2 of the rRNA operon, proposed as a universal barcode across
eukaryotic kingdoms [76]. High-coverage PCR primers at conserved
sites were designed using a customized database for the algal phylum
Chlorophyta (Table 2).

Amplicons for Illumina MiSeq sequencing were generated from
nested PCR: in the first PCR the forward 1378-Chlorophyta (newly
designed; Table 2) and the reverse ITS4 primers [57] were used and 27
amplification cycles were run, in the second PCR three replicates were
amplified using the primers 5.8F-Chlorophyta (newly designed;
Table 2) and ITS4 modified with Illumina overhang adaptors (forward
overhang: 5-TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG-3;
reverse overhang: 5’-GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG
ACA G-3’) and 22 amplification cycles were run. These three replicates
were then pooled together. PCR reactions were performed as described
in Moya et al. [77]: All PCRs (25 ul) contained 2.5 pl of 10X buffer,
0.4 uM primers, 0.2 mM dNTPs, and 0.6 u/pl of ExTaq (Takara, Shiga,
Japan), and sterile Milli-Q water was used to bring to correct volume.
The PCR conditions were 1 cycle of 95 °C for 2 min; 27 or 22 number of
cycles (as described above) of 94 °C for 30, 56 °C for 455, and 72 °C for
1 min; and a final extension of 72 °C for 5 min.

PCR products were purified using AMPure XP beads (Beckman
Coulter). Indexing PCR and addition of Nextera sequence adapters were
performed using Nextera XT Index kit (Illumina Inc., San Diego, CA,
USA) following the protocol for Illumina L library preparation. Finally,
a second purification round was carried out using AMPure XP beads.
Libraries were then quantified and pooled together. The libraries were
sequenced on Illumina MiSeq platform using the MiSeq Reagent Kit v3
(paired end 2 x 300 bp), at STAB Vida, Lisbon, Portugal and Genomics
Core Facility at the University of Valencia, Spain.

2.6. Bioinformatics analyses

Quality control analysis of the Illumina MiSeq paired-end reads was
performed using the FastQC v.0.11.8. Raw reads were processed using
Quantitative Insights Into Microbial Ecology 2 (QIIME2 v.2018.11
[78]). Demultiplexed paired-end sequence reads were pre-processed
using DADA2 [79], a package integrated into Qiime2 that accounts for
quality filtering, denoising, joining paired ends, and removal of chi-
meric sequences. The first 20 bp were trimmed from forward and re-
verse reads before merging to remove adaptors. In order to remove
lower quality bases, amplicon sequence variants (ASVs) were truncated
at position 210 based on the FastQC reports during this step.

Subsequent analyses were based on the ASV table, which contained
the count for each unique sequence in each sample. Only ASVs with
frequency =100 were further analyzed. BLAST searches were used to
confirm the sequence identity. Exclusively algal sequences were further
analyzed. A phylogenetic tree (Fig. S4) was inferred with Bayesian
Inference (BI) using MrBayes v.3.2.2 [62] as described above. Euler
diagrams were produced using eulerr R package [80].

3. Results
3.1. Species composition in the study plots

In total, 88 vascular plant taxa, 19 bryophyte taxa, and 45 lichen
taxa were recorded within the 13 study plots. Table S4 contains a
summary of the species richness for individual plots.

3.2. Diversity of phycobionts and mycobionts

To address the overall diversity of the Stereocaulon mycobionts and
their phycobionts in the study area, a phylogenetic analysis of the in-
ternal transcribed spacer (ITS) rDNA loci of both partners was per-
formed. A phylogram resulting from the Bayesian analysis of the ITS
rDNA sequences of the Stereocaulon mycobionts is shown in Fig. 1. The
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majority of the recovered mycobiont sequences formed a well-sup-
ported lineage delimited as operational taxonomic unit 35 (OTU35) by
Vancurova et al. [35]. Five sequences matched the distantly related
OTU2 (sister to DQ396973 and DQ396974), despite the morphological
similarity of all the studied samples. Both OTU35 and OTU2 fall into
Group 8b sensu Hognabba [61].

The predominant phycobiont (i.e., the most abundant alga within a
particular thallus [74]) detected in 97% of the Stereocaulon samples
belonged to the genus Asterochloris, while only five specimens re-
presented other trebouxiophycean algae. In the case of these five spe-
cimens (coded A574, A574.1, A633, A634, and A634V) the identity of
the phycobionts was confirmed by a Blast search against the GenBank
database. Significant matches from 99% to 87% were obtained for A574
as Coccomyxa viridis HG973000, A574.1 as Elliptochloris reniformis
LT560354, and A633, A634, and A634V as uncultured Treboux-
iophyceae FJ554399. These latter three sequences formed a well-sup-
ported clade with the more distantly related sequence KF907701 (86%
sequence similarity; Fig. S4), which was previously assigned to clade
URa28 [81]. These sequences are referred to by this nomenclature
hereafter.

The phylogenetic hypothesis resulting from the Bayesian analysis of
the ITS rDNA and actin type I sequences of Asterochloris (Fig. 2) was
congruent with that of previous studies [35,54,82-84]. The species
boundaries delimited by Vancurové et al. [35] and the nomenclature
used [35] were maintained. A total of 14 lineages, including one novel
lineage, here referred to as StA9, were recorded. Eleven of these
lineages were previously determined as phycobionts of Stereocaulon
([35] and references therein); namely, A. glomerata, A. irregularis, A.
italiana, A. lobophora, A. phycobiontica, A. aff. italiana, Asterochloris
clade 8, Asterochloris clade 12, Asterochloris StA3, Asterochloris StA4,
and Asterochloris StA5. Two of these 14 lineages (A. echinata and A.
leprarii) were found in association with a Stereocaulon mycobiont for the
first time in this study. The most frequently occurring phycobionts were
linked with the lineages Asterochloris StA5 and A. phycobiontica.

3.3. Phycobiont community structure and its changes along a successional
gradient

Stereocaulon alpinum OTU2 (n = 4) was only sampled in two study
plots (nos. 8 and 11). One sample was assigned to A. italiana and three
were assigned to the trebouxiophycean lineage URa28. None was
shared with the dominant Stereocaulon mycobiont (OTU35) in the study
area (Fig. 3).

Stereocaulon alpinum OTU35 (n = 141) was associated with 15 dis-
tinct species-level lineages of the phycobionts in the study area: 13
lineages of Asterochloris, 1 Coccomyxa, and 1 Elliptochloris. Phycobionts
from two to six species-level lineages were recorded in each of the 13
study plots (Fig. S5). When the sample size was reduced to five, 2.0-3.7
phycobiont species per plot were expected. For a sample size of 10
(excluding plot 11, which only had five samples), 2.8-5.3 phycobiont
species per plot were expected (Fig. S3; Table 1).

To visualize the phycobiont diversity in the context of the sur-
rounding vegetation (vascular plants, bryophytes, and lichens), an or-
dination model was computed. The non-metric multidimensional
scaling (NMDS) ordination (stress value 0.132) mostly reflected the
successional gradient (Fig. 4). The fitted variable of succession (fit in
the ordination: r* = 0.3689) was positively correlated with number of
lichens (1> = 0.7273) and the number of phycobiont species
(r> = 0.1872); in contrast it was strongly negatively correlated with the
proportion of locally common phycobionts (r* = 0.1988).

These results were supported by the Bayesian linear regression: the
species richness of the S. alpinum OTU35 phycobionts significantly in-
creased with the species richness of all the lichens recorded at a study
plot (Fig. 5), while the proportion of the two most abundant phycobiont
species-level lineages (A. phycobiontica and Asterochloris StA5) sig-
nificantly decreased with increasing successional stage in favor of other
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Fig. 2. Unrooted phylogenetic hypothesis of Asterochloris resulting from the Bayesian analysis of combined ITS rDNA and actin type I sequences. Values at the nodes
indicate the statistical supports of Bayesian posterior probability (left), maximum-likelihood bootstrap (middle) and maximum parsimony bootstrap (right). Fully
supported branches (1.0/100/100) are marked with an asterisk. Scale bar shows the estimated number of substitutions per site. Newly obtained sequences are in
boxes. Clade affiliations: clade 8, clade 9 sensu Skaloud and Peksa [58], A4, A11 sensu Peksa and Skaloud [54], URal4 sensu Ruprecht et al. [81], 11, 12 sensu Ridka
et al. [85], S1, S3 sensu Nelsen and Gargas [86], A. aff. italiana and StA1 — StA8 sensu Vancurové et al. [35]. StA9 lineage was identified as new in present study. Table

S5 contains accession numbers of reference sequences retrieved from GenBank.
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Fig. 3. Bipartite association network between successional stages and phyco-
biont species-level lineages. The width of the links is proportional to the
number of specimens forming the association.

species recovered at a lower frequency (Fig. 6). The phycobiont com-
munities of the early-successional stages were relatively species-poor
and mostly consisted of species that were generally abundant in the
study area. With ongoing succession, the number of locally rare phy-
cobiont species increased, together with the total number of phycobiont
and lichen species.

3.4. Algal plurality detected using microalgal metabarcoding
Phycobiont diversity within particular lichen thalli (n = 8) was in-

spected using Illumina metabarcoding. A total of 1,945,186 raw read-
ings were generated, of which 1,240,063 passed the demultiplexing

successional
’stage

number of
lichen
species

0.2

4

number
of phycobiont
species

0.2 proportion
of locally common

phycobionts number of
o phycpbiont
-0.4- successional stage species
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<> developed (3) B @ >=32
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Fig. 4. Ordination diagram of non-metric multidimensional scaling (NMDS).
The stress of the model is 0.132. The shape of the symbols represents the suc-
cessional stage and their color the three levels of number of phycobiont species.
Four variables (successional stage, number of lichen species, number of phy-
cobiont species and proportion of locally common phycobionts) were passively
superimposed onto the ordination plot.

step and quality filter. This represented an average of 155,007 algal
reads (minimum = 38,329, maximum = 246,121, median = 179,415)
per sample. The filtered metabarcoding dataset consisted of 116 hits (4
to 44 per sample).

The abundances of the recovered algal clades by sample are shown
in Fig. S6, with the predominant phycobiont comprising 52.4-98.8% of
the readings. Thalli A523M, A554M, A563M, and A570M (assigned to
the mycobiont OTU35) contained various Asterochloris species as the
predominant phycobiont, which were assigned to lineage StA9 (sample
A523M), A. irregularis (A563M), and A. phycobiontica/StA4/StA5
(A554M and A570M). The species-level lineages StA4, StA5, and A.
phycobiontica were indistinguishable using the ITS2 rDNA marker. The
relative frequency of amplicon sequence variants (ASVs) linked to
Asterochloris spp. by sample is shown in Fig. S7. Thalli A597M, A598M,
A633M, and A634M (assigned to mycobiont OTU2) predominantly
contained phycobionts from the trebouxiophycean lineage URa28.

3.5. Soil as a potential reservoir for phycobionts

The phycobiont diversity in 12 soil samples was analyzed using
Ilumina metabarcoding. A total of 1,524,198 raw reads were gener-
ated, 876,596 of which passed the demultiplexing step and quality
filter. This represented an average of 73,049 algal reads
(minimum = 18,255, maximum = 164,643, and median = 63,827) per
sample. The filtered metabarcoding dataset consisted of 427 hits (4 to
89 per sample). The phylogenetic hypothesis resulting from the
Bayesian analysis of the ITS2 rDNA sequences obtained by the meta-
barcoding of soil samples, selected lichen samples, and reference se-
quences from GenBank is shown in Fig. S4. Sequences were recovered
in 44 well-supported clades, 27 of which exclusively contained soil
algae, 2 exclusively contained phycobionts, and 15 were shared by
these two groups. The occurrence of particular clades of soil algae in
each study plot is depicted in Fig. S8.
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Fig. 6. Bayesian linear regression of number of a successional stage as a pre-
dictor of the proportion of the most abundant phycobiont species-level lineages
((number of Asterochloris phycobiontica samples + number of StA5 lineage
samples) / number of all samples). Dashed lines show the 95% CRI around the
regression line.

To determine the shared pool of algae between the lichen phyco-
bionts and free-living soil algae, the occurrence of particular algal ITS2
haplotypes was analyzed, including the whole dataset obtained by
Sanger sequencing (probably predominant phycobionts; Fig. 7a). Nine
of the haplotypes obtained by Sanger sequencing were also found by
Mlumina sequencing of the soil and lichens. The vast majority of hap-
lotypes were unique for the soil (n = 256) or Illumina lichen (n = 79)
datasets. However, 27 haplotypes were shared by the soil and lichens
but were not detected by Sanger sequencing using DNA extractions
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Illumina soil
256

Illumina soil
54

Sanger
Stereocaulon

Fig. 7. Euler diagrams depicting sets of algal ITS2 rDNA haplotypes recovered
from selected Stereocaulon thalli (n = 8) using Illumina metabarcoding, from all
Stereocaulon samples (n = 147) using Sanger sequencing and from soil samples
(n = 12) using [llumina metabarcoding. In case of Illumina metabarcoding sets,
only haplotypes with frequency a =100 and b =1000 were included.

from Stereocaulon in the study area. The same analysis that was re-
stricted to haplotypes with a frequency = 1000 (to eliminate possible
bias produced by errors from the polymerase chain reaction and se-
quencing [87]) showed a similar pattern (Fig. 7b).

4. Discussion
4.1. Change of community structure along a successional gradient

Succession on river gravel bars is an important driver of both species
composition and diversity. It is well documented in the case of vascular
plants (e. g., [8,16]), but also applies to microorganisms, such as soil
bacteria or mycorrhizal fungi [88,89]. However, different groups of
taxa respond differently to this gradient; for example, vascular plants
are known to follow a nested-community pattern, where the highest
species diversity is associated with early- to mid-successional stages,
and community diversity declines with ongoing succession (e.g,
[14,90,91]). This pattern of vascular plant species richness was ob-
served in the current study.

The pattern observed for the phycobiont communities of
Stereocaulon lichens differed. The phycobiont communities of the early-
vegetation stages were composed of relatively few species-level
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lineages, such as A. phycobiontica and Asterochloris StA5 (Fig. 3), which
are alpine and psychrophilic [35,54]. As locally adapted lineages, they
are probably common in populations surrounding the study plots.
Therefore, newly emerged river gravel bars are easily colonized by the
A. phycobiontica and Asterochloris StA5 lineages. In subsequent stages,
the observed species richness of the phycobiont algae mostly increased
and these two species-level lineages were gradually substituted by other
lineages (Fig. 6). Some of these lineages could be specialized to slightly
different microhabitat conditions within particular plots; for example,
clades 8, 12, and StA3 tolerate a higher pH [35,55,92,93]. On the river
gravel bars of glacial floodplains, organisms with various substrate
optima could coexist due to the heterogeneity of the substrate trans-
ported by a river or glacier from distant localities and various substrate
layers. In the study area, acidophilic vascular plants and bryophytes
dominated, but the occurrence of basophilic species, such as Didymodon
fallax, Lophozia excisa, Syntrichia ruralis, and Veronica fruticans, as found
in our data, was considered an indication of the basic fractions of the
substrate.

On the river gravel bars, the species richness of the phycobionts was
positively correlated with that of lichens (Fig. 5). This correlation
possibly indicates the phycobionts and mycobionts use similar dispersal
strategies while colonizing newly exposed gravel bar stands. However,
it could also be connected with other variables, such as changing mi-
crohabitat heterogeneity. The species richness of terricolous lichens on
glacier forelands in the Alps was positively correlated with the time
since deglaciation [94], analogous to lichen species richness on degla-
ciated plots in maritime Antarctica [95]. In both cases, most species,
once established, persisted until the oldest successional stages. Beck
et al. [96] found two haplotypes of Stichococcus antarcticus, a phyco-
biont of the Placopsis lichen in maritime Antarctica, exclusively oc-
curred in areas that had been deglaciated for a long time and had a
more developed soil and lichen community. The succession of vegeta-
tion causes numerous physical and chemical changes in the soil, as the
abundance of organic matter in the soil increases with increasing plant
cover. Therefore, the correlation between the species richness of var-
ious organisms and successional stages is frequently connected with
changing soil characteristics, such as nutrient concentrations
[14,41,88,89].

There are two possible sources of phycobionts for the lichens on
river gravel bars: algae that continually colonize the gravel bars from
surrounding areas or soil algae in situ [97-99]. Several algal clades were
found in both the soil and the lichens (Fig. S4), but the phycobiont pool
appeared to be independent of the soil algae; for example, the most
frequent ITS2 rDNA haplotype among Sanger sequences (A. phyco-
biontica/StA4/StA5, which were recovered in 69% of all samples) was
present in only two soil samples at very low abundances (212 (2.4%)
and 135 (3.1%) of algal readings). In addition, other haplotypes were
abundant in the lichens and rare in the soil or vice versa. Approximately,
only ten ITS2 haplotypes belonging to the genera Asterochloris, Ellipto-
chloris, and clade URa28 were abundant in both soil and lichen thalli. In
Fig. 8, a comparison of the relative abundances of the algal clades in
soil samples and lichen thalli is presented. Only plots 4, 5, 6, and 8,
with soil samples generating > 5000 algal reads and with Stereocaulon
samples analyzed using Illumina metabarcoding, are displayed. The
discrepancy between the communities of soil and lichen algae supports
our hypothesis that phycobionts originating from the surrounding area
(probably from other lichen populations) colonize the recently emerged
plots, without a substantial contribution from the “soil seed bank.”
However, these results should be perceived as the basis for future re-
search. The number of soil samples was rather limited, and some taxa
could have remained undetected [100]. Nevertheless, the taxonomic
composition of the algae occurring on the river gravel bars was com-
parable to the pool of soil algae detected in the foreland of the Damma
glacier in the Swiss Alps [101]. Notably, a significantly different algal
community was found in the early-successional stage, which in that
case was represented by bare soil near a receding glacier. The lichen
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phycobionts, including Asterochloris, were reported from the soil in the
transitional and developed stages. One of Asterochloris sequences re-
covered by Frey et al. [101] corresponds with the lineage StA9, which
was first reported as a lichen phycobiont in the present study.

A similar pattern was demonstrated for corals, with little overlap
between the pool of photosynthetic symbionts in the sediment and the
host [102]; however, Ali et al. [103] demonstrated a significant influ-
ence of the sediment on coral symbiosis establishment.

4.2. Low specificity as an adaptive strategy

The specificity (i.e., the taxonomic range of acceptable partners
[104-106]) of both mycobionts and phycobionts has been considered a
crucial characteristic of lichen interactions. A reduced specificity of
symbiotic partners was frequently reported as an advantageous strategy
in harsh environments [39,40].

Both species-level lineages of Stereocaulon recorded in the study
area (Fig. 1) were morphologically identical and indistinguishable in
the field. The overwhelming majority of samples belonged to OTU35,
which was reported to have low specificity towards its phycobionts
[35]. On river gravel bars, the mycobionts belonging to this lineage
frequently associated with algae that are generally known as the phy-
cobionts of Lepraria lichens (A. phycobiontica, A. echinata, and A. leprarii
[841). Such low specificity (OTU35 was associated with 13 species-level
lineages of Asterochloris and, in two cases, with representatives of other
trebouxiophycean phycobionts) could facilitate the colonization of
heterogeneous and harsh habitats, including river gravel bars of glacial
floodplains.

On the other hand, S. alpinum OTU2 was associated with different
phycobionts, despite growing in the same environment as S. alpinum
OTU35. The OTU2 mycobiont is mostly associated with the treboux-
iophycean alga URa28. This alga was previously detected in a soil
sample from Canada, either as a soil alga or possibly as a phycobiont of
Stereocaulon sp., which was recorded in the same location [107].

One of the alternative hypotheses concerning the specificity towards
the phycobionts is that lichens tightly attached to the substrate were
considered less specific than lichens with a fruticose growth form
[108,109]. However, S. alpinum has a well-developed fruticose thallus,
and our samples were no exception to this, despite harsh environmental
conditions. Within the genus Stereocaulon, other mycobiont species
were reported with low specificity towards their phycobionts and were
able to establish symbiosis with more than one algal genus. The ex-
istence of more algal genera associated with Stereocaulon lichens, in
addition to Asterochloris, Chloroidium [110], Vulcanochloris [35,36],
Elliptochloris, Coccomyxa, and the clade URa28, could be expected.

4.3. Algal plurality

The occurrence of more than one phycobiont species in a single li-
chen thallus (i.e., algal plurality) was an overlooked phenomenon but
revealed to be quite common in lichens (e.g., [77,92,111-113]), and has
been documented in Stereocaulon [35]. However, various lichen species
differ in the prevalence of algal plurality. Dal Grande et al. [114] re-
vealed the occurrence of more than one phycobiont species in 49.2% of
Lasallia hispanica thalli but in only 1.7% of L. pustulata thalli. Leavitt
et al. [109] proposed the hypothesis that those lichens, which are un-
specific towards their phycobionts, more frequently exhibit algal plur-
ality.

Using Illumina metabarcoding, more than one phycobiont species
was found in all selected samples from both the mycobiont species-level
lineages (Fig. S6). However, these samples were selected because of
difficulties with Sanger sequencing, which in itself could indicate algal
plurality [74]. Illumina metabarcoding as well as Sanger sequencing
uncovered URa28 as the predominant phycobiont of S. alpinum OTU2.
In most cases, the phycobiont determined by Sanger sequencing cor-
responded with the predominant phycobiont according to high-
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Fig. 8. Relative abundances of algal clades within soil (first line) and Stereocaulon (second line) samples. Solely plots 4, 5, 6, and 8 with soil samples gen-
erating > 5000 algal reads and with Stereocaulon samples analyzed using Illumina metabarcoding were displayed. Clade affiliations: URa25, URa28 sensu Ruprecht
et al. [81]. Clade XVIII was identified as new in present study. Amplicon sequence variants (ASVs) were sorted into these clades based on phylogenetic hypothesis

presented in Fig. S4.

throughput sequencing [74,115].

Even though the two mycobiont species-level lineages, OTU2 and
OTU35, differed in their predominant phycobiont pools, they shared
the pool of other intrathalline algae, unlike two Circinaria spp. collected
at the same location; these shared the predominant phycobiont pool but
showed a completely different pool of other intrathalline algae [115].
The Stereocaulon OTUs significantly differed in the frequency of in-
trathalline algae (Fig. S6). Above all, most of the OTU35 thalli (with
Asterochloris as the predominant phycobiont) contained a small amount
of URa28 algae, and most of the OTU2 thalli (with URa28 as the pre-
dominant phycobiont) contained a small amount of Asterochloris. Sev-
eral algal clades interacted exclusively with one mycobiont species-
level lineage, but their frequency was generally low. A comparable
phycobiont pair, Trebouxia jamesii/Trebouxia sp. TR9, found in the
Ramalina farinacea lichen, is assumed to physiologically benefit that
symbiotic system [116,117]. Gasulla et al. [118] found two strains of
Coccomyxa phycobionts in the thalli of the basidiolichen Lichenom-
phalia; one of the strains was restricted to lower altitudes, one to higher
altitudes, and both were present in the thalli growing at intermediate
altitudes. Alternatively, the minor phycobionts could occur in thalli
without affecting the lichen and may be used as a source of algal
symbionts for other lichens in the locality. This hypothesis is in con-
cordance with our results, which point to a lack of symbiotic algae in
the soil.

5. Conclusions
The main goal of this study was to determine the connections
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between phycobiont diversity and the successional gradient. The di-
versity of phycobionts on river gravel bars shifted along the succes-
sional vegetation gradient, from early-successional herbaceous stages
through to the scrub and then young tree stages. The phycobiont
communities of the early-successional stages were composed of rela-
tively few species lineages. In subsequent stages, the observed species
richness of the phycobionts mostly increased, while the species-level
lineages typical for early-successional stages were gradually substituted
by others that were probably adapted to the heterogenous microhabitat
conditions of the river gravel bars. Moreover, a positive correlation was
revealed between the species richness of the phycobionts and that of the
accompanying lichens in the locality.

The second question addressed was related to the specificity of
Stereocaulon lichens towards their phycobionts on river gravel bars. The
substantial phycobiont diversity (including 14 Asterochloris species-
level lineages and three additional trebouxiophycean algae) that was
recovered from the river gravel bars suggested low specificity of
Stereocaulon mycobionts. This range of phycobionts may help them to
cope with the heterogeneous and dynamic conditions of the river gravel
bars in glacial floodplains.

Finally, algal plurality was examined; more than one phycobiont
species was found in samples belonging to both mycobiont OTUs (OTU2
and OTU35). Asterochloris phycobionts were recovered as the pre-
dominant phycobionts of OTU35, while the trebouxiophycean lineage
URa28 was the predominant phycobiont of OTU2. However, the broad
community of other intrathalline algae was shared by both mycobionts.

Besides novel insights into the community structure of symbiotic
microorganisms under the harsh and dynamic conditions of river gravel
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bars, this study presents challenging questions concerning cryptic li-
chen species and specificity towards the phycobionts, the dispersal of
microscopic symbionts, the ecological function of additional intrathal-
line algae, and an observed discrepancy between the communities of
soil and lichen algae.
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