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Abstract
The Red Queen dynamic is often brought into play for antagonistic relationships.

2Department of Biology, Faculty of However, the coevolutionary effects of mutualistic interactions, which predict slower
Science, Ramkhamhaeng University,

Bangkok, Thailand

evolution for interacting organisms (Red King), have been investigated to a lesser ex-

5 tent. Lichens are a stable, mutualistic relationship of fungi and cyanobacteria and/
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or algae, which originated several times independently during the evolution of fungi.
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Therefore, they represent a suitable system to investigate the coevolutionary effect
of mutualism on the fungal genome. We measured substitution rates and selective
pressure of about 2000 protein-coding genes (plus the rDNA region) in two different
classes of Ascomycota, each consisting of closely related lineages of lichenized and
non-lichenized fungi. Our results show that independent lichenized clades are charac-

terized by significantly slower rates for both synonymous and non-synonymous sub-
Funding information

Science Innovation Award at the Field
Museum

stitutions. We hypothesize that this evolutionary pattern is connected to the lichen
life cycle (longer generation time of lichenized fungi) rather than a result of different
selection strengths, which is described as the main driver for the Red Kind dynamic.
This first empirical evidence of slower evolution in lichens provides an important in-
sight on how biotic cooperative interactions are able to shape the evolution of sym-

biotic organisms.
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1 | INTRODUCTION

food web involves a certain degree of interdependence resulting

in coevolutionary patterns, as any change in a species will influ-

Coevolution can substantially shape the evolution of organisms
involved in intimate ecological connections that range from an-
tagonistic to mutualistic relationships. In its essence, coevolution
is a reciprocal evolutionary change induced by interacting species
(Thompson, 2014). Possibly, every biotic interaction within the

ence one or more connected species. If the relationship is tight
enough, and the reciprocally induced evolutionary changes last
long enough, coevolutionary effects can become apparent. In this
context, Van Valen's (1973, 1977) Red Queen dynamic described

how biotic interactions can influence evolution. This hypothesis
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was initially formulated to explain extinction patterns recurring in
fossil records of major taxa, but was later extended by the author
emphasizing the importance of competitive biotic interactions in
a macro-evolutionary framework. In this hypothesis, coevolution
was described as an evolutionary action-reaction cycle, which
is characterized by the fluctuations of the relative fitness of two
antagonist species. This cycle leads to an arms race regulated by
natural selection that eventually accelerates evolutionary rates.
Many authors further revised the Red Queen dynamic theory
(Brockhurst et al., 2014; Strotz et al., 2018) broadening its origi-
nal meaning (Morran et al., 2011), confirming (Kerfoot & Weider,
2004), or challenging it (Gokhale et al., 2013; Wei & Kennett, 1983);
some of these studies used model simulations (Dercole et al., 2010;
Rabajante et al., 2015), or experimental systems (Decaestecker
et al., 2007; Paterson et al., 2010), at different organizational (e.g.,
community, population), temporal, and taxonomic scales (Finnegan
et al., 2008; Liow et al., 2011).

The incredibly diversified literature inspired by Van Valen's origi-
nal hypothesis resulted in a wide concept of the Red Queen dynamic
that will be used in this study: coevolution as a driving force that can
accelerate evolution (Delaye et al., 2018; Pal et al., 2007; Paterson
et al., 2010) and/or modify the selective pressure acting on the co-
evolving species and their genes (Ejsmond & Radwan, 2015). Though
abiotic interactions play a prevalent role as a selective constraint
at the largest time and spatial scales (Benton, 2009, 2010; Venditti
et al., 2010), biotic interactions can also have a relevant role in stable
environments, for long-lasting, specific associations, such as symbi-
oses. Evidence of biotic relationships as an important long-term se-
lective force was found in host-parasite interactions, such as a New
Zealand snail and its trematode parasites (Dybdahl & Lively, 1998),
a plant-fungus association (Thrall et al., 2012), and a bacteria-ant
association (Degnan et al., 2004, 2005).

In contrast to the accelerated evolution in host-parasite in-
teractions due to the Red Queen dynamic, the so-called Red King
dynamic (Bergstrom & Lachmann, 2003) hypothesizes slower evo-
lutionary rate as beneficial for mutualistic interactions in relevant
classes of mutualistic interactions (Veller et al., 2017). Although
empirical evidence for the Red King dynamic is still lacking, the-
oretical studies modeled Red Queen/King dynamics, evaluat-
ing parameters such as mutation rate, population size, selection
strength, and generation time to understand what conditions can
favor a slower evolving symbiont in mutualistic symbioses (Damore
& Gore, 2011; Gao et al., 2015; Gokhale & Traulsen, 2012; Veller
et al., 2017).

Molecular evolutionary rate measurements (e.g., nucleotide
substitution rates) have been extensively used to test relevant evo-
lutionary hypotheses involving lifestyles (Bromham et al., 2013),
to compare large taxonomic groups (Buschiazzo et al., 2012; De
la Torre et al., 2017; Wang et al., 2010), or to identify conditions
likely responsible for rate shifts (Lanfear et al., 2013). Mutualistic
symbioses have been investigated to test evolutionary hypotheses
using substitution rates (Arab et al., 2020; Rubin & Moreau, 2016),
but attention has been rarely focused on the lichen symbiosis

(Lumbsch et al., 2008; Lutzoni & Pagel, 1997; Zoller & Lutzoni,
2003). These lichen studies used multi-gene datasets, but no study
so far addressed differences in substitution rates in lichens using
genome-scale data.

The lichen symbiosis is a stable, successful mutualistic associa-
tion between at least one fungus (the mycobiont) and one or sev-
eral photosynthetic partners (green algae and/or cyanobacteria: the
photobionts). However, the definition of the lichen symbiosis ranged
from a controlled parasitism (Ahmadjian, 1993) to mutualism, and it
is still subjected to relevant extensions and revisions (Hawksworth
& Grube, 2020). These symbioses developed multiple times inde-
pendently along the evolutionary history of fungi (Schoch et al,,
2009); moreover, the mycobiont is—with rare exceptions—an obli-
gate symbiont, whereas the photobiont is usually not entirely de-
pendent on the mycobiont for survival (Nash, 2008; Wedin et al.,
2004). For these reasons, lichenized fungi are a suitable system to
explore possible genomic consequences of a mutualistic lifestyle.

We are here using genome-scale data to test three specific hy-
potheses: (i) The evolutionary rate of lichen mycobionts differs from
the rates of non-lichenized fungi; (i) this change in evolutionary rates
is due to a different selective pressure acting on mycobionts in com-
parison with non-lichenized fungi; and (iii) specific genes are under
positive selection in a scenario of general slower or faster evolution.

2 | MATERIALS AND METHODS

2.1 | Taxon sampling

A total of eight lichen-forming fungal species and 11 non-
lichenized fungal species were included in this study. Two data-
sets, corresponding to two independent lichenization events,
which occurred in two Ascomycota classes, were prepared. In
dataset A (Dothideomycetes), four lichenized species belong-
ing to Trypetheliales (Astrothelium macrocarpum, A. subdiscre-
tum, Bathelium albidoporum, and Trypethelium eluteriae) were
sequenced in this study from mycobiont cultures; Viridothelium
virens was added from the NCBI Assembly Database (https://
www.ncbi.nlm.nih.gov/assembly). The genome comparisons were
performed using an equal number of assemblies from the sub-
class Dothideomycetidae, which is the most closely related clade
to Trypetheliales with genomic resources publicly available. From
this clade, Aeminium ludgeri, Aureobasidium pullulans, Baudoinia pa-
namericana, Myriangium duriaei, and Zasmidium cellare assemblies
were retrieved from the NCBI Assembly Database. Lichenothelia
convexa (Ametrano et al., 2019) was used as outgroup. In data-
set B (Eurotiomycetes), two lichenized species belonging to the
order Pyrenulales (Pyrenula aspistea, P. massariospora) were se-
quenced in this study from mycobiont cultures and compared with
Exophiala sideris and Capronia epimyces, and with Knufia petricola
and Cladophialophora psammophila, publicly available on NCBI. The
same two couples of non-lichenized fungi from Chaetothyriales
were also compared with two samples of the lichenized species
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belonging to Verrucariales Endocarpon pusillum, retrieved from
the NCBI Assembly Database. Penicillium roqueforti was used as
outgroup. Accession numbers, taxonomic information, and refer-
ences are listed in Table 1. Outgroup samples were used to clarify
the phylogenetic relationship of samples, rerooting the inferred
trees (Figure S1), and in the polytomy necessary to identify the
constrained trees used for rate analyses as unrooted (Figure 1). In
both datasets, an equal number of samples in lichenized and non-
lichenized comparisons were used, in order to avoid a possible
node-density bias (Hugall & Lee, 2007; Venditti et al., 2006).

2.2 | Fungal cultures, DNA
extraction, and sequencing

Fungal strains were isolated at Ramkhamhaeng University by Ek
Sangvichien. Strains were subcultured on malt-yeast extract until
the mycelia grew to a sufficient biomass for DNA extraction.

DNA of all cultures was isolated using the ZR Fungal/Bacterial
DNA MiniPrep Kit (Zymo Research), converted into libraries with
the KAPA HyperPrep Kit (KAPA Biosciences), and sequenced at
the University of lllinois at Chicago Research Resource Center on
Illumina's NextSeq Platform. High-molecular-weight DNA isolation
and long-read sequencing on a Nanopore GridlONx5 sequencer of
Astrothelium subdiscretum were done as described before for the li-
chen fungal culture of Physcia stellaris (Wilken et al., 2020).

TABLE 1 Genome assemblies with taxonomy and references

Accession number Sample Name

GCA_021030915.1
GCA_021030935.1
GCA_021031095.1
GCA_021030925.1
GCA_010094025.1
GCA_000338955.1
GCA_000721785.1
GCA_004216415.1
GCA_010093895.1
GCA_010093935.1
GCA_021030975.1
GCA_021030945.1
GCA_021030905.1
GCA_000464535.1
GCA_000611755.1
GCA_000585535.1
GCA_000585565.1
GCA_000835395.1
GCA_002319055.1
GCA_001599855.1

Astrothelium macrocarpum
Astrothelium subdiscretum UBN165
Bathelium albidoporum

Trypethelium eluteriae

Viridothelium virens

Baudoinia panamericana UAMH 10762
Aureobasidium pullulans EXF-150
Aeminium ludgeri

Myriangium duriaei CBS 260.36
Zasmidium cellare ATCC 36951
Lichenothelia convexa L1844

Pyrenula aspistea

Pyrenula massariospora

Endocarpon pusillum Z07020
Endocarpon pusillum

Cladophialophora psammophila CBS 110553
Capronia epimyces CBS 606.96
Exophiala sideris

Knufia petricola

Penicillium roqueforti

Ecology and Evolution 30f16
=t S VY LEY- |21

2.3 | Assembly, gene mining, and alignment

Raw lllumina short reads were checked with fastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) be-
fore and after applying filtering with Trimmomatic (Bolger et al., 2014;
LEADING:10 TRAILING:10 SLIDINGWINDOW: 4:15 MINLEN: 25).
Filtered reads were assembled with SPAdes v3.14.0 (Bankevich et al.,
2012; -k 21,33,55,77 --careful). Long reads of A. subdiscretum were
assembled using a modified version of the “ont-assemble-polish”
pipeline  (https://github.com/nanoporetech/ont-assembly-polish).
The pipeline used canu v1.8 (Koren et al., 2017) for the long-read
assembly with a genome size estimation of 39 megabases and racon
v1.3.2 (Vaser et al., 2017) for scaffolding. Subsequently, the assem-
bly was polished with the lllumina short reads of A. subdiscretum
using Pilon v1.23 (Walker et al., 2014). All resulting assemblies were
evaluated with QUAST v5.0.2 (Gurevich et al., 2013). The BUSCO
v4.0.6 pipeline (Waterhouse et al., 2018) was then applied to the
assemblies to retrieve single-copy orthologous genes and bench-
mark the quality of the assemblies. Samples in dataset A were mined
for orthologs using the Dothideomycetes BUSCO gene set, while
samples in dataset B were mined using the Eurotiomycetes BUSCO
gene set (orthologs used by BUSCO are from OrthoDB version
10; Kriventseva et al., 2019). A Python script (https://github.com/
claudioametrano/BUSCO_2_alignments.py) was then used to build
the alignment using only the orthologs present in each assembly

of the dataset (A or B). MACSE v2 (Ranwez et al., 2018) was then

Class Order Reference
Dothideomycetes Trypetheliales This study
Dothideomycetes Trypetheliales This study
Dothideomycetes Trypetheliales This study
Dothideomycetes Trypetheliales This study

Haridas et al. (2020)
Ohm et al. (2012)
Gostincar et al. (2014)
Trovao et al. (2019)
Haridas et al. (2020)
Haridas et al. (2020)
Ametrano et al. (2019)
This study

This study

Wang et al. (2014)
Park et al. (2014)
Teixeira et al. (2017)
Teixeira et al. (2017)
Teixeira et al. (2017)
Teixeira et al. (2017)
An et al. (2009)

Dothideomycetes Trypetheliales

Dothideomycetes Capnodiales
Dothideomycetes Dothideales
Dothideomycetes Capnodiales
Dothideomycetes Myriangiales
Dothideomycetes Capnodiales
Dothideomycetes Lichenotheliales
Eurotiomycetes Pyrenulales
Eurotiomycetes Pyrenulales
Eurotiomycetes Verrucariales
Eurotiomycetes Verrucariales
Eurotiomycetes Chaetothyriales
Eurotiomycetes Chaetothyriales
Eurotiomycetes Chaetothyriales
Eurotiomycetes Chaetothyriales

Eurotiomycetes Eurotiales

Note: Assemblies produced for this study are in bold. Dothideomycetes: dataset A. Eurotiomycetes: dataset B.
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Dataset A (Dothideomycetes)

Lichenothelia convexa

(@)

Dataset B (Eurotiomycetes)

Aureobasidium pullulans

Myriangium duriaei

Dothideomycetidae

Baudoinia panamericana
Zasmidium cellare
Aeminium ludgeri
Astrothelium subdiscretum

Viridothelium virens

Trypetheliales

Trypethelium eleuteriae
Bathelium albidopurum

Astrothelium macrocarpum

Penicillium roqueforti Penicillium roqueforti
Pyrenula massariospora Pyrenula massariospora
| | Pyrenulales
Pyrenula aspistea Pyrenula aspistea
Exophiala sideris Cladophialophora psammophila
Chaetothyriales
(b) L Capronia epimyces (c) Knufia petricola

Penicillium roqueforti

Endocarpon pusillum

Penicillium roqueforti

Endocarpon pusillum

Endocarpon pusillum Z07020
Exophiala sideris

Verrucariales

Endocarpon pusillum Z07020
Knufia petricola

Chaetothyriales

(d) ——— Capronia epimyces (e)

Cladophialophora psammophila

FIGURE 1 Constrained topologies used to run the PAML rate analyses. (a) Dataset A (Dothideomycetes); (b-e) the four topologies used to
compare the two lichenized clades to the non-lichenized clade in dataset B (Eurotiomycetes). Lichen clade in green, non-lichenized in gray

applied to perform codon-aware alignments. MACSE is integrated
in a pipeline (https://github.com/ranwez/MACSE_V2_PIPELINES),
which combines it with the segment-filtering method HMMCleaner
(Di Franco et al., 2019). The prefiltering and postfiltering methods
of the MACSE pipeline were disabled (--no_prefiltering; --no_post-
filtering). The resulting gene alignments were then subjected to a

second filtering step with the block-filtering method using gBlocks
v0.91 in codon version with relaxed parameters (Castresana, 2000;
Talavera & Castresana, 2007). Randomly picked alignments (~10
each dataset) were manually inspected after each step.

In addition to protein-coding genes retrieved by BUSCO, rDNA
regions of each genome assembly were extracted. For each genome,
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the assemblies were aligned with blastn to the 18S, ITSRefSeq, and
28S fungal databases (BLAST v2.11.0+; https://www.ncbi.nlm.nih.
gov). All identified scaffolds with rDNA regions were then aligned to
sequences from the NCBI nucleotide database to delimit the specific
rDNA region. For assemblies that only contained a partial rDNA re-
gion or without BLAST hits, rDNA regions were reconstructed using
the raw reads with GRAbB (Brankovics et al., 2016). Incomplete
rDNA sequences from the previous BLAST step or ribosomal mark-
ers of the same species from NCBI were used as bait to assemble
complete rDNA regions. A further scaffolding step (when needed)
and trimming of the poorly aligned positions were then carried out
manually. GC content was calculated after the filtering steps both for

protein-coding and for rDNA alignments.

2.4 | Molecular phylogeny

Nucleotide alignments of genes that were longer than 900 bp (300
codons), after filtering, were concatenated using FASconCAT-G
(Kiick & Longo, 2014). The concatenated alignment was used to cal-
culate a maximume-likelihood tree with IQ-TREE 2 (Minh et al., 2020)
using the GTR+G substitution model. The fast-bootstrapping option
implemented in IQ-TREE 2 was used to calculate 1000 bootstrap
replicates. The phylogenetic relationship inferred (Figure S1) was
used for the unrooted (pruned, in dataset B; Figure 1) constrained

topology in subsequent rate analyses.

2.5 | Rates of molecular evolution

Nucleotide substitution rates were measured in baseml or codeml
(PAML v4.7e; Yang, 2007) using nucleotide and amino acid align-
ments longer than 900 bp/300 codons/300 amino acids. The topol-
ogy was constrained on the base of the precalculated ML tree. In
baseml, branch lengths were calculated for each nucleotide align-
ment separately with parameters: model = 7, Mgene = 0, clock = 0,
fix_alpha = 0, Malpha = O,ncatG = 10, and cleandata = 0. In order to
partition the protein-coding genes by codon position, the same align-
ments used in the previous analysis were converted to the phylip
format to exploit the options G (multiple partitions in the alignment)
and C (partition by codon position), together with Mgene = 1, which
calculates a separate set of branch lengths for each partition (codon
position). Ribosomal DNA markers (18S, ITSs with 5.8S and 28S)
were analyzed by baseml using nucleotide substitution settings (see
above) and partitioning the alignments by locus.

Amino acid alignments were used in codeml with: clock = 0, aa-
Dist = 0, aaRatefile = BLOSUMé2.dat, model = 2, and cleandata = 0.
Codon model analyses were performed using the extension for
codeml ete3 evol (ETE3; Huerta-Cepas et al., 2016). o is the ratio
between non-synonymous (dN) and synonymous substitution rates
(dS). Nested branch models MO (same w for the entire tree), b_free
(two w), b_free (three w), and fb (one @ each tree branch; free-
ratio model) (Yang & Nielsen, 2002) were run on each alignment
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to evaluate what model better fits our data and to estimate dN, dS,
and w. In the b_free (two w) model, the lichenized clade and non-
lichenized clade have the same w, but the outgroup has a different
one. In the b_free (three w) model, a different ® parameter was as-
signed to the outgroup and to the lichenized and non-lichenized
clade, respectively. Highly divergent sequences can easily lead to
a saturation of synonymous substitution estimation; therefore, the
data from the free-ratio codon model were strictly filtered; only the
genes with dS values lower or equal to three (dS < 3) (Yang, 2014)
were retained. In addition, all genes with w > 10 were discarded (fil-
tered dataset), since large w values are very likely due to assembly or
annotation errors that caused dS values to tend toward zero (Rubin
& Moreau, 2016).

Branch-site models bsA and bsA1 (null model) were applied
(Zhang et al., 2005) using ete3 evol for codeml, to detect genes hav-
ing codons under positive selection. These models were applied with
a setting that defined the lichenized clade as foreground branches
(the branches allowed to have a fraction of sites with @ > 0) and
then repeated with a setting that defined the non-lichenized clade
as foreground branch. These settings allowed to identify genes
that are assessed under positive selection exclusively for lichenized
fungi. For genes having codons under positive selection in liche-
nized clades only, Gene Ontology (GO) terms were retrieved from
OrthoDB (https://www.orthodb.org/).

From all PAML output files, long-term evolutionary rates were
calculated for each clade (lichenized, non-lichenized) in the trees
by averaging branch lengths from the tips to the common ances-
tor node in a tip-to-root fashion (Barraclough & Savolainen, 2001;
Lanfear et al., 2010, 2013). This procedure was applied to both nu-
cleotide (using codon or not) and amino acid rate estimations. This
method of rate calculation was adopted to avoid the bias introduced
when non-independent samples are used in comparative analyses
(Felsenstein, 1985). Since the sum of all branches (from the tips, i.e.,
the present species, to the common ancestor node) represents the
same timespan for the considered clades, we did not calibrate the
tree to obtain absolute substitution rates.

2.6 | Statistical analysis

The distributions of gene rates and @ were compared in Prism
8.3.0 to assess global differences in genome evolutionary rates.
Nonparametric test was selected after testing the normality of the
distributions of gene rate with D'Agostino-Pearson and Shapiro-
Wilk tests. Therefore, we applied the Wilcoxon matched-pairs
signed rank rest (nonparametric equivalent of the paired t test)
to compare the distributions of averaged tip-to-root values of li-
chenized and non-lichenized clades. The distributions of rates were
paired by gene.

The four nested branch models and the two nested branch-site
models, used to test the presence of different selective pressure and
positively selected genes, were compared in pairs by the likelihood-
ratio test (LRT) using a chi-square distribution.
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3 | RESULTS

Genome assemblies were generated from lllumina short reads or
Nanopore long reads for Astrothelium subdiscretum (Table 1, bold-
faced). The total length of the assemblies was between 30 and
40 Mb and in line with the expected genome sizes for filamentous
ascomycetes. Genome assembly statistics represented by the con-
tig number, total assembly size, and the N50 value highlight good
contiguity and a completeness of 89%-94% evaluated with BUSCO
at the class level. The phylum-level universal ortholog percentage
was in the range of 94%-98% (Table 2). Using long-read sequenc-
ing for A. subdiscretum resulted in a similar genome assembly as the
genomes assembled from short reads. Particularly, the short read
assembly of P. massariospora outperformed every other assembly
(including the long-read assembly of A. subdiscretum) and resulted in
41 contigs and an N50 value of 1,416,161 bp. Since most genomes
assemblies were already in sufficient quality with only Illlumina se-
quencing, we refrained from additional Nanopore sequencing for
other fungal genomes than A. subdiscretum.

Gene models were extracted from these genome assemblies and
filtered for the construction of two datasets. Dataset A was com-
posed of 3786 orthologous genes commonly present in genomes
from Dothideomycetes; 2569 of them were present in each of the
11 samples, and 1863 of them were included in the analyses being
longer than 900 bp after the filtering steps. Dataset B was composed
of 3546 orthologous genes commonly present in genomes from
Eurotiomycetes; 2768 of them were present in each of the 9 samples,
and 2085 of them were included in the analyses since they were lon-
ger than 900 bp after the filtering steps. Maximum-likelihood phy-
logenies inferred from the concatenation of these genes provided
the topology for the constrained trees; dataset A tree was used as it
is, while dataset B tree was pruned to the tips actually used for each
comparison (two lichenized fungi vs non-lichenized fungi). Branch
lengths of the ML tree inferred from the supermatrix were discarded
(Figure 1) and recalculated for each marker. All nodes of the ML trees

TABLE 2 Assembly statistics

Contigs No. Length Mb
Assembly name (>1 kb) (>1 kb)
Astrothelium 611 36.4
macrocarpum
Astrothelium 213 2.3
subdiscretum
Bathelium albidoporum 977 32.7
Pyrenula aspistea 398 39.1
Pyrenula 41 379
massariospora
Trypethelium eluteriae 1502 31.8

N50 (bp)
200,777

354,317

88,197

361,947

1,416,161

58,769

were fully supported (Figure S1), as expected for such a large super-
matrix and a low number of tips.

The strict filtering was applied to exclude potentially saturated
markers (dS < 3, w < 10) for the codon free-ratio model. In data-
set A, 193 genes were retained. Strict filtering retained in data-
set B 156 genes of Pyrenulales and 242 genes of Verrucariales
when compared to Exophiala-Capronia and 102 genes of
Pyrenulales and 129 genes of Verrucariales when compared to
Knufia-Cladophialophora.

The lichenized clades consistently had lower substitution rates
than the non-lichenized clades when nucleotide, amino acid, or
codon models were used on datasets A and B (Table 3). The me-
dian nucleotide substitution rates in both datasets A and B were
significantly lower for lichens in every comparison performed
(Wilcoxon's test, p < .0001; Table 3, Figure 2). The complete rate
distributions in Figure 2 show higher density for lichenized clades
at the median, as samples in these clades are more closely related
than the samples in non-lichenized clades; however, the range of
the rate distributions is similar. While the majority of genes were
slower evolving in the lichenized clades, 12.9%-26.3% of the ana-
lyzed genes showed a faster substitution rate (Table 3). In addition
to the nucleotide substitution rates, we measured median values
of the amino acid replacement rate, which were also significantly
lower in the lichenized clades than in the non-lichenized clades
(Wilcoxon's test, p < .0001; Table 3, Figure S2). Furthermore,
there were significantly slower substitution rates of the lichenized
lineages in each codon position (Table 3), with p < .0001 for all the
comparisons except one (Wilcoxon's test, p < .01). We also mea-
sured codon position rates in the strictly filtered dataset. When
rate differences between lichen and non-lichen genes occurred,
the strict filtering of genes (about 5%-10% genes survived) deter-
mined a generalized decrease in the substitution values (of about
20%-50%), which was expected, as fast-evolving genes (prone to
saturation) were excluded. However, the filtering also determined
a biased rate proportion between lichenized and non-lichenized

BUSCO % (Dothideomycetes

BUSCO % (Ascomycota) or Eurotiomycetes)

C:97.2[S:97.0,D:0.2], C:92.4[S:92.1,D:0.3], F: 0.4,
F:0.2,M: 2.6 M:7.2

C:97.7[S:97.1, D: 0.6], C:94.1[S:93.4,D:0.7], F: 0.4,
F:0.2,M:2.1 M:5.5

C:94.8[S: 94.8, D: 0.0], C:90.1[S:89.8,D:0.3],F: 1.7,
F:1.3,M: 3.9 M: 8.2

C:96.4[S:96.2,D:0.2], C:91.8[S:91.6,D:0.2], F: 0.6,
F:0.3,M:3.3 M:7.6

C:97.11[S:97.0,D:0.1], C:91.4[S:91.1,D: 0.3], F: 0.6,
F:0.4,M:2.5 M: 8.0

C:93.7 [S: 93.6, D: 0.1], C:89.3[S:89.0,D:0.3], F: 2.4,
F:2.6,M:3.7 M: 8.3

Note: Genome completeness is reported using the BUSCO output format (C: complete [S: single copy, D: duplicated], F: fragmented, M: missing).
BUSCO benchmark uses 1706 genes for Ascomycota, and 3786 and 3546 genes for Dothideomycetes and Eurotiomycetes, respectively.
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rates on each codon position (data not shown), but more apparent
on third codon positions, which contributes the most to synon-
ymous substitutions. Therefore, differences for third codon po-
sitions in filtered datasets were not always significant (Table 3).
We also measured the nucleotide substitution rate of ribosomal
markers (18S, ITSs with 5.8S and 28S), of which most were faster
evolving in lichens contrary to our findings in most protein-coding
genes. Only the slower evolving 18S gene (0.019 subs/site) and ITS
region (0.140 subs/site) rates in Verrucariales were slower when
compared to the non-lichenized clade rate (Table 3).

Branch codon models were tested pairwise by LRT (p < .01)
(Table S1) to assess which model was able to fit best our data. The
most parameter-rich model fb (free-ratio) was the one passing the
LRT for the largest fraction of genes, when tested against the 2w or
MO null models (MO-fb and 2w-fb in Table S1). However, it provided
a better fit only for a smaller fraction of genes when the null model
already accounts for different o parameters between lichenized and
non-lichenized lineages (3w-fb in Table S1). A comparison between

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

FIGURE 2 Tip-to-root nucleotide
substitution rates (substitutions/site)
distributions. Green violin plots represent
lichenized samples, and gray violin plots
represent non-lichenized samples; median
value is represented by the white dot,

the black bar shows the interquartile
range, black line shows lower/upper
adjacent value, and violin shows the
probability density of the distribution.

(a) Dataset A (Dothideomycetes),

(b) dataset B (Eurotiomycetes) Pyrenulales
vs. Exophiala sideris and Capronia
epimyces, (c) dataset B (Eurotiomycetes)
Pyrenulales vs. Knufia petricola and
Cladophialophora psammophila, (d) dataset
B (Eurotiomycetes) Verrucariales vs.

E. sideris and C. epimyces, and (e) dataset
B (Eurotiomycetes) Verrucariales vs.

K. petricola and C. psammophila

: 2.0
18 18
16 16
1.4 14
12 1
1.0 1.0
0.8 0.8
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02 02

the 2w and 3w models allowed to reject the null hypothesis for the
majority of genes, except for the comparisons performed on dataset
B (Pyrenulales) (2w-3w in Table S1). For these genes in dataset B, a
simpler model using less w parameters fitted better.

Based on the results of the LRT, we chose the free-ratio branch
codon model to calculate dS, dN, and w and to compare their distri-
butions using the complete and strictly filtered datasets (Figure 3).
dS and dN were significantly lower (Wilcoxon's test, p < .0001) in
lichenized clades than in non-lichenized clades (Table 3). In the
strictly filtered datasets, the removal of most of faster evolving
genes made the difference for synonymous substitutions not signif-
icant (Wilcoxon's test, p > .05) except for one of the comparisons in
dataset B (p < .01). The removal of extreme dS values strongly influ-
enced the estimation of w, which is significantly higher for lichens
in the complete datasets, and has instead lower median value when
the strict filtering is applied (Table 3, Figure 3b,d,f). The filtering ap-
proach was applied to the free-ratio codon model, as it is known
as sensitive to substitution saturation on the third codon position
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FIGURE 3 dN (a, c, e) (substitutions/ (a)
site) and w (b, d, f) distributions before 0.55
(“complete”) and after (“filtered”) the strict 9:30
filtering. Violin plots in a and b correspond
to dataset A, c and d correspond to

0.45
0.40
0.35

dataset B (Pyrenulales), and e and f 0.30
correspond to dataset B (Verrucariales). 0.25
Only one of the two comparisons 020

performed for dataset B is reported 0.1

(K. petricola, C. Psammophila), the E. sideris,
and C. epimyces comparison is reported

0.10
0.05

0.00

in Figure S3. Green plots represent © complete
lichenized lineages, and gray plots 0.60
represent non-lichenized lineages; median 0:3>
N . 0.50
value is represented by the white dot, the s
black bar shows the interquartile range, 0.40
black line shows lower/upper adjacent 035
value, and violin shows the probability ‘;z:
density of the distribution 020
0.15
0.10
0.05
0.00

complete
(e)
0.60
0.55
0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

complete

(Yang, 2014); it was also used in nucleotide substitution model anal-
ysis, when dataset was partitioned by codon position.

Branch-site codon models were then used to identify genes hav-
ing sites under positive selection in lichenized and non-lichenized
clades. One gene of dataset B was inferred to be under positive se-
lection when a lichenized clade was used as the foreground branch
and when a non-lichenized clade was used as the foreground branch.
A higher number of genes were inferred to have sites under pos-
itive section when the lichenized clades were set as foreground.
The LRT (p < .05) identified 16 genes in the lichenized clade having
sites under positive selection and one for the non-lichenized clade
in dataset A. For dataset B, 12 or 20 genes were identified having
sites under positive selection for Pyrenulales versus 7 or 6 for the
non-lichenized clades and 51 or 64 genes for Verrucariales versus
9 or 12 for the non-lichenized clades. Often, the null model was re-
jected when a small fraction of the alignment sites was under neutral
evolution (w = 1), with @ never exceeding one at any site; in dataset
A, this was the case for 11 out of 16 genes, and in dataset B, for
4 out of 12 and 11 out of 20 genes for Pyrenulales comparisons,
and for 28 out of 51 and 34 out of 64 for Verrucariales. Moreover,
among these genes with positively selected sites or with sites under
neutral evolution, only a fraction (~20%) is consistently recovered
when the background branch for the comparison was changed
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(b)
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0.20
0.15
0.10
0.05
g 0.00 .
filtered complete filtered
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0.35
0.30
0.25
0.20
0.15
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0.05
- 0.00 I -
filtered complete filtered

(dataset B). Among genes detected as positively selected, the most
represented Gene Ontology (GO) molecular function terms were as
follows: “transferase activity” (7 genes), “zinc ion binding” (5 genes),
“ATP binding” (heat-shock protein 70 family, 5 genes; protein kinase,
2 genes), “integral component of membrane” (5 genes), “transmem-
brane transport” (4 genes), and oxidoreductase activity (2 genes).

The GC content of protein-coding genes and rDNA was lower
in lichenized clades than in non-lichenized clades (Table 3). Protein-
coding genes of non-lichenized fungi had an average GC content of
54.03% compared with an average GC content of 51.34% of liche-
nized fungi. The rDNA region (1885, 28S, ITSs) of non-lichenized fungi
had an average GC content of 50.19% compared with an average GC
content of 48.43% of lichenized fungi.

4 | DISCUSSION

In this study, we detected overall slower evolutionary rates in a rep-
resentative part of the protein-coding genes from the genomes of
two distantly related lineages of lichenized fungi, when compared to
their non-lichenized sister clades. Since these two lichenized clades
evolved from independent lichenization events, these findings pro-
vide strong preliminary evidence of a convergence toward slower
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evolution, possibly under the influence of the symbiotic lifestyle and
its ecological implications.

Fungi are well known for their ability to form diverse associa-
tions with photosynthetic organisms, to the point that a generalized,
latent capacity of symbiosis between fungal and algal partners was
verified for non-symbiotic species (Hom & Murray, 2014). However,
it is less clear how this peculiar lifestyle, once in place, can influence
the evolution of fungi involved in mutualistic symbioses. Few studies
directly investigated the possible consequences of a mutualistic life-
style on evolutionary rates (Lutzoni & Pagel, 1997; Rubin & Moreau,
2016), highlighting relevant differences in substitution rates for
mutualistic lineages. Only one of these investigations has been con-
ducted to verify the possible connection between the switch to a
lichenized lifestyle and an evolutionary rate change (Lutzoni & Pagel,
1997), although lichen symbiosis is a successful association, with al-
most 20% of currently known fungi adopting this lifestyle (Lumbsch
& Rikkinen, 2017). Lutzoni and Pagel (1997) detected an increase
in evolutionary rates in ribosomal markers for independent events
of lichenization and concluded that lichenized fungi could have
these elevated evolutionary rates due to higher UV exposure than
in non-lichenized relatives with subterraneous vegetative hyphae.
We measured a lower GC content across protein-coding genes and
ribosomal regions in lichens, which may indicate a C-to-T mutation
bias that could be caused by increased UV radiation (Ikehata & Ono,
2011) due to their exposed lifestyle. We also detected higher sub-
stitution rates in ribosomal regions, but as an exception to overall
reduced rates in protein-coding genes. This pattern of the ribosomal
region not following the trend of the genome was also found for
other organisms (Mitterboeck et al., 2016; Su & Hu, 2012), but it
remains unclear why the ribosomal regions evolved differently than
many protein-coding genes (also when only considering the third
codon position).

To determine whether our results based on protein-coding genes
can be classified under a broad definition of the Red King dynamic
is not straightforward, given the theory is not completely settled
on this topic, and also because our results on evolutionary rates do
not contain any information about the relative benefits the bionts
receive from being in a symbiosis (Bergstrom & Lachmann, 2003).
In addition, Veller et al. (2017) identified several symbiosis classes
in which slower evolution could be beneficial (i.e., the Red King).
They assessed the impact of biological parameters such as gener-
ation time, mutation rate, selection strength, and population size
in population models. The model indicated that mutation rate has a
relevant role only for antagonistic symbiosis (Red Queen effect; i.e.,
faster evolution is more successful), but not for mutualist symbionts.
However, it was also shown that depending if the mutualism has a
small or large benefit for the bionts, evolutionary rate parameters
such as longer generation time, lower selection strength, and smaller
population size can have a short-term and/or long-term advantages
for mutualistic symbioses. Some of these described evolutionary
rate parameters leading to a Red King effect (i.e., slower evolution
is more successful) may be also applicable to the discussion of the
result we found for lichenized fungi.

The “universal” protein-coding marker genes (BUSCO genes)
used in this study are predictably under strict purifying selection
(w — 0) for both lichenized and non-lichenized lineages. However,
the complete dataset identified lichens as having a slightly less strict
purifying selection (higher w) acting on the genes we tested, which
can be beneficial in some mutualistic symbiosis (Red Queen). The op-
posite trend was identified for the filtered dataset, which produced
biased o values, due to the drastically diminished sample size and
the exclusion of extreme dS values (mostly present in non-lichenized
samples [data not shown]). However, completely different selection
strengths (e.g., positive selection), acting on genomic regions other
than the one studied, and involved in the establishment or function-
ing of the lichen symbiosis, cannot be excluded.

Our measurements are limited to two clades of lichenized fungi.
In a general scenario of reduced evolutionary rates, these two clades
of lichenized lineages had more genes with (few) sites subjected to
positive selection, or neutrally evolving (w = 1). However, the de-
tection of such sites was consistent only for a small fraction of
genes when lichenized clades were compared to a different sister
clade. Therefore, the changed sites cannot be attributed with con-
fidence to positive selection or neutral evolution acting on lichens.
Moreover, these models are thought to lack detection power under
synonymous substitutions saturation (Gharib & Robinson-Rechavi,
2013), which was the case for the divergent sequences we used.

Lower evolutionary rates in lichenized fungi could be a conse-
quence of the lichen biology and ecology. Lichens are thought to
have long generation times, as indirectly confirmed by their gener-
ally low growth rates (Armstrong, 1983; Fortuna & Tretiach, 2018)
and by direct estimations (Hgistad & Gjerde, 2011). Lichen growth
can be constrained by the carbon production of a relatively small
population of algae (Scheidegger & Goward, 2002). But even in ax-
enic cultures, where nutrient-rich culture media are used, lichenized
fungi often exhibit slow growth rates in comparison with many other
filamentous ascomycetes with different lifestyles. Slow growth rates
and longer generation times can provide a possible explanation for
the lower substitution rates that we detected in lichenized clades
and could have been contributed to the success and stability of the
lichen symbiosis (Red King). Such an association between long gen-
eration time and slow evolutionary rate was also highlighted in other
organisms (Welch et al., 2008) and in Ascomycota at a subphylum
level (Shen et al., 2020). An attempt to assess a relationship between
these two characteristics was made by Lanfear et al. (2013) who
detected traits in plants that can influence their evolutionary rate.
However, this study used measurements (e.g., plant height), which
are unavailable to us for the lichens in this study. Although there are
no such data for the species we used in this study, it is reasonable
to think that most lichens have long generation times by low growth
rates.

Another evolutionary rate parameter that can slow evolu-
tion and benefit the Red King effect is the size of a population.
Population size can be estimated from genomic data. However,
these population size estimations rely on multiple genomic sam-
ples belonging to the same species (or closely related species). The
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analyses are usually conducted on neutrally evolving sequences,
which exclude coding regions (Gronau et al., 2011). Unfortunately,
the number of samples included in this study did not allow reliable
estimation of the population sizes. Moreover, the non-lichenized
groups available for comparisons were rich in lifestyles, such as
pathogenic or parasitic lifestyles that could have a strong effect
on evolutionary rates. In particular, pathogens are often subject
to accelerated evolutionary rates as a result of the Red Queen
dynamic (Papkou et al., 2019; Paterson et al., 2010). This limited
our selection, and we had, for example, to exclude the recently
described order Phaeomoniellales (Chen et al., 2015) from dataset
B as it is mostly composed of phytopathogenic and endophytic
species. An important aspect of studies on the Red King dynamic
is the rate relationship between two bionts in the same symbiosis.
For lichens, we currently lack information about the rates of the
corresponding photosynthetic partners. The only experimental
data about relative rates in lichens were provided by Zoller and
Lutzoni (2003) who verified higher rDNA substitution rates in my-
cobiont Omphalina, a basidiolichen, when compared to its photo-
biont Coccomyxa. Since we focused on the genomic evolution of
lichenized fungi in this study, we only sequenced mycobiont cul-
tures. Future studies should include the photobionts to allow an
investigation of relative rates in the lichen symbiosis.

Despite some limitations, our analyses provided the first evi-
dence of slower evolutionary rates of lichen mycobiont genomes.
This shift in evolutionary rates was often hypothesized for lichens,
but never tested. Given the limited sampling this study allowed,
further research involving other lichenized lineages, and other sym-
biotic systems (e.g., mycorrhizae) will be necessary to generalize
this possible convergence toward slower evolution. This empirical
evidence provides nevertheless important initial insights on how bi-
otic cooperative interactions can shape the evolution of symbiotic

organisms.
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