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SUMMARY

Ascomycota account for about two-thirds of named fungal species.! Over 98% of known Ascomycota belong
to the Pezizomycotina, including many economically important species as well as diverse pathogens,
decomposers, and mutualistic symbionts.? Our understanding of Pezizomycotina evolution has until now
been based on sampling traditionally well-defined taxonomic classes.®>® However, considerable diversity ex-
ists in undersampled and uncultured, putatively early-diverging lineages, and the effect of these on evolu-
tionary models has seldom been tested. We obtained genomes from 30 putative early-diverging lineages
not included in recent phylogenomic analyses and analyzed these together with 451 genomes covering all
available ascomycete genera. We show that 22 of these lineages, collectively representing over 600 species,
trace back to a single origin that diverged from the common ancestor of Eurotiomycetes and Lecanoromy-
cetes over 300 million years BP. The new clade, which we recognize as a more broadly defined Lichinomy-
cetes, includes lichen and insect symbionts, endophytes, and putative mycorrhizae and encompasses a
range of morphologies so disparate that they have recently been placed in six different taxonomic classes.
To test for shared hidden features within this group, we analyzed genome content and compared gene rep-
ertoires to related groups in Ascomycota. Regardless of their lifestyle, Lichinomycetes have smaller genomes
than most filamentous Ascomycota, with reduced arsenals of carbohydrate-degrading enzymes and second-
ary metabolite gene clusters. Our expanded genome sample resolves the relationships of numerous
“orphan” ascomycetes and establishes the independent evolutionary origins of multiple mutualistic lifestyles
within a single, morphologically hyperdiverse clade of fungi.

RESULTS AND DISCUSSION

Our attention was initially drawn to seven recently described
classes of Ascomycota,® " none of which had been previously
resolved with respect to evolutionary relationships, using various
taxon and locus samplings.®>*":%?2° We obtained genomes
from 15 representatives of each of these “orphan” classes by
genome sequencing from both culture and metagenome-

4')

assembled genomes (MAGs). We augmented this sampling by
targeting several other fungal lineages treated as “incertae
sedis” or previously undersampled in genome-scale studies. In
total, we generated 30 new genomes (Table S1; Data S1A
and S1B).

Next, we analyzed the relationships of the newly obtained
genomes by assembling a dataset that included at least one
genome each from every genus of Ascomycota currently
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represented in public databases (Data S1C), extracting 1,292
single-copy gene orthologs, using both concatenation and coa-
lescent gene trees. Genomes from six of the seven sampled
“orphan” classes—Candelariomycetes, Coniocybomycetes,
Geoglossomycetes, Lichinomycetes, Sareomycetes, and Xylo-
nomycetes—resolved in a single clade sibling to Lecanoromy-
cetes and Eurotiomycetes (Figure 1). The newly recognized
clade, which we will refer to by the oldest name contained within
it, Lichinomycetes,® was highly supported in both analytical ap-
proaches we used (ultrafast bootstrap = 100; local posterior
probability = 1). The only representative of a previously proposed
class-level taxon that did not resolve in this clade is Cirrospo-
rium—one of two genera of Xylobotryomycetes'®—which we
recovered as an early-diverging lineage of Eurotiomycetes (Fig-
ure 1). Of the additional 15 genomes from undersampled line-
ages, eight were also recovered in the Lichinomycetes clade,
for a total of 22 lineages. The remaining seven were recovered
with high support within the classes Arthoniomycetes, Dothideo-
mycetes, Lecanoromycetes, and Leotiomycetes.

To test whether the recovered relationships were sensitive to
phylogenetic reconstruction methods, we compared the results
of maximum likelihood analyses based on concatenated gene
sets and coalescence calculations based on 1,292 individual
gene trees. We recovered no major discrepancies between the
topology obtained from either concatenation or the species
tree (Figure 2A; Data S2A and S2B). Of 959 edges, 43 were
incongruent between these two reconstruction methods, almost
all representing rearrangements among closely related taxa
(Data S1H and S2C). Of the 43 incongruent edges, 6 were in Li-
chinomycetes (Figure 2B). The most notable of these concerns
was the placement of Vezdaea aestivalis, which clustered with
V. acicularis in the concatenated phylogeny but in the coalescent
phylogeny was sibling to the clade including Arthoniomycetes,
Dothideomycetes, Lichinomycetes, Lecanoromycetes, and
Eurotiomycetes (AD+LLE). Consistent with this, some of the
lowest gene concordance factors (QCFs) and site concordance
factors (sCFs)”' were found in branches located near V. aestivalis
as well as Symbiotaphrina buchneri and the Chaenotheca/Scle-
rophora clade (Data S1l). The gCF of the Lichinomycetes clade
was 2.48, indicating that 32 gene trees were concordant with
the branch underlying both analyses. The sCF for the ancestral
lichinomycete node was 41.1, one of the highest values for the
major ascomycotan clades. Of the 1,292 genes, 1,151 (89%)
support the concatenated topology based on phylogenetic
signal®® and an approximately unbiased (AU) test,”® as well as
a parsimonious version of the concatenated tree (663 genes,
51%) calculated based on three topologically constrained hy-
potheses of the relationship between Lichinomycetes, Lecanor-
omycetes, and Eurotiomycetes (L+LE; Figures 2C and 2D; Data
S1J and S1K).
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Lichinomycete fungi are disproportionately symbionts
The lichinomycete clade includes a disproportionate number of
fungal symbionts with diverse morphological outcomes (Fig-
ure 3). The largest lifestyle group represented by our sampling
is lichen symbionts, accounting for about 75% of estimated spe-
cies richness, followed by putative mycorrhizae, endophytes,
and yeast-like insect symbionts. Altogether, the 22 lineages
are representatives of higher-ranked taxa that include over 600
species (Data S1U).

Lichinomycete fungi have small genomes

To test for shared traits among members of this clade, we an-
notated and compared 29 of our new genomes to a selected
subset of 86 genomes, representing all classes and lifestyles
in Pezizomycotina. Lichinomycetes have smaller genomes
(25.1 Mb; sd = 4.7 Mb) than any of the major clades of Pezizo-
mycotina (~27-80 Mb). This reduction comes with a major
decrease in average gene numbers (7,749 genes; sd =
1,035.2) compared to other classes of Pezizomycotina
(Table S2). Gene functional comparisons demonstrate conspic-
uous differences in carbohydrate degradation, secondary
metabolite gene clusters, and protein family-based functional
annotations between Lichinomycetes and other major ascomy-
cotan groups (Figure 1). For carbohydrate-active enzymes (CA-
Zymes), Lichinomycetes exhibit some of the smallest inven-
tories in all compared Ascomycota, with reduced numbers in
4 out of 5 major CAZyme classes and near-absence of polysac-
charide lyases. The number of CAZymes was 44% lower than
in the Lecanoromycetes-Eurotiomycetes (LE) clade, largely ac-
counted for by a functional loss in the putative ability to
degrade cellulose and pectin. In the case of genes associated
with lignin degradation, the repertoire resembles that of early
divergent lineages such as Orbiliomycetes and Pezizomycetes
(Figure S1).

The reduction in gene numbers is echoed in secondary metab-
olite biosynthetic gene clusters (BGCs). The lichinomycete clade
includes far fewer type-l polyketide synthases and non-ribo-
somal peptide synthetases than, for example, Lecanoromycetes
and relative reductions in most other BGC subcategories
compared to other Ascomycota (Figure 1; Data S2F). The low
number of BGCs in Lichinomycetes resembles the early diver-
gent lineages Pezizomycetes and Orbiliomycetes (Figures 4C
and 4D); all other classes have undergone BGC expansions. Le-
canoromycetes and Eurotiomycetes possess the most BGCs,
followed by Sordariomycetes (Table S2).

Finally, Lichinomycetes have the lowest average annotated
Pfam number per genome in Pezizomycotina (8,644 Pfam an-
notations; sd = 1,088.9; comparisons in Table S2). By exten-
sion, their Pfam compositional profiles diverge from those of
other Ascomycota, notably also their closest relatives,

Figure 1. Position of newly sampled early-diverging lineages in a maximum likelihood reconstruction of 115 Ascomycota genomes based on

1,292 concatenated loci

Dating based on the program LSD2 with six fossils, showing confidence interval bars (see Star Methods). Newly generated genomes are indicated by bold text;
underlying highlighting indicates ascomycotan classes in which these lineages have been placed until now. Single asterisk = lineages classified in “orphan”
classes; double asterisk = additionally sampled putatively early-diverging lineages. Genome size, GC content, number of genes, tRNAs, CAZy classes, Pfams,
and BGCs based on de novo annotations of all genomes. Voucher data on newly sequenced genomes are in Table S1; expanded background data on genome
assemblies and annotations are found in Table S2 and Data S1Land S1M and on CAZyme and BGC annotations in Data S10 and S1P. An underlying tree with 481
taxais in Data S2B and S2D, an expanded CAZyme heat map with node dating is in Figure S1, and underlying CAZyme and BGC data are in Data S2E and S2F.
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Figure 2. Stability of phylogenomic topologies using analyses with concatenated alignments and gene tree coalescence
(A) Congruence of major class-level clades across 481 genomes including one sample for every available genus of Ascomycota and representatives of Basi-

diomycota (compared trees are in Data S2A, S2B, and S2C; see Star Methods).

(B) Congruence of sampled lineages within Lichinomycetes based on the same two methods. Red lines indicate edges incongruent between the two methods. A

complete comparison of edges is in Data S1H.

(C) Gene and site phylogenetic signal for the two methodological approaches. Related to Data S1K.
(D) Phylogenetic signal of three topological hypotheses of the relationship of Lichinomycetes, Lecanoromycetes, and Eurotiomycetes. Statistical differences from
G test (with ratios 1:1 and 1:1:1 respectively) is expressed as *** p < 0.001. Related to Data S1K.

Lecanoromycetes and Eurotiomycetes (Figures 4E and 4F). We
also identified qualitative and quantitative Pfam occurrence dif-
ferences compared to other groups of Ascomycota using two
additional analyses (Data S1Q). In the first, we set out to iden-
tify Pfams with fidelity to individual clades. We constructed a
correlation matrix consisting of Pfam statistical association
with 10 a priori defined phylogenetic clades and calculated
fidelity scores for each Pfam. We recovered sets of high-fidelity
Pfams for every clade except Lichinomycetes (plotted in
Data S2G). In the second analysis, we tested all 5,385 anno-
tated Pfams for differences in gene numbers between Lichino-
mycetes and non-Lichinomycetes (Wilcoxon test). Of the 881
Pfams with significant differences between the two groups
(p < 0.01), a total of 43 were statistically overrepresented in
Lichinomycetes, but none were unique (Data S1R). Finally,
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since Lichinomycetes lack representation in databases, we
tested if the low Pfam numbers were a result of annotation
bias. We found no differences (Kruskal-Wallis test: p > 0.05)
in the ratio of successfully predicted proteins used in annota-
tions between Lichinomycetes and non-Lichinomycetes.

All three of the main annotation groups we analyzed—CA-
Zymes, BGCs, and Pfams—exhibit distinct trends for genomes
of Lichinomycetes compared to the other sampled Ascomycota
genomes. In principal components analyses (PCAs) of CA-
Zymes and Pfams both without phylogenetic correction and
with phylogenetic correction (pPCA), Lichinomycetes form clus-
ters distinct from Lecanoromycetes, the largest class of lichen
fungal symbionts, as well as its sibling group, Eurotiomycetes.
The pPCA results based on BGCs, which are anomalously un-
derrepresented in Lichinomycetes, exhibit a conspicuous
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lichinomycete cluster, close to Orbiliomycetes and Pezizomy-
cetes (Figure 4), though overlapping with the some of the over-
spread classes.

Ancestral node reconstruction

Since the effect of the Lichinomycetes on the timing of evolu-
tionary events and ancestral states is unexplored, we recon-
structed ancestral CAZyme machinery for multiple deep nodes
as a proxy for lifestyle. We recovered a hypothetical ancestor of
Lichinomycetes diverging 305 million years ago (mya) (Cl
340:272), with a putatively already reduced ability to degrade
cellulose, lignin, and pectin (Figures 4A and S1). The other
ancestral reconstructions showed a stepwise reduction in
CAZyme numbers from the most recent common ancestor
(MRCA) of AD+LLE (396 mya; CI 437:359) to LLE (344 mya; ClI
365:285) to Lichinomycetes. In other clades (e.g., AD and LE),
later expansion events occurred, with the largest occurring in
Dothideomycetes. The numbers of CAZymes recovered in this
group that putatively act on plant cell walls (cellulose, lignin,
or pectin) are the highest for any lichen fungal symbiont to
date.?*

A morphologically hyperdiverse group with a common
origin

Various combinations of taxon and locus sampling have
captured patterns that foreshadowed the evolutionary relation-
ships we report here. The L+LE topology was first recovered
by Beimforde et al.'® using representatives of three of the seven
lineages we recovered as Lichinomycetes. Hashimoto et al.”®
recovered all seven lineages in the topology we recover here
but focused on the position of Xylonomycetes without exploring
the implications of a monophyletic group sibling to LE. In the only
two genome-scale studies to include relevant taxa, Shen et al.®
and Li et al.”® likewise recovered Xylona and Symbiotaphrina (Xy-
lonomycetes) as siblings to LE. In some studies, two or three
lineages were recovered as monophyletic but part of a different
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Figure 3. Lifestyle diversity of Lichinomy-
cetes

(A) Stegobium paniceum beetle host of Symbio-
taphrinabuchneri (photo by Nikolai Vladimirov).
(B) Candelina submexicana, a lichen from rocks in
Mexico.

(C) Sarea resinae, a fungus on conifer resin in
boreal forests.

(D) Geoglossum glabrum, an earth-tongue of
Sphagnum bogs (photo by Jozef Pavlik).

(E) Chaenotheca chrysocephala, a “pin lichen” of
ancient forests.

(F) Pycnora praestabilis, a lichen on wood in the
Alps.

(G) Vezdaea aestivalis, a lichen on plant detritus in
the Rocky Mountains.

(H) Piccolia ochrophora, a lichen on poplar bark in
British Columbia, Canada.

(l) Lichina confinis, a lichen on seashore rocks in
western Scotland.

Photos by the authors except where indicated.

3,11,19
4,7-10,12,13,15,18-20,27-34

topology,
letic.

Given that lineages recovered here as part of the lichinomy-
cete clade have been widely sampled, how did it go overlooked
for so long? Both the morphology and evolutionary history of the
lineages may have played a role. Historically, morphology-based
systematics has not anticipated or predicted this grouping, likely
owing to the lack of shared morphological traits. Another
possible reason is that extant Lichinomycetes are remnants of
a clade that experienced more extinctions than other fungi, leav-
ing branching points between extant lineages too deep to
resolve with shallow sampling. Testing this using, for example,
speciation-extinction modeling is not trivial. Such models are
sensitive to assumptions concerning sampling completeness,
about which we lack certainty.

How, then, can we be sure that the lichinomycete clade is stable
and reflects a single origin? We addressed this in two ways. First,
we stress-tested the 481-genome phylogenomic analysis using
analytical approaches that generate topologies based on data
concatenation and gene trees, respectively, echoing approaches
recently applied to large-scale fungal phylogenies.>?°® We also
tested for the gene-level source of signal. Only one lineage, Vez-
daea aestivalis, is not supported as part of a single origin under
both of these approaches (Figure 2A). lts behavior in the species
tree would seem to lend new evidence to a decades-old hypoth-
esis, based on ascus and ascomatal characters, that Vezdaea
may be “primitive”.>® Second, we annotated all lichinomycete ge-
nomes and analyzed key features compared to a subset of Pezi-
zomycotina genomes. This analysis revealed an unexpected de-
gree of uniformity in lichinomycete genomes, notwithstanding
their morphological and lifestyle diversity. In analyses of the Pezi-
zomycotina subset, Lichinomycetes have, on average, some of
the smallest genomes, the lowest number of annotated Pfams,
the lowest number of CAZymes, and the smallest secondary
metabolite arsenal. Only Herpomyces—if it is ultimately main-
tained at class level (Laboulbeniomycetes)—would have a smaller

while in others, Lichinomycetes were polyphy-
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Figure 4. PCAs based on the 115 genomes
used in Figure 1, both with and without
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category). Orbiliomycetes and Pezizomycetes are
shown in pink and orange, respectively, to high-
light clustering trends compared to Lichinomy-
cetes (in blue); genomes from all other classes
shown in grey. Related to Data S1P and S2F.

(E and F) PCAs based on Pfams. Only Pfams were
included which had a standard deviation >1 based
on raw per genome counts averaged across all
annotated genomes. Eurotiomycetes and Leca-
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Lichinomycetes deviate in multiple ways
from others in Ascomycota. Lichen sym-
bionts are often noted for their diversity
of secondary metabolites, numbering
over 1,000 named substances,®’ about
90% of them unique to lichens.*® Lichino-

-10 0 -10

PC1 (34.48 %)

10 20

Lichinomycetes Lecanoromycetes ~ ® Eurotiomycetes

® Ancestral Reconstruction Orbiliomycetes

arsenal, but how representative this genome is of its class re-
quires sampling beyond the scope of this study. While future
gene characterization will likely identify lichinomycete-specific
genes and gene expansions, current data are consistent with a
pattern of genome size reduction at the origin of the lichinomycete
clade.

Despite the morphological disparities in Lichinomycetes, it
may be premature to rule out the existence of shared traits.
Although this trait is widespread in Ascomycota, Lichinomycetes
have an unusual concentration of species with polysporous asci.
By targeting unclassified lineages with this trait, we found that
several lineages previously treated as incertae sedis in Ascomy-
cota (Caeruleum, Piccolia, Sarcosagium, and Thelocarpon)
resolved inside the lichinomycete clade. Traits such as cell wall
composition, which diverges from that of Lecanoromycetes,*®
also deserve further study.

Genome annotations challenge lifestyle assumptions
Our annotations challenge assumptions about the lifestyles of
several of the included fungal groups. First, lichen symbionts in
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mycete lichen symbionts, however, have
far smaller predicted BGC arsenals than
lichen symbionts in Lecanoromycetes,
Arthoniomycetes, Dothideomycetes, and
Eurotiomycetes. In fact, lichinomycete
BGC numbers are similar to those of the
ancestral clades Pezizomycetes and Orbiliomycetes. The low
BGC numbers correspond to the paucity of reported secondary
metabolites in lichinomycete lichens (about 16 named sub-
stances, mostly derived from the shikimic acid pathway; Data
S1T). Lichinomycete lichen symbionts also possess smaller CA-
Zyme inventories than those in Lecanoromycetes®* and far fewer
than lichen symbionts in Dothideomycetes; the CAZyme toolkits
in the latter group are revealed in this study to be the largest
found to date in lichen symbionts, consistent with past predic-
tions that they are facultative saprotrophs.®® The reduced CA-
Zyme machinery in some lichen fungi, but not others, under-
scores questions about whether transferred photosymbiont
sugar alcohols serve the same function in all lichen systems.*°
Second, our genome annotations do not appear to be consis-
tent with the assumption that earthtongues (Geoglossales) are
saprotrophs.”’**? The recovered CAZyme inventories in all three
Geoglossales genomes are much smaller than those of well-
known saprotrophs; they possess the lowest number of pre-
dicted GH5s, active on cellulose, in Lichinomycetes, fewer
than in any lichen symbiont. They also possess no GH12s, active

Pezizomycetes
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on cellulose; no GH43s, active on hemicellulose; and no CA-
Zymes active on pectin (Figure S1). Instead, Geoglossales CA-
Zyme toolkits resemble those of mycorrhizal mutualists with
reduced saprotrophic machinery.’>*® The observed CAZyme
numbers are, however, consistent with suggestions that
some Geoglossales form mycorrhizae, e.g., with bryophytes™®
or ericoid shrubs.*’~*? The suggestion of symbiosis with bryo-
phytes, in turn, is coincidental with our recovery of Geoglossales
as sibling to Trizodia, a genus originally described as a “bryo-
symbiont”.°° The remainder of lineages we recover in Lichino-
mycetes also appear to be symbionts. Symbiotaphrina is a
yeast-like symbiont of anobiid beetles,”' and Xylona is an endo-
phyte.® Sarea fruits on oozing tree resin, but its isolation from
living heartwood and sapwood®? suggests it, too, may be an
endophyte. Whether these lineages engage in mutualistic rela-
tionships deserves further study.

Perhaps the most striking feature of Lichinomycetes is their
small genomes and reduced gene counts. Though the uniformly
low diversity of CAZymes and BGCs was unexpected given the
divergent morphologies and ecologies of these fungi, decreased
metabolic flexibility is consistent with the lack of confirmed path-
ogens or saprotrophs in Lichinomycetes. The similarity of
genome size and gene number across the annotated genomes
is strong evidence that their MRCA already possessed a reduced
genome. Both the limited lifestyle diversity in the group and the
reconstructed age of its MRCA raise the intriguing possibility
that this is one of the earliest extant lineages of symbionts in
Ascomycota.

The persistently low metabolic diversity over 300 million
years of evolution in Lichinomycetes stands out against the
background of Ascomycota that diverged at similar times. Both
CAZymes and BGCs exhibit high variability in most fungal
groups over evolutionary timescales, likely as a consequence
of the ease with which they are shared via various mechanisms,
including horizontal gene transfer (HGT) mediated by transpos-
able elements.**>* One possibility is that one of the mechanisms
associated with acquisition of novel DNA was affected in the
lichinomycete MRCA by the same event that led to the reduction
in genome size, constraining the ability of its progeny to reac-
quire metabolic flexibility. Vertically transmitted bacterial symbi-
onts also have small genomes with reduced coding capacity and
can be structurally stable for hundreds of millions of years.®® Any
constraint on acquisition of novelty in fungi is likely to involve a
different mechanism, if it exists at all. Future exploration of novel
DNA acquisition in Lichinomycetes relative to other fungi,
including the propensity of HGT and transposable elements,
will help answer this question.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Herbarium specimen of Watsoniomyces Herbarium ALTA https://www.ualberta.ca/museums/

obsoletus used for metagenome sequencing museum-collections/cryptogamic-herbarium.html
Herbarium specimens of Bathelium mastoideum Herbarium ABL http://sweetgum.nybg.org/science/ih/

(2) and Bogoriella megaspora (1) used for
metagenome sequencing

Herbarium specimen of Candelina mexicana
used for metagenome sequencing

All remaining 29 herbarium specimens used
for generating new metagenomes

Fungal culture of Cirrosporium novae-zelandiae
used for generating genome

Herbarium CUVC

Herbarium UPS

Westerdijk Fungal
Biodiversity Institute (CBS)

herbarium-details/?irn=123895

http://sweetgum.nybg.org/science/
ih/herbarium-details/?irn=126294

http://www.evolutionsmuseet.uu.se/
databaser/databaseseng.html

https://wi.knaw.nl/page/fungal_table

Critical commercial assays

QlAamp DNA Investigator Kit QIAGEN Cat#56504

DNeasy Plant Mini Kit QIAGEN Cat#69104

lllumina DNA Prep, (M) Tagmentation lllumina Cat#20018704

Nextera DNA CD Indexes lllumina Cat#20018707

TruSeq DNA PCR-Free Low lllumina Cat#20015962

Throughput Library Prep Kit

Deposited data

Raw Sequencing Reads This paper NCBI: SRR19097865-SRR19097892
(https://www.ncbi.nlm.nih.gov)

Assembled and annotated genomes This paper NCBI: JAPETH000000000- JAPEUK000000000
(https://www.ncbi.nIm.nih.gov)

Software and algorithms

FastQC v0.11.9 Andrews*® https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/

Trimmomatic v0.39 Bolger et al.”’ https://github.com/usadellab/Trimmomatic

SPAdes v3.13.1, v3.14.1, v3.15.1 Nurk et al.*® https://github.com/ablab/spades

Bowtie2 v2.3.5.1

CONCOCT v1.1.0

BlobTools

EukCC v0.1.5.1

BUSCO v2.0.0, v3.0.2, v5.2.1

MetaWrap(Quant_bins Module) v1.3.2
Salmon v0.13.1 (within MetaWrap)
Samtools v1.9

BLAST+ v2.2.31, v2.6.0, v2.9.0, v2.11+

IQTree v2.0.7, v2.1.3
Phylociraptor v0.9.3
MAFFT v7.464
trimAL v1.4.1
ASTRALV5.7.1

Langmead and Salzberg™®

Alneberg et al.®”
Laetsch and Blaxter®'
Saary et al.®”

Simao et al.,*®

Waterhouse et al.,**
Manni et al.®®
Uritskiy et al.®®
Patro et al.®’
Li et al.®®

Camacho et al.®®

Minh et al.”®
Phylociraptor

Katoh and Standley”’
Capella-Gutiérrez et al.”®
Zhang et al.”®

http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml

https://github.com/BinPro/CONCOCT
https://github.com/DRL/blobtools
https://github.com/Finn-Lab/EukCC
http://busco.ezlab.org

https://github.com/bxlab/metaWRAP
https://github.com/COMBINE-lab/salmon
http://www.htslib.org

https://ftp.ncbi.nim.nih.gov/blast/
executables/blast+/

http://www.igtree.org
https://github.com/reslp/phylociraptor
https://mafft.cbrc.jp/alignment/software/
http://trimal.cgenomics.org
https://github.com/smirarab/ASTRAL
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REAGENT or RESOURCE SOURCE IDENTIFIER
Gotree v0.4.2 Lemoine and Gascuel”* https://github.com/evolbioinfo/gotree

Funannotate v1.7.4, v1.8.1, v1.8.3,
v1.8.5,v1.8.6,v1.8.8

RepeatMasker v4.1.0
Gene-Mark-ES v4.59_lic

Augustus v3.3.3 (within Funannotate)
GlimmerHMM v3.0.4 (within Funannotate)
SNAP v2013_11_29 (within Funannotate)
EVidence Modeler v1.1.1 (within Funannotate)
tRNAscan-SE v1.4.0 (within Funannotate)
InterProScan v5.48-83.0

eggnog-mapper v1.0.3

HMMER v3.1b2 (within eggnog-mapper)
phobius v1.0.1

antiSMASH v5.0.2, v6.0.0

Signalp v4.1

Phytools
Diamond v2.0.7.145 (within eggnog-mapper)

Palmer and Stajich”®

Smit et al.”®

Ter-Hovhannisyan et al.”

Stanke et al.”®
Majoros et al.”®
Korf®

Haas et al.?’
Lowe et al.®

Jones et al.®®

Huerta-Cepas et al.®*
HMMER

Kall et al.*

Blin et al.?®*"
Nielsen®
Revell*
Buchfink et al.”®

https://github.com/nextgenusfs/funannotate

http://repeatmasker.org

http://exon.gatech.edu/GeneMark/
gmes_instructions.html

http://bioinf.uni-greifswald.de/augustus/
https://ccb.jhu.edu/software/glimmerhmm/
https://github.com/KorfLab/SNAP
https://evidencemodeler.github.io
http://trna.ucsc.edu/tRNAscan-SE/
https://github.com/ebi-pf-team/interproscan
https://github.com/eggnogdb/eggnog-mapper
http://hmmer.org

https://phobius.sbc.su.se
http://antismash.secondarymetabolites.org

https://services.healthtech.dtu.dk/
service.php?SignalP-4.1

http://www.phytools.org
https://github.com/bbuchfink/diamond

Databases

NCBI Genome (for 467 genomes; Data S1C)

NCBI Short Read Archive (for Dibaeis
baeomyces and Graphis scripta raw reads)

eggNOG db v4.5.4

PFAM db v33.1 (within Funannotate)

dbCAN v9.0 (within Funannotate)

MEROPS db v12.0 (within Funannotate)
UniProtKB db v.2020_06 (within Funannotate)

NCBI Genome
NCBI SRA

Huerta-Cepas et al.”"

Mistry et al.®

Yin et al.®®

Rawlings et al.®*

Uniprot Consortium®®

https://www.ncbi.nlm.nih.gov/genome/

https://www.ncbi.nIm.nih.gov/sra

http://eggnog45.embl.de/#/app/home
https://pfam.xfam.org
https://bcb.unl.edu/dbCAN2/
https://www.ebi.ac.uk/merops/
https://www.uniprot.org/help/uniprotkb

Mycobank Mycobank https://www.mycobank.org
Other
Scripts and code for analysis Figshare https://doi.org/10.6084/

m9.figshare.19558762

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to lead contact, Toby Spribille (toby.spribilleQualberta.ca).

Materials availability

This study did not generate new unique reagents.

Data and code availability

o Allnewly generated genomic data is available in NCBI allocated under the Bioproject accession: PRINA833438. Raw reads are
available under SRA accessions: SRR19097865-SRR19097892. Genome assemblies are available in NCBI with accession

numbers: JAPETHO00000000- JAPEUK000000000.
o All scripts and data used in this study are available at 10.6084/m9.figshare.19558762.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

A total of 30 specimens for a total of 29 species were used to generate new genomic information, including samples from Austria (1),
Brazil (3), Canada (15), Colombia (1), the Czech Republic (1), Mexico (1), the United Kingdom (2) and the U.S.A. (5) and one fungal culture
(CBS125236) originally derived from a specimen from New Zealand. Individual details of each sample are provided in Table S1.

METHOD DETAILS

DNA sampling

Based on phylogenies published over the past 17 years, we targeted our sampling in the Lichinomycetes (4 samples), Geoglosso-
mycetes (3), Coniocybomycetes (2), Candelariomycetes (4), Xylobotryomycetes (1), and Sareomycetes (1), as well as incertae sedis
species from Vezdaeales (3, including a specimen that later was identified as a Trizodlia), Thelocarpales (3), Caeruleum (1) and Piccolia
(1). In addition, we sampled early diverging lineages and poorly sampled groups in Lecanoromycetes (1), Arthoniomycetes (2), Leo-
tiomycetes (1) and Dothideomycetes (3). We used old and fresh material to collect samples from ascocarps or thallus pieces that were
dried at room temperature (Table S1); for the sole representative of Xylobotryomycetes, Cirrosporium novae-zelandiae, we used
mycelium from a living culture. Each sample was frozen to —-80°C and ground using a TissueLyser Il (Qiagen, Germany). The DNA
extraction was performed using the QlAamp DNA Investigator Kit (Qiagen) following the manufacturer’s instructions, with an over-
night lysis and a double incubation during the elution step (2 x 10 min, in ATE).

Sequencing

We constructed libraries using between 10 to 300 ng of DNA per sample with the Nextera DNA Flex Library Prep kit (lllumina), with an
average insert size ranging from 500 to 700 bp. Libraries were normalized to 4 nM and sequenced in Canada’s Michael Smith
Genome Sciences Centre B.C. Cancer with PE 150 lllumina Sequencing with an average coverage of 230X (Table S1).

Genome assembly
The resulting paired end raw reads were quality checked using FastQC.*® Adapters and low-quality areas were trimmed using
Trimmomatic v0.39°” (Option: ILLUMINACLIP:/Trimmomatic-0.39/adapters/TruSeq3-PE.fa:2:30:10:2 LEADING:30 TRAILING:30
SLIDINGWINDOW:4:15 MINLEN:80) and later inspected with FastQC. The filtered paired-end reads were assembled using meta-
SPAdes®® with kmer sizes 21,31,51,71,81,101,127 (-k) and the parameter ‘“meta’ to improve metagenome recovery. We used Bow-
tie2 v2.3.5.1°? to align and index reads to the resulting contigs. Binning was carried out using CONCOCT v1.1.0°° and BlobTools.®’
Taxonomy, completeness and contamination of each bin was checked using EukCC v0.1.5.1,°> BUSCO v5.2.1°° and relative
coverage, which was estimated using the metaWRAP v1.3.2°° module QUANT_Bin based on Salmon v0.13.1.°”

We inspected each assembly using a custom R script based on Tagirdzhanova et al.?® plotting reads, relative coverage and GC
content, grouped by the binning results to classify for potential mismatches and collapsing bins into MAGs based on GC%, coverage
and non-redundant BUSCOs when needed (Table S1). Assembly and bin statistics were calculated using Samtools v 1.9.5°

Sample identification

In cases where we needed to resolve ambiguity, we validated sample identifications with our assembled MAGs by recovering the
ribosomal DNA from raw assemblies using BLAST+ v2.9,°° and filtering sequences based on relative coverage. We aligned
the obtained sequences against sequences retrieved from NCBI nt, and constructed individual trees using IQTree v2.0.7.7° Five
samples were assessed to likely represent undescribed species within their genera and are referred to by isolate numbers in the
analyses.

Phylogenomics

We selected the most complete genome (Reference to Representative status in NCBI Ref-Seq when available) per genus from all
Ascomycota genomes available at the time of this study in the NCBI database, for a total of 469 genomes (Data S1C). We used
the Phylociraptor v0.9.3 pipeline to combine the external dataset and our 30 newly generated genomes, for a total of 499 genomes,
into a phylogeny. We set Phylociraptor to use the Dikarya_odb9 (1312 genes) data set as reference to extract BUSCO genes per
genome using BUSCO v3.0.2.° Then, we excluded all genomes with less than 50% completeness (based on single copy genes
alone) and, for the selection of loci to be included, excluded BUSCO genes occurring in less than three genomes, from posterior an-
alyses (Data S1D). A final set of 481 genomes (including all the newly generated genomes in this study) was used for the aligning step
using MAFFT v7.464"" (-auto) per BUSCO gene, and trimmed a posteriori using trimAl v1.4.17? (-gappyout, to trim based on gap
distribution). All gene alignments with less than 10 parsimony-informative sites were excluded from the analysis for a final set of
1292 genes. Then, we calculated evolutionary models per gene specifying nuclear models (-msub nuclear) and including
FreeRate heterogeneity calculations (-m MFP).?” We constructed individual gene trees per alignment using IQTree v2.0.7 with a
1000 ultrafast bootstrap®® (-bb 1000) approach and the calculated models per gene. We built a species tree using ASTRALv5.7.17°
to calculate a coalescent model based on the maximum shared quartets between the 1292 gene trees and estimating a local pos-
terior probability per branch. To build a concatenated tree, we combined the calculated evolutionary models and the alignments to
construct a maximume-likelihood tree using IQTree v2.0.7 with a 1000 ultrafast bootstrapping (—bb 1000) approach.
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We examined our resulting phylogenomic trees in two different ways: one qualitative, comparing topology between both
trees, and one quantitative, calculating concordance factors with the alignments and all individual gene trees. We used Gotree
v0.4.27* with the ‘compare’ option for trees and edges, to check for discrepancies between concatenated and species tree
topology and branch lengths (Data S1H). Since informative sites resampling does not scale symmetrically in large genomic
datasets, bootstrap values become less informative.’® We accordingly calculated concordance factors as a support metric
in IQTree v2.0.7 using both gene trees for gene Concordance Factor (QCF) and gene alignments to calculate site Concordance
Factor (sCF).”"

To follow up the secondary support, we ran the concatenated analysis constraining to three topological hypotheses testing the
three hypothetical relationships between Lichinomycetes and the sibling clade Lecanoromycetes+Eurotiomycetes (LE) (H1: Others
(Lichinomycetes+LE); H2: Lichinomycetes (Others+(LE)); H3: LE (Others+Lichinomycetes)). Then, we combined the resulting most
parsimonious topologies, with the initial concatenated run, together with the concatenated and coalescence topology and performed
an AU test®® with 10000 resamples by bootstrapping'®® (RELL method, -zb 10000) and including the weighted KH'®" and weighted
SH'%? tests (-zw). Then we combine the topologies into two sets; one for methods (Concatenated+Coalescence) and one for hypoth-
esis (H1+H2+H3) and calculate log-likelihoods of each site in the concatenated alignment per topology (-wsl). Afterwards, we calcu-
lated the log-likelihood per gene to test which topology maximizes the likelihood using Phylogenetic Signal Parser v1.1.2? In addition,
we estimated the relative signal (low and high) that maximizes the likelihood per site in each topology. We tested for statistical dif-
ferences using a G-test based on a 1:1 for methods and a 1:1:1 ratio for topological hypotheses. All the analyses were performed with
and without branch-lengths.

Time calibration

We estimated divergence times for our concatenated tree using the distance-based calibration method LSD2'%® (least square
dating), included in IQTree v2.1.3 (-date), using six fossil records from Ascomycota matching our sampled groups proposed in
Nelsen et al.>® and Lutzoni et al.,"® limiting the selection to fossil dated nodes. We set the calibration with a fixed outgroup based
on Basidiomycota, set tips to the present time (—date-tip 0) and calculated a confidence interval based on 100 iterations (-date-ci
100). The calibration was based on a Pezizomycotina node dated between 589 and 405 Mya, a Diaporthales node dated between
193.8 and 133.3 Mya, Hypocreales node dated between 145.6 and 100.1 Mya, a Glomerellales node with a constrained lower
bound of 60.5 Mya, a Coniocybales node with a constrained lower bound of 40.7 Mya and a fixed Aspergillaceae node at 40.7
Mya (41.2 = 0.5).

Functional genomic annotations
From the 481 genomes included in the phylogenomic analyses, we selected 115 genomes for functional annotations, of which 114
belong to Pezizomycotina, including 29 of the 30 newly generated genomes, and one representative genome from Saccharomycotina
(Yarrowia lipolytica). We annotated the selected genomes using the Funannotate’® pipeline. Cleaning, sorting and masking steps
were run within the default settings, with the -exhaustive argument to improve cleaning, and masking was set to tantan (default)
and RepeatMasker v4.1.0.7° Initial predictions were obtained using Gene-Mark-ES v4.59_lic under self-training settings with a
branch point model specified for gene organization of fungal genomes (-ES -fungus).”” The functional prediction includes an initial
training step using Augustus v3.3.3,”® followed by BUSCO v2.0.0°° (Dikaria_odb9), Gene-Mark-ES, GlimmerHMM v3.0.4”° and
SNAP v2013_11_29,%° followed by EVidence Modeler v1.1.1%" to create a weighted consensus from all predictions. The tRNAs
were identified using tRNAscan-SE v1 .4.0.%2 With the consensus predictions, the pipeline annotated protein families and domains
using InterProScan v5.48-83.0.%° External annotations based on orthology was performed using eggnog-mapper v1.0.3%* with
eggNOG db v4.5.4,°" followed by the annotation for transmembrane signal peptides and secondary metabolism biosynthetic
gene clusters (BGCs) using phobius v1.0.1%° and antiSMASH,%®" respectively. All functional predictions and external annotations
were parsed together using the Funannotate annotation step including: a final step of annotations with an HMMsearch for Pfams us-
ing PFAM db v33.1%> and CAZymes using dbCAN v9.0;*° a blastp search against MEROPS db v12.0°* and UniProtkB db
v.2020_06° using Diamond v2.0.7.145°°; prediction of secreted proteins using SignalP v4.1%%; and a Gene Ontology term (GO
term) search from the eggNOG annotations.

To compare all the annotated genomes, we used the Funannotate compare tool, and manually parsed secondary metabolite BGCs
from antiSMASH results (Data S1P).

Ancestral node reconstruction

To analyze evolutionary trends, we estimated ancestral node states based on present day CAZymes numbers using the R package
Phytools® with the function anc.ML under an Ornstein-Uhlenbeck character evolution modeling.'®* We reconstructed ancestral no-
des for CAZymes families, and putative CAZymes degrading pectin, cellulose and lignin, using our time-calibrated concatenated tree
pruned with the annotated taxa set. All estimations were kept for posterior plotting, irrespective of the convergence, and the char-
acters that did not converge were highlighted. Ancestral reconstructed nodes were later included in the PCA sets.

QUANTIFICATION AND STATISTICAL ANALYSIS

All calculations and plots were run and tested using R Studio version 4.1.2 (arm64 built and x86_64 build).
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Annotation statistics

To compare the annotations, we used custom R scripts to generate individual heat maps for each of the metrics recovered during the
annotation. We used the clades obtained from the phylogeny as an a priori clustering, to calculate basic statistics per clade. All
descriptive comparisons were later tested using ANOVAs and Kruskal-Wallis tests depending on the data distribution, with their
own post hoc Tukey HSD and Dunn tests, respectively, against Lichinomycetes (Table S2; Data S1N).

Principal components analyses of functional annotations

To explore the multidimensionality or aggregation of the annotation sets, we constructed Principal Component Analyses (PCA) for
all Pfams, all CAZyme classes and all BGC types, using both summarized— as displayed in Figure 4 (CAZyme classes, Pfam
annotations, using only Pfams that have a standard deviation > 1 over all annotated genomes; BGCs: NRPS, NRPS-like, T1PKS,
Others)— and entire sets using the function ‘prcomp’ from base package using a prior Log transformation in all cases but CAZymes.
Then, we use the function ‘phyl.pca’ from R package Phytools to include a pruned version of the time-calibrated tree as a covariable
to reduce any variability induced by the sampling size and non-independence, phylogenetically correcting the PCA (pPCA) under a
maximum likelihood-optimized Brownian Motion character evolution model.'®® The differences between pPCA and PCA in dimen-
sionality, clustering and loadings were used as a qualitative proxy for phylogenetic signal.

High fidelity pfam identification

To calculate statistically high fidelity Pfams per class, we used the R package ‘indicspecies’ with the function ‘multipatt’ for a multi-
level pattern analysis, using Pfams per taxa in place of communities and clustering, based on pre-defined phylogenetic clades. The
function constructs a group-equalized biserial point correlation matrix, consisting of Pearson’s correlations with an abundance quan-
titative vector and a binary grouping vector equalizing for group sizes, '°° to estimate probability of group association. Then, based on
9999 permutations and an alpha of 0.05, we collected all the significant combinations shared from one to all classes. We ran the
analysis both with and without Saccharomycetes, to remove outgroup dominance of rare Pfam occurrences. The collected Pfam
combinations—up to two classes—were later plotted and visually explored.

Pfam statistical analyses

All Pfams were tested for differences in distribution between Lichinomycetes and non-Lichinomycetes. We used two approaches:
first, a Wilcoxon signed-rank test, testing for significant differences per Pfam between Lichinomycetes and non-Lichinomycetes
(p-value < 0.01), and second, a Fisher’s exact test to evaluate independence (Fisher p-value < 0.01) between occurrences and total
recovered sequences per Pfam between Lichinomycetes (L) and non-Lichinomycetes (n-L). To better understand the distribution we
set two ratios: one based on average (mean L/ mean n-L), and the other one based on logical distinctions of Pfam occurrence ratios
corrected by sample size (Data S1R). The sample size correction consisted of highlighting Pfams with occurrences in more than half
of Lichinomycetes and over-represented compared against non-Lichinomycetes occurrences corrected by the total number of clas-
ses (10) to avoid single occurrences. To evaluate for potential missed annotations or low hit numbers due to the heterogeneity of our
sampling set compared to the Pfam reference database, we extracted the number of predicted proteins containing annotated Pfams
and divided it by the total number of predicted proteins to estimate Pfam annotation success ratio. Then, we evaluated significant
differences between Lichinomycetes and non-Lichinomycetes in annotation rate quality using a Kruskal-Wallis test.

Assessment of species and metabolite diversity

Species diversity of lineages within Lichinomycetes was assessed using Mycobank (see key resources table) and Liicking et al. (Data
S1U).7%" Secondary metabolite diversity within these lineages was assessed based on Elix et al. (Data S1T)."%
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