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Epichloe fungi are endophytes of cool season grasses, both wild species and commercial cultivars, where they may
exhibit mutualistic or pathogenic lifestyles. The Epichloe-grass symbiosis is of great interest to agricultural
research for the fungal bioprotective properties conferred to host grasses but also serves as an ideal system to
study the evolution of fungal plant-pathogens in natural environments. Here, we assembled and annotated
gapless chromosome-level genomes of two pathogenic Epichloe sibling species. Both genomes have a bipartite
genome organization, with blocks of highly syntenic gene-rich regions separated by blocks of AT-rich DNA. The
AT-rich regions show an extensive signature of RIP (repeat-induced point mutation) and the expansion of this
compartment accounts for the large difference in genome size between the two species. This study reveals how
the rapid evolution of repeat structure can drive divergence between closely related taxa and highlights the
evolutionary role of dynamic compartments in fungal genomes.

1. Introduction
Despite their small size, fungal genomes can provide big insights into
eukaryote genome organization and evolution. Plant-colonizing fungi
and oomycetes, in particular, frequently have genomes with a bipartite
organization: a conserved “core genome” containing the majority of
genes and a highly variable compartment characterized by a high
repeat-content and few genes [1]. In some cases these repeat-rich re
gions are targeted by repeat-induced point mutation (RIP), a defense
mechanism against transposable element proliferation, which leads to
locally high mutation rates, specifically C-to-T mutations, reduced G/C
content and increased genetic diversity [2,3]. Regional variation in the
levels of structural and sequence polymorphism gives rise to different
rates of evolutionary change across the genome, referred to as the “twospeed genome” model [4]. Regions with higher rates of evolution are
enriched for repetitive elements and effector genes that are involved in
plant-pathogen interactions, and these regions are often important in
adaptation [4–7]. Despite recent progress, we still lack an understanding
of how widespread this bipartite genome organization is, how it varies
across taxa and how it relates to evolutionary processes [8].
To date, the most evidence for bipartite genomes comes from path
ogens of agricultural crops with large economic impacts. Studies of these

agriculturally important pathogens have shown that the distribution of
repeat rich compartments can vary. They can cover whole accessory or
lineage specific chromosomes, for example in Fusarium oxysporum [9]
and Zymoseptoria tritici [10]. In other species, this bipartite architecture
is organized in a mosaic-like structure with alternating blocks of
genomic compartments distributed along chromosomes; for example,
chromosomes of a dothideomycete pathogen (Leptosphaeria maculans)
contain structural isochores, scattered sequence blocks of distinct base
composition and are enriched in transposable elements [11,12]. These
so called AT-isochores are largely devoid of genes, similar to the genome
of the oomycete Phytophthora infestans, which also consists of alternating
repeat-poor/gene-rich and repeat-rich/gene-poor regions [13]. The
genome organization of fungal plant pathogens in natural ecosystems
are less well studied, in part because fewer high quality, whole genome
sequences are available for these systems. One exception is the facul
tative pathogen Epichloe festucae. A recent study by Winter et al. [14]
found that the genome of E. festucae also displays a two-speed organi
zation, with AT and GC-rich regions alternating to create a patchwork
genome structure and this structure affects the three-dimensional
configuration of chromosomes creating compartments of distinct gene
expression. This suggests a functional role of genome organization in
Epichloe, although its evolutionary importance remains largely obscure.
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To better understand bipartite genome evolution in natural fungal
plant pathogens, we set out to produce high quality reference genome
for two pathogenic Epichloe species. The genus Epichloe (Ascomycota,
Clavicipitaceae) consists of obligate biotrophic fungi that form life-long
systemic infections of cool-season grasses (Poaceae, tribe Pooideae
which includes most species of wild and pasture grasses in temperate
areas) [15]. The interaction between Epichloe and their host grasses
serves as a unique model in the study of fungal adaptation because they
span the whole symbiotic continuum from antagonistic to mutualistic
depending on the mode of reproduction [16]. Sexually reproducing
Epichloe are haploid outcrossers and usually a single genotype infects the
whole above-ground tissue of the host grass [17]. They grow asymp
tomatically to the point of host flowering and then cause choke disease,
whereby the undeveloped host inflorescences are enclosed in the fungal
fruiting structure [18]. This pathogenic stage can sterilize the host plant
and enables the fungus to horizontally transmit meiotic spores and
spread to other plants. Purely asexual Epichloe, on the other hand, form
infections that do not cause visible symptoms in the host plant and
transmit vertically by dissemination via seeds. These mutualistic sym
bionts can confer various benefits to the host plant including increased
drought resistance [19], and protection against herbivorous mammals
and invertebrates mediated by the production of bioactive alkaloid
compounds [20]. Epichloe endophytes are therefore widely employed in
commercial agriculture [21–23]. Interestingly, many of these mutual
istic symbionts are heteroploid (aneuploid, diploid, or polyploid)
interspecific hybrids of two or more ancestral sexual species [24]. The
two species studied here are both sexually reproducing pathogens and
possess haploid genomes.
The objective of this study was to investigate how the structural
organization of fungal genomes may be linked to the divergence of
species and to gain an understanding of the genomic mechanisms
driving such evolutionary processes. We therefore sequenced DNA and
RNA from two closely related taxa in the Epichloe typhina species com
plex [E. typhina (Pers.) Brockm. and E. clarkii J.F. White] that infect
different host grasses, to create finished reference genomes. We com
bined Illumina and Pacific Biosciences (PacBio) DNA sequencing to
generate complete chromosome-level genome assemblies, and used
Illumina RNAseq data to improve gene annotation. Using these new
genomic resources, we compared (1) patterns of genome organization,
(2) gene and repeat content, and (3) synteny between the two species.

Table S1 and Fig. S1). Note that in subsequent figures we use the ab
breviations Ety and Ecl, respectively. Pure fungal cultures were obtained
from surface sterilized leaf-sheaths of host plants D. glomerata and
H. lanatus following the procedure described by Leuchtmann and Clay
[30]. Isolates were grown in liquid V8 medium [31] for ten days,
strained, washed with sterile deionized water to remove residue medium
and subsequently freeze dried.
2.3. DNA preparation and sequencing
DNA was extracted according to the simple method for extraction of
fungal genomic DNA of Al-Samarrai and Schmid [32]. In short, the
protocol involves lysis of 30 mg of freeze dried ground mycelium in fresh
sodium dodecyl sulphate buffer, detachment of DNA from poly
saccharides by mild shearing, NaCl precipitation of polysaccharides and
protein, chloroform extraction and ethanol precipitation. DNA quality
and quantity was assessed by automated electrophoresis (2200 TapeS
tation, Agilent, Santa Clara, CA, USA), spectrophotometric ratios (A260/
280 > 1.8 and A260/230 > 2, Nanodrop spectrophotometer, Thermo
Fisher Scientific, Waltham, MA, USA) and fluorometric analysis
(Quantus™ Fluorometer, Promega Corporation, Wisconsin, USA). For
each isolate we obtained around 20 μg of high molecular weight, high
purity genomic DNA. PacBio SMRTbell libraries were prepared at the
Functional Genomics Center of Zurich (FGCZ), using 15 μg of DNA.
Sequencing was performed on a PacBio RSII instrument at the FGZC
(Sequencing and Genomic Technologies Shared Resource, Duke Uni
versity, NC, USA). For assembly polishing, we generated Illumina
paired-end libraries (insert size of 330 bp) using NEBNext® Ultra™ II
DNA Library Prep Kits and sequenced these on a HiSeq4000 Illumina
sequencer, at a final coverage of approximately 50× for E. typhina and
25× for E. clarkii.
2.4. RNA extraction and sequencing
RNA was isolated from reference Epichloe strains Ety_1756 and
Ecl_1605_22 grown as axenic culture, as well as in association with their
host grasses D. glomerata and H. lanatus, respectively. For genes
expressed in culture, RNA was extracted from strains grown on sup
plemented malt-extract agar (containing 1% malt extract, 1% glucose,
0.25% bacto peptone, and 0.25% yeast extract) for 10 days at room
temperature. Three technical replicates per strain were used. For in
planta RNA extraction, endophyte-free seedlings grown from commer
cial cultivar seeds of D. glomerata (cv. ‘Prato’, Agroscope ReckenholzTänikon), and H. lanatus (3624/K01/0.1, Otto Hauenstein seeds) were
inoculated with the respective isolates Ety (D. glomerata) and Ecl
(H. lanatus) following the procedure of Latch and Christensen (1985)
[33]. Inoculated plants were kept for 3–5 days in the dark and then
grown in multipot trays in commercial soil (Ökohum Bio Universalerde)
at 22 ◦ C with a photoperiod of 16 h of light. After 10 weeks, plants were
screened for infection by examining aniline blue stained leaf-sheath
tissue of three tillers per plant using a light microscope at 400×
magnification. Five plants of each species with infection in all three
tillers were re-potted into larger pots and moved to the greenhouse.
Pseudostems of three plants (biological replicates) with two technical
replicates per plant were collected and frozen in liquid nitrogen result
ing in a total of six samples per strain. We extracted total RNA using the
RNeasy Plant Mini Kit (QIAGEN, Hilden, Germany) and removed re
sidual genomic DNA by DNase treatment (DNase I RNase-Free, New
England Biolabs, MA, USA). We assessed RNA concentration by fluoro
metric analysis (Quantus™ Fluorometer, Promega Corporation, Wis
consin, USA), and quality by automated electrophoresis (2200
TapeStation, Agilent, Santa Clara, CA, USA). Paired-end cDNA libraries
were prepared with the Illumina TruSeq RNA kit and sequencing was
performed at the FGCZ on an Illumina NovaSeq 6000 (Illumina, San
Diego, CA, USA).

2. Methods
2.1. Taxonomic status and nomenclature
This study focuses on two members of the E. typhina species complex:
E. typhina infecting the grass species Dactylis glomerata L. and E. clarkii
infecting Holcus lanatus L. The two sibling taxa are currently assigned the
taxonomic rank of subspecies based on their sexual compatibility and
ability to hybridize in experimental crosses [15,25]. Evidence from
previous studies suggests, however, that E. typhina and E. clarkii are
reproductively isolated biological entities at an advanced stage of
divergence [26–28], and our ongoing work further supports this,
detecting no evidence of gene flow among natural sympatric populations
of the two taxa (unpublished data). For the purpose of this and future
studies we therefore consider E. typhina and E. clarkii as closely related
yet distinct species. Further, as now suggested by the International Code
of Nomenclature [29], we refer to Epichloe without its historical diaer
esis, aiding to make the data, metadata and analysis open, reusable and
reproducible.
2.2. Fungal isolates
Epichloe typhina strain Ety_1756 and Epichloe clarkii strain
Ecl_1605_22 were isolated from infected plant tissue collected from
naturally infected grass accessions in Switzerland (Supplementary
4268
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2.5. Genome assembly

synteny was assessed at the gene level by identifying orthologous genes
shared by both genomes using proteinortho v6.0 beta [45]. We used
coordinates of single copy orthologous genes to investigate gene order
and co-linearity.

Initial assemblies were produced using three different programs:
Canu v1.8 [34], FALCON v1.2.2 [35] and MECAT2 v20190314 [36]. By
comparing assemblies using D-GENIES v1.2.0 [37], we found that dis
continuities present in one assembly were generally well-resolved in one
or both of the other assemblies. As FALCON produced the most contig
uous assembly for each of our strains, we used the assemblies produced
by this program as the base of our final reference sequence and used
overlapping segments present in other assemblies to resolve the
remaining gaps. Base-level errors in the final assembly were polished
using Pilon v1.23 [38], using Illumina DNA reads as input.

2.10. Assembly completeness
The completeness of each genome assembly was estimated using
BUSCO v3.0.2 [50], by searching for conserved genes in the Sordar
iomycete dataset (library sordariomyceta_odb9).
3. Results

2.6. Gene annotation

3.1. Assembly and annotation of two complete chromosome-level genomes

The genome was annotated using v1.4 of the funannotate pipeline
[39]. This pipeline makes use of Augustus, SNAP, glimmerHMM and
CodingQuarry for gene-calling. Step-by-step details and example code
are available at https://github.com/adtreindl/Epichloe_genomes/blob
/master/RNASeq_Data_Analysis_predict.md. Briefly, we mapped RNA
seq data using STAR v2.5.3 [40], and identified transcripts using
stringtie v1.3.3 [41]. We then used the funannotate predict functions to
predict genes, incorporating the transcript information. Gene/protein
function was predicted using InterProScan v5.17–56.0 [42] and we
identified putative effectors using signalP v4.1 [43], and effectorP v2.0
[44]. We identified orthologous genes shared by both genomes using
proteinortho v6.0 beta [45]. Additionally, the same analysis was per
formed to identify orthologs shared between E. typhina, E. clarkii and the
outgroup species E. festucae.

We combined PacBio long-read and Illumina short-read DNA
sequencing to generate high quality contiguous reference genomes of
E. typhina and E. clarkii. PacBio sequencing yielded 810,432 and 807,685
subreads with an N50 of 14,350 and 17,455 base pairs, respectively. In
total we obtained 6.8 and 6.6 Gb representing a mean coverage of 200×
for the E. typhina genome and 144× for the E. clarkii genome (Table 1).
We used a set of different long-read assemblers to generate separate
assemblies from these reads. As FALCON produced the most contiguous
assembly for each of our strains, we used the assemblies produced by
this program as the base of our final assemblies, covering any breaks in
the FALCON assembly with near chromosome-length overlapping seg
ments present in other assemblies. All break points in one assembly that
were completely resolved in another assembly were confirmed by
manual inspection, giving us strong confidence in our final assemblies
(see section data accessibility).
The final genome assemblies consist of seven nuclear chromosomes
and the complete mitochondrial genome for each species. Nuclear
genome size differs between the two sibling species (Table 2), with the
E. typhina genome spanning 33.83 Mb whereas the E. clarkii genome is
more than a third larger at 45.62 Mb. Genome sequences were deposited
on GenBank (BioProject ID PRJNA533210 for E. typhina Ety_1756 and
PRJNA533212 for E. clarkii Ecl_1605_22)
We identified 8165 and 8736 protein coding genes in the genomes of
E. typhina and E. clarkii, respectively. We assigned functional annota
tions to most of the genes identified; 81.3% and 77.1% of E. typhina and
E. clarkii protein coding genes, respectively. We also identified putative
signal peptides in both species (584 in E. typhina and 587 in E. clarkii),
and of these, we identified 138 and 144 putative effectors in E. typhina
and E. clarkii, respectively (see supplementary files here: https://github.
com/adtreindl/Epichloe_genomes). We identified 6923 one-to-one
orthologs shared by both species. Duplicated genes were rare with
only three two-to-two orthologs identified representing genes dupli
cated in both species (paralogs). Of all gene pairs, 5715 (86.1%) formed
an orthology group with a single gene from the E. festucae Fl1 genome.
The genomes contained 97.5% (E. typhina) and 96.7% (E. clarkii) of
conserved sordariomycete genes as identified by BUSCO (Supplemen
tary Table S2).

2.7. Transposable element annotation
To identify transposable elements (TEs) we produced de novo TE li
braries for each genome using the RepeatModeler v2.0.1 pipeline [46],
which uses RepeatScout to identify multicopy regions of the genome and
RECON [47] to discover known TE motifs. We then identified specific
elements from each family in our de novo libraries using RepeatMasker
v4.0.6 [48].
2.8. Identification of genome compartmentalization
We scanned genomes for signatures of RIP using The RIPper (access
date 23 October 2020), with default settings (1000 bp window size with
500 bp step size, with substrate index values ≤0.75 and product index
values ≥1.1 used to identify RIP affected regions) [49]. RIP activity
shifts nucleotide composition in affected regions by preferentially
inducing C-to-T mutations resulting in a reduced GC content. We also
identified AT-rich regions using OcculterCut v1.1 [7], which detects
bimodal patterns in GC distribution across genome sequences and then
segments them into regions of differing nucleotide-content using the
Jensen–Shannon divergence (DJS). The RIPper accounts for the overall
AT-content of a genome and implements a quantitative measure of RIP
activity using the RIP index of Margolin [3], whereas OcculterCut is a
qualitative measure assigning genomic regions to defined categories.
Given that both methods rely on nucleotide proportions, we expect re
sults from these analyses to be strongly correlated.

3.2. Bipartite genome structure
Both the E. typhina and E. clarkii genomes have been profoundly

2.9. Synteny

Table 1
PacBio sequencing statistics.

We assessed synteny, the shared physical orientation of genomic
sequence between species, at two levels. For a comparison at the
nucleotide level, we performed pairwise alignments of three genomes,
the two new genomes and the E. festucae Fl1 reference genome, with
minimap2 v2.12 using the preset option for cross-species full genome
alignment (asm10 for sequence divergence around 2% and asm20 for
sequence divergence up to 10%, giving very similar results). Secondly,

Total bases
Total subreads
Mean read length
Read length N50
Longest read
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E. typhina

E. clarkii

6.8 Gb
810,432
8,403
14,350
67,878

6.6 Gb
807,685
11,340
17,455
114,135
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Table 2
Summary information for AT-rich and gene-rich compartments of E. typhina and E. clarkii genomes.
AT-rich compartment
Ety
Ecl

Gene-rich compartment

Genome size

chromosomes

genes

size

GC-content [%]

genes

size

GC-content [%]

genes

33.83 Mb
45.62 Mb

7
7

8165
8736

10.7 Mb (31.7%)
22.2 Mb (48.6%)

24.4
25.7

10
53

23.1 Mb (68.3%)
23.4 Mb (51.4%)

52.7
52.7

8155
8683

affected by RIP, generating the distinctive bipartite genome structure
seen in some fungal pathogens. In line with the previously sequenced
E. festucae, both new Epichloe genomes exhibited a clear bimodal dis
tribution of GC-content (Fig. 1) corresponding to two genome com
partments with distinct GC-content ranges (E. typhina: 0–37.6% and
37.6–100% GC-content; E. clarkii: 0–39.9% and 39.9–100% GCcontent). Chromosomes consisted of blocks of sequence with high AT
nucleotide content (AT-rich regions with 24.4% and 25.7% GC-content
on average in E. typhina and E. clarkii, respectively), and alternating
blocks of sequence with approximately equal nucleotide content (52.7%
GC- content on average, Table 2 and Fig. 2). We found concordance
between quantitative signatures of RIP in genomic windows (identified
by The RIPper), and qualitative assignment of AT-rich regions identified
by OcculterCut (Figs. S2 and S3), which was expected given that both
methods principally rely on nucleotide distribution along the genome.
The genome-wide extent of RIP estimated by both methods was very
similar: 31.7% and 30.7% in E. typhina were affected by RIP and 48.6%
and 45.6% in E. clarkii - the former percentages refer to AT-rich
compartment size identified by OcculterCut (see Table 2), and the
latter correspond to the percentage of bases assigned to Large RIP
Affected Regions (LRARs) identified by The RIPper. These genomes thus
have a substantially larger proportion of the genome affected by RIP
compared to other Sordariomycetes [51], and similarly large RIPped
contents were also detected among members of the genus Claviceps, the
sister group to Epichloe [52]. The extent and variation in the proportion
of the genome effected by RIP in two closely related lineages clearly
demonstrates the impact of this process in the recent history of this
taxonomic group.
3.3. Distribution of genes
For subsequent analyses, we used the dichotomous categorization
into AT-rich and GC-rich regions made by OcculterCut and use the term
“compartment” to refer to the entire genomic proportion made up by
either sequence category.
The GC-rich compartment contained the vast majority of annotated
genes (99.88% and 99.39% in E. typhina and E. clarkii, respectively), and
is henceforth referred to as the gene-rich compartment. In contrast, the
AT-rich compartment of these two Epichloe genomes was largely devoid
of genes (10 (0.12%) and 53 (0.61%) genes in E. typhina and E. clarkii
respectively, and one and two of these genes were putative effectors), in
line with other fungal genomes investigated [7]. Consistent with this, we
found that of 6923 orthologs shared by both species, most were located
in gene-rich regions, whereas only one gene in E. typhina (Ety_007361)
and two in E. clarkii (Ecl_003362 and Ecl_005753) were located in ATrich regions (Fig. 3, yellow lines).
While RIP specifically targets repeats, RIP-induced mutations have
also been shown to leak beyond duplicated regions and occur in single
copy sequences located in close proximity to RIP-affected repeats in
other fungi (Neurospora crassa [53] and Leptosphaeria maculans [54]).
We therefore tested if putative effector genes were more likely to be
located either in or adjacent to AT-rich regions (1 kb up- and downstream), a genomic location in which they may experience faster rates
of sequence evolution which may foster rapid adaptive innovation [see
5]. We used permutation tests implemented using the ‘overlapPermTest’
function in the R package regionR with 1000 iterations [55]. We found
that that effector genes were significantly less likely to be located in AT-

Fig. 1. Bimodal distribution of GC content in two Epichloe genomes.
The proportion of the genome taken up by segments of differing GC-content is
shown, calculated for GC-content intervals of 1%. Vertical blue lines show the
GC cut-off chosen by OcculterCut and used to classify genome segments into
distinct AT-rich and GC-rich compartments (cut-offs were 37.6% in E. typhina
and 39.9% in E. clarkii). Green dashed lines indicate Cauchy distributions that
were fit to the data. The percentage values indicate the percentage of the
genome that is AT-rich (left) and GC-rich (right). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

rich regions than expected by chance, in line with the overall low
number of annotated genes there. However, effector genes were
enriched in the regions directly bordering AT-rich regions (Fig. S16),
supporting the idea that this genomic environment may help maintain a
dynamic effector repertoire in Epichloe and provide an adaptive
advantage.
3.4. Variation in genome size and repeat content
The genome of E. clarkii was a third larger than E. typhina and this is
largely explained by the repeat content and an expansion of the AT-rich
compartment in E. clarkii, whereas the gene-rich compartments of the
genomes were approximately equal in size (23.1 Mb and 23.4 Mb). The
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Fig. 2. Comparison of AT-rich compartments.
A: Histogram showing the distribution of AT-rich region length for Ety (green) and Ecl (purple). Dashed lines mark mean lengths. B: Inset displays ideograms with
patchwork distribution of AT-rich regions along chromosomes. Ecl has 69.6% more AT-rich regions than Ety (648 vs. 382), with a majority of those regions being
relatively short (58% Ety and 52% Ecl are ≤ 20 kb). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

AT-rich compartment made up nearly half (48.6% or 22.2 Mb) of the
genome sequence in E. clarkii in contrast to 31.7% (10.7 Mb) in
E. typhina (Table 2), and E. clarkii contained a larger number of AT-rich
regions (648 vs 382) and had on average slightly longer AT-rich regions
(mean 29.5 kb E. typhina vs. 34.2 kb E. clarkii) (Fig. 2). This difference in
compartment size is congruent with the difference in repeat content
between genomes: 18.9 Mb (41.4%) of the E. clarkii genome was
assigned to a TE family compared to 9.1 Mb (27.0%) TE sequence in
E. typhina. In both genomes, 95% of all bases annotated as being part of a
TE fell into AT-rich regions demonstrating that AT-rich compartments of
E. typhina and E. clarkii are largely comprised of repetitive DNA (Sup
plementary Table S3 and Fig. S4). The composition of TEs in each
genome was similar, with the majority of TE sequences (82% E. typhina
and 86% in E. clarkii) being full or partial LTR retrotransposons and the
remainder comprised of DNA transposons, LINE elements and unclas
sified elements. Almost all LTRs were located in AT-rich regions (99% in
E. typhina and 97% in E. clarkii) whereas a relatively high proportion of
unclassified elements and DNA transposons occurred in the gene-rich
regions of the genome. Unclassified elements likely include short nonautonomous elements such as MITES, which may function as regula
tors of gene expression in Epichloe [14].

first; as a result, chromosome 1 in E. typhina corresponds to the inverted
chromosome 3 in E. clarkii. The synteny of these two sibling taxa were
compared to the synteny with the more distantly related species
E. festucae using the Fl1 reference genome, and, as expected, whole
genome alignments with E. festucae showed substantially more rear
rangements among the seven chromosomes (Figs. S5–S7) compared to
the alignments between E. typhina and E. clarkii. In gene-rich regions of
homologous chromosomes, both macrosynteny (the overall chromo
somal gene content) and microsynteny (the order of genes) were highly
conserved (Fig. 4). The mapping of positions of 6923 single copy
orthologous genes showed high gene co-linearity (Figs. S8–S10B), and in
pairwise alignments of homologous chromosomes between E. typhina
and E. clarkii, we found only one large rearrangement affecting more
than 47 genes in a gene-rich region (Fig. S10).
4. Discussion
The genome size difference between E. typhina and E. clarkii is much
larger than might be expected given they are closely related members of
the same species complex. The difference between these sibling species
is almost as large as the largest differences seen among all Epichloe
species where genome size has been estimated from genome sequence
data [56]. Although no clear association between genome size and
phylogeny was detected, different strains of the same species tended to
have more similar genome sizes [57]. Caution is needed when
comparing genome size estimates using different sequencing technolo
gies (short-read based genome assemblies may have misassembled or
collapsed large repetitive regions), and yet it appears that these sibling
species have diverged considerably in genome size compared to other

3.5. Conserved synteny between sibling taxa
We found complete conservation of synteny between E. typhina and
E. clarkii at the chromosome level, with no evidence of major rear
rangements between non-homologous chromosomes (Fig. 3). The
chromosome numbers do not correspond because Epichloe chromosomes
are numbered by size with the suspected short arm of the chromosome
4271
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Fig. 3. Synteny between Epichloe sibling species is conserved in gene-rich regions.
The seven chromosomes of Ety (green) and Ecl (purple) are shown as ideograms of chromosome structure with AT-rich regions in colour. Links connect positions of
6923 single-copy orthologous genes between species, 6920 of which are located in gene-rich regions in both genomes. Only one gene on chromosome 6 in Ety and
two genes on chromosomes 3 and 4 in Ecl are located in an AT-rich region in one species but not the other (yellow). Gene content is highly conserved and gene order
strongly co-linear among homologous chromosomes. We found 13 gene pairs that were located on non-homologous chromosomes (red), indicating interchromosomal rearrangements. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

sibling taxa. Despite the difference in overall size, gene content was
similar in the two genomes; we found a similar number of genes most of
which had high sequence homology between species and were identified
as orthologous pairs (84.8% and 79.2% of genes in E. typhina and
E. clarkii, respectively).

causes a strong depletion in GC-content over time [58]. This generates
AT-rich sequences that are confined to the repeat-rich regions of fungal
genomes and contain a high frequency of TpA di-nucleotides, the pri
mary product of RIP [7,59]. We found clear evidence of RIP in the form
of AT-rich regions across both studied Epichloe genomes and the
genome-wide extent of RIP was among the highest reported to date for
sordariomycete fungi [see 7,51]. Interestingly, the AT-rich compartment
was much larger in E. clarkii compared to E. typhina. This appears to
result from both novel AT-rich regions that exist in one species but not
the other, as well as expansions of shared AT-rich regions. Genome
compartmentalization in eukaryotes is thought to result from uneven
rates of TE insertions along the genome. TE insertions in gene-rich

4.1. What leads to genome expansion?
RIP is a genomic defense mechanism that counteracts TE activity in
fungal genomes [2]. RIP activity is linked to sexual reproduction
(meiosis), and targets duplicated sequences such as TEs specifically
inducing frequent C-to-T mutations which renders the TE inactive and
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Fig. 4. Synteny between Epichloe sibling species is
conserved in gene-rich regions.
Syntenic regions were identified based on the align
ment of homologous chromosomes aligning regions
with sequence similarity > 90% and a mapping
quality > 5 (grey polygons). Note that the plots only
include alignments > 10 kb for aethestics; compara
tive figures with unfiltered alignments can be found
in the supplementary (Fig. S15). Chromosomes of Ety
(green) and Ecl (purple) are shown as ideograms
with AT-rich regions identified by OcculterCut in
colour. Above and below the RIP index calculated
with The RIPper in 10 kb windows along chromo
somes is plotted with high values corresponding to a
strong signature of RIP. Syntenic regions are limited
to gene-rich regions with the exception of two short
alignments that were located in an AT-rich in one
species but not the other. These may correspond to
the alignment of repetitive sequence and should
therefore be interpreted with caution. Chromosome 6
is shown here as an example, the remaining chro
mosome pairs can be found in the supplementary
information (Figs. S11-S15). (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)

regions are more likely to be deleterious by disrupting a coding sequence
or regulatory region of a gene and will be removed from the population
by purifying selection. However, in largely non-coding sequence such as
gene-sparse, repeat-rich regions, insertions may have little or no effect
on fitness and thus they can persist and proliferate [8]. RIP can inacti
vate the TEs in these non-coding regions, and this generates blocks of
AT-rich sequence. We show that the AT-rich compartments of Epichloe
genomes are largely comprised of repetitive DNA. This is in line with the
previously published E. festucae Fl1 reference genome, where preexist
ing repeats were interrupted by new TE-insertions generating nested
long repeats, all of which have been heavily targeted by RIP [14].
The size difference in the AT-rich compartment, and coincidently
genome size, between E. typhina and E. clarkii suggests that these ge
nomes likely experienced independent surges of TE activity and subse
quent inactivation by RIP. Expansion of the AT-rich compartment does
not appear to simply be the result of elongated AT-rich regions, which
could be caused by recombination processes, such as replication slip
page increasing the size of existing AT-rich regions. Instead, the lengths
of AT-rich regions are similar, and each genome contains species specific
AT-rich regions supporting new TE invasions. The divergent remodeling
of the AT-rich compartment could be explained by differences in the
ecological and evolutionary histories of these species, altering the
relative strength of selection and genetic drift acting on genomes, via
changes in effective population size between species or populations
[60]. A reduction in effective population size, for example following a
bottleneck, could lead to a stronger effect of genetic drift and a
temporarily weaker effect of purifying selection. This in turn can result
in TE invasion of previously “protected” parts of the genome, giving rise
to new repetitive regions that are targeted by RIP and results in the
emergence of novel AT-rich regions [61]. Similarly, phases of asexual
reproduction and the absence of recombination may reduce the efficacy
of purifying selection and lead to TE proliferation [62]. Simultaneously,
asexual reproduction renders meiotic genome defenses such as RIP
inactive or ineffective and may thereby further promote the spread of
TEs. Thus, fungal species that rarely undergo meiosis and have reduced
RIP activity should exhibit more TE expansion compared to species with
frequent sexual cycles and this is indeed supported by a growing number
of studies (see [63]). The bottleneck associated with a host jump, in
vasion and or range expansion is expected to drastically reduce effective
population size, and could potentially be followed by a prolonged phase
of clonal spread through the new host population, as has been suggested

in other fungal pathogens [12,64–66], for example, when only one
mating type is present in a founder population. In such a scenario,
neither natural selection nor RIP could prevent the invasion of the
genome by TEs, and the consequential genome expansion until sexual
reproduction (and RIP) becomes prevalent again with pressure to adapt
and diversify. Given the differentially affected genomic composition in
Epichloe genomes, we hypothesize that the divergence of E. typhina and
E. clarkii may have been accompanied by a prolonged phase of asexual
reproduction, and small effective population size in E. clarkii, leading to
the observed genome expansion while TE proliferation remained more
limited in E. typhina.
The similarity of the two Epichloe genomes in terms of their
chromosome-level synteny in the gene-rich compartment (core genome)
indicates recent divergence of the sibling species E. typhina and E. clarkii.
In artificial laboratory settings, strains of these species remain interfer
tile, supporting only recent divergence [28]. Despite this, the AT-rich
compartments have diverged at a much higher rate compared to the
core genome, consistent with the two-speed genome model. TEdynamics and the activity of RIP have played key roles in the genetic
divergence of these species, and the genomic environment of AT-rich
regions may create hotspots of genetic diversity that serve as cradles
for rapid adaptive evolution contributing to local adaptation and
divergence at the population level. Here we discuss the mechanisms that
may have differentially shaped fungal genomes in their evolutionary
past and outline how a bottleneck and relaxed selection could explain
the observed patterns. We propose that AT-rich regions may be impor
tant for evolution at both the within- and between-species level, how
ever, testing this hypothesis will require genomic analyses of more than
a single isolate. Future studies that combine comparative and population
genomic approaches in these sibling species, will provide important
insight into the role of genome compartmentalization in shaping
genomic diversity, and understanding how this influences adaptation
and speciation.
5. Conclusions
We have assembled and annotated chromosome-level genome se
quences for two Epichloe sibling species, E. typhina and E. clarkii. Both
genomes display a remarkable bipartite organization, with a gene-rich
core genome that is highly conserved between species, interspersed
with blocks of divergent AT-rich sequence. AT-rich regions are the result
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of repeat-induced point mutation (RIP) counteracting TE proliferation in
fungal genomes. Variation of repeat content and consequently the ATrich compartment between ecologically similar and evolutionarily
close species of these fungi accounts for the large increase in genome size
in E. clarkii compared to E. typhina. These results demonstrate the
important role that TE-activity and genome defense mechanisms play in
the genetic divergence of closely related taxa and highlights the role of
such dynamic genomic compartments in shaping genome evolution. The
genomic resource in the form of complete, high-quality reference ge
nomes of two closely related Epichloe species, combined with population
data, will serve as an ideal study system for the comparison of genomic
architecture and patterns of sequence evolution both within and be
tween species.
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[62] T.V. Kent, J. Uzunović, S.I. Wright, Coevolution between transposable elements
and recombination, Philos. Trans. R. Soc. B Biol. Sci. 372 (2017), https://doi.org/
10.1098/rstb.2016.0458.
[63] J.K. Hane, A.H. Williams, A.P. Taranto, P.S. Solomon, R.P. Oliver, Repeat-induced
point mutation: a fungal-specific, endogenous mutagenesis process, in: Genet.
Transform. Syst. Fungi vol. 2, Springer, 2015, pp. 55–68.
[64] S.B. Goodwin, B.A. Cohen, W.E. Fry, Panglobal distribution of a single clonal
lineage of the Irish potato famine fungus, Proc. Natl. Acad. Sci. U. S. A. 91 (1994)
11591–11595.
[65] C. Dutech, O. Fabreguettes, X. Capdevielle, C. Robin, Multiple introductions of
divergent genetic lineages in an invasive fungal pathogen, Cryphonectria
parasitica, in France, Heredity (Edinb). 105 (2010) 220–228.
[66] S. Ali, P. Gladieux, M. Leconte, A. Gautier, A.F. Justesen, M.S. Hovmøller,
J. Enjalbert, C. de Vallavieille-Pope, Origin, migration routes and worldwide
population genetic structure of the wheat yellow rust pathogen Puccinia striiformis
f. sp. tritici, PLoS Pathog. 10 (2014) e1003903.

specialization, Mol. Ecol. 27 (2018) 3070–3086, https://doi.org/10.1111/
mec.14585.
A.D. Treindl, A. Leuchtmann, Assortative mating in sympatric ascomycete fungi
revealed by experimental fertilizations, Fungal Biol. 123 (2019) 676–686, https://
doi.org/10.1016/j.funbio.2019.06.005.
N.J. Turland, J.H. Wiersema, F.R. Barrie, W. Greuter, D.L. Hawksworth, P.
S. Herendeen, S. Knapp, W.-H. Kusber, D.-Z. Li, K. Marhold, International Code of
Nomenclature for algae, fungi, and plants (Shenzhen Code) adopted by the
Nineteenth International Botanical Congress Shenzhen, China, July 2017, Koeltz
Botanical Books, Glashütten, 2018, https://doi.org/10.12705/Code.2018.
A. Leuchtmann, K. Clay, Atkinsonella hypoxylon and Balansia cyperi, epiphytic
members of the Balansiae, Mycologia. 80 (1988) 192–199, https://doi.org/
10.2307/3807793.
M.J. Christensen, A. Leuchtmann, D.D. Rowan, B.A. Tapper, Taxonomy of
Acremonium endophytes of tall fescue (Festuca arundinacea), meadow fescue (F.
pratensis) and perennial ryegrass (Lolium perenne), Mycol. Res. 97 (1993)
1083–1092.
T.H. Al-Samarrai, J. Schmid, A simple method for extraction of fungal genomic
DNA, Lett. Appl. Microbiol. 30 (2000) 53–56.
G.C.M. Latch, M.J. Christensen, Artificial infection of grasses with endophytes,
Ann. Appl. Biol. 107 (1985) 17–24.
S. Koren, B.P. Walenz, K. Berlin, J.R. Miller, N.H. Bergman, A.M. Phillippy, Canu:
scalable and accurate long-read assembly via adaptive k-mer weighting and repeat
separation, Genome Res. 27 (2017) 722–736.
C.-S. Chin, P. Peluso, F.J. Sedlazeck, M. Nattestad, G.T. Concepcion, A. Clum,
C. Dunn, R. O’Malley, R. Figueroa-Balderas, A. Morales-Cruz, G.R. Cramer,
M. Delledonne, C. Luo, J.R. Ecker, D. Cantu, D.R. Rank, M.C. Schatz, Phased
diploid genome assembly with single-molecule real-time sequencing, Nat. Methods
13 (2016) 1050–1054, https://doi.org/10.1038/nmeth.4035.
C.-L. Xiao, Y. Chen, S.-Q. Xie, K.-N. Chen, Y. Wang, Y. Han, F. Luo, Z. Xie, MECAT:
fast mapping, error correction, and de novo assembly for single-molecule
sequencing reads, Nat. Methods 14 (2017) 1072–1074, https://doi.org/10.1038/
nmeth.4432.
F. Cabanettes, C. Klopp, D-GENIES: dot plot large genomes in an interactive,
efficient and simple way, PeerJ. 6 (2018), e4958.
B.J. Walker, T. Abeel, T. Shea, M. Priest, A. Abouelliel, S. Sakthikumar, C.
A. Cuomo, Q. Zeng, J. Wortman, S.K. Young, A.M. Earl, Pilon: an integrated tool for
comprehensive microbial variant detection and genome assembly improvement,
PLoS One 9 (2014), e112963, https://doi.org/10.1371/journal.pone.0112963.
J.M. Palmer, Funannotate: Pipeline for Genome Annotation, 2016.
A. Dobin, C.A. Davis, F. Schlesinger, J. Drenkow, C. Zaleski, S. Jha, P. Batut,
M. Chaisson, T.R. Gingeras, STAR: ultrafast universal RNA-seq aligner,
Bioinformatics. 29 (2013) 15–21, https://doi.org/10.1093/bioinformatics/bts635.
M. Pertea, G.M. Pertea, C.M. Antonescu, T.-C. Chang, J.T. Mendell, S.L. Salzberg,
StringTie enables improved reconstruction of a transcriptome from RNA-seq reads,
Nat. Biotechnol. 33 (2015) 290–295, https://doi.org/10.1038/nbt.3122.
P. Jones, D. Binns, H.-Y. Chang, M. Fraser, W. Li, C. McAnulla, H. McWilliam,
J. Maslen, A. Mitchell, G. Nuka, S. Pesseat, A.F. Quinn, A. Sangrador-Vegas,
M. Scheremetjew, S.-Y. Yong, R. Lopez, S. Hunter, InterProScan 5: genome-scale
protein function classification, Bioinformatics. 30 (2014) 1236–1240, https://doi.
org/10.1093/bioinformatics/btu031.
T.N. Petersen, S. Brunak, G. von Heijne, H. Nielsen, SignalP 4.0: discriminating
signal peptides from transmembrane regions, Nat. Methods 8 (2011) 785–786,
https://doi.org/10.1038/nmeth.1701.
J. Sperschneider, D.M. Gardiner, P.N. Dodds, F. Tini, L. Covarelli, K.B. Singh, J.
M. Manners, J.M. Taylor, EffectorP: predicting fungal effector proteins from
secretomes using machine learning, New Phytol. 210 (2016) 743–761, https://doi.
org/10.1111/nph.13794.
M. Lechner, S. Findeiß, L. Steiner, M. Marz, P.F. Stadler, S.J. Prohaska,
Proteinortho: detection of (co-)orthologs in large-scale analysis, BMC
Bioinformatics. 12 (2011) 124, https://doi.org/10.1186/1471-2105-12-124.
J.M. Flynn, R. Hubley, C. Goubert, J. Rosen, A.G. Clark, C. Feschotte, A.F. Smit,
RepeatModeler2 for automated genomic discovery of transposable element
families, Proc. Natl. Acad. Sci. U. S. A. 117 (2020) 9451–9457, https://doi.org/
10.1073/pnas.1921046117.
Z. Bao, S.R. Eddy, Automated de novo identification of repeat sequence families in
sequenced genomes, Genome Res. 12 (2002) 1269–1276, https://doi.org/
10.1101/gr.88502.

4275

