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The Ascomycota form the largest phylum in the fungal kingdom and show a wide diversity of lifestyles, some involving as-
sociations with plants. Genomic data are available for many ascomycetes that are pathogenic to plants, but endophytes,
which are asymptomatic inhabitants of plants, are relatively understudied. Here, using short- and long-read technologies,
we have sequenced and assembled genomes for 15 endophytic ascomycete strains from CABI's culture collections. We
used phylogenetic analysis to refine the classification of taxa, which revealed that 7 of our 15 genome assemblies are the
first for the genus and/or species. We also demonstrated that cytometric genome size estimates can act as a valuable metric
for assessing assembly “completeness”, which can easily be overestimated when using BUSCOs alone and has broader im-
plications for genome assembly initiatives. In producing these new genome resources, we emphasise the value of mining ex-
isting culture collections to produce data that can help to address major research questions relating to plant-fungal
interactions.

Key words: Ascomycota, culture collections, cytometric completeness, fungal endophytes.

Significance

Historically, efforts aimed at whole-genome sequencing of fungi have been biased towards economically important
plant pathogens, but improving genomic resources of commensal and mutualistic fungi is fundamental if we are to fully
understand the whole range of plant—fungal interactions. In generating these new genome assemblies for fungal en-
dophytes—asymptomatic inhabitants of plants—we provide valuable new resources for exploring the pathogenic—
mutualistic spectrum in different lineages across the Ascomycota. Our results demonstrate the value of mining existing
culture collections to produce much-needed genomic data for neglected lineages of plant-associated fungi.

Introduction rapidly increasing the number of genome assemblies
To date, most fungal genome sequencing effort has been available for nonpathogenic strains, such as commensal
skewed towards pathogens and, of those, plant pathogens or mutualistic plant-associated fungi (https:/jgi.doe.gov/
(Aylward 2017), but recent and ongoing initiatives are our-projects/csp-plans/). Improving genomic resources for
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nonpathogenic relatives of phytopathogens is key to under-
standing functional differences between different forms of
plant associated lifestyles, and will allow us to explore how
and why plant-fungal interactions evolve. This is particularly
crucial for fungal endophytes, asymptomatic plant inhabi-
tants which predominantly belong to the phylum
Ascomycota (Rodriguez et al. 2009; Hardoim 2015). Factors
controlling whether a fungus exhibits endophytism versus
pathogenicity are not well defined. Case-study comparisons
between closely related pathogens and endophytes have
started to reveal lineage-specific patterns or mechanisms
that may contribute to lifestyle (Hacquard 2016; Niehaus
2016; Stauber et al. 2020; Hill et al. 2022), however we
have no indication of whether they will hold true for all asco-
mycete endophytes, which are spread across the entire phy-
lum (Huang 2018; U'Ren 2019). If we are to better
understand endophytism, and therefore improve the chance
of predicting the pathogenic potential of fungal strains, com-
parisons across a broader taxonomic scale are needed. This is
only achievable through the generation of new, high-quality
genome assemblies for endophyte strains.

Culture collections are a powerful resource for addres-
sing all manner of research questions. The CABI collection
(Egham, UK) is one of the world’s largest fungal culture col-
lections, boasting 28,000 strains spanning 100 years and
142 countries (Smith et al. 2022). Here, we capitalised on
endophytic strains deposited in CABI's collection to suc-
cessfully sequence, assemble and annotate genomes for
15 taxa across 8 families and 5 orders. Where possible,
we additionally produced cytometric genome size esti-
mates for stringent quality assessment of these new gen-
ome assemblies (Hill et al. 2021a).

For new genomic resources to be of use to the science
community, it is of major importance to ensure accurate
identification and classification of taxa. Phylogenetics has
become an essential step in fungal classification, not least
when dealing with cultured microfungi where morpho-
logical features are often particularly challenging to study
and can be less informative, or not informative at all,
for distinguishing species or even genera (Crous and
Groenewald 2005; Shivas and Cai 2012). Phylogenetic
analyses revealed our assemblies to be the first for three
ascomycete genera—Collariella, Neodidymelliopsis and
Neocucurbitaria—and five species—Ascochyta clinopodii-
cola, Didymella pomorum, Didymosphaeria variabile,
Neocosmospora piperis and Neocucurbitaria cava. Four
more taxa—Didymella sp. IMI 355093, Gnomoniopsis sp.
IMI 355080, cf. Kalmusia sp. IMI 367209 and Neurospora
sp. IMI 360204—require additional assessment to deter-
mine whether they are new or previously described spe-
cies, but based on existing data they also likely represent
the first genome assemblies for their to-be-assigned spe-
cies. As well as providing the first genomic resources for
taxa, these endophyte assemblies will enable future work

comparing endophytic and phytopathogenic strains widely
across the Ascomycota.

Results and Discussion

Genome Assemblies

We report 15 endophyte assemblies here—8 using lllumina
short-reads and 7 with additional Oxford Nanopore
Technologies long-reads for hybrid assembly. We tested
three assembly tools for both approaches to ensure we pro-
duced the highest quality assembly. For the short-read as-
semblies, SPAdes (Bankevich 2012) consistently produced
assemblies with the best contiguity and completeness
statistics compared with ABySS (Simpson 2009) and
MEGAHIT (Li 2016), however, for hybrid assemblies,
hybridSPAdes resulted in markedly worse contiguity than
either Flye (Kolmogorov et al. 2019) or Raven (Vaser and
Sikie 2021) (supplementary fig. 1, Supplementary table 1).
There was little difference in the performance of Flye and
Raven, although Raven produced the “best” assembly
for five out of seven strains (table 1). Unsurprisingly, incorp-
orating long-reads resulted in much less fragmented
assemblies, some likely approaching chromosome-level
(fig. 1A,B).

Despite originating from axenic cultures, we still de-
tected some contaminant contigs that were removed
from the assemblies. The majority of contaminants be-
longed to other ascomycete fungi, although there was
also some bacterial contamination found (supplementary
fig. 2). These contigs generally represented a small propor-
tion of the assemblies, however, in two cases a consider-
able proportion of the assembly was filtered out: 19% for
IMI 360204 and 12% for IMI 355082 (table 1).

Flow Cytometry Revealed Some Assemblies to be Less
Complete than BUSCOs Would Suggest

Genome size measurements were successfully obtained for
five of the strains using flow cytometry (supplementary
table 2). For these strains, we were able to compare total
assembly length against cytometric genome size estimates,
which revealed that most assemblies were notably smaller
than the “true” genome size (fig. 1C) despite having a
high percentage of single-copy BUSCOs (fig. 1D). The ex-
ception was strain IMI 355093 (Didymella sp.), which was
estimated to be highly complete according to cytometric
measurements as well as BUSCOs (fig. 1D). These cyto-
metric estimates will provide a benchmark that future at-
tempts to refine these assemblies can be measured against.

Phylogenetic Analyses Classified Strains as Belonging to
11 Genera, with 9 Strains Resolved to Species-level

We produced multilocus phylogenetic trees using
RAXML-NG (Kozlov et al. 2019) to refine the original
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Fic. 1.—Snail plots produced using BlobToolKit v3.4.0 (Challis et al. 2020) summarising assembly contiguity for (4) short-read and (B) hybrid assemblies.
The distribution of fragment lengths is shown in dark grey with the plot radius scaled to the longest fragment of the assembly, shown in red. The pale grey
spiral shows the cumulative fragment count on a log scale. The orange and cream arcs show the N50 and N90 fragment lengths. The outside blue bands show
the distribution of GC/AT content. (C) Total genome size as indicated by total assembly length versus cytometric genome size estimation. (D) Genome assembly
completeness as measured by gene set (BUSCOs) versus cytometric genome size estimation.
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bp paired-end reads were sequenced using the NovaSeq
6000 platform (lllumina, San Diego, CA, USA). If we were
able to extract >1 ug of DNA, strains were also processed
for long-read sequencing. For each strain, the appropriate
volume for 1 ug of DNA was diluted with sterile, nuclease-
free water to obtain the required 47 ul of DNA for the li-
brary preparation method described here. Half of the
DNA solution (23.5ul) was then sheared to a fragment
size of ~20 Kbp by centrifuging in a g-TUBE (Covaris, Inc.,
Woburn, MA, USA) at 4,200 rpm for 1 min. Sequencing li-
braries were prepared from the mixture of sheared and un-
sheared DNA using the SQK-LSK109 Ligation Sequencing
Kit (Oxford Nanopore Technologies Inc., Oxford, UK) fol-
lowing the manufacturer’'s Genomic DNA by Ligation
protocol (version GDE_9063_v109_revAE_14Aug2019).
The Short Fragment Buffer was used during the clean-up
step to purify all fragments equally. DNA repair and end-
prep was performed using the NEBNext FFPE DNA Repair
and Ultra Il End Repair/dA-Tailing modules (New England
BioLabs, Ipswich, MA, USA). The library was loaded into a

FLO-MIN106 flow cell and sequenced with a MinlON device
(Oxford Nanopore Technologies Inc.) for ~48 h using the
MinKNOW application (Oxford Nanopore Technologies
Inc.). Fast basecalling was performed after sequencing
using guppy v4.5.3 (Oxford Nanopore Technologies Inc.).

Cytometric Genome Size Estimation

Where possible, cultures were additionally sampled for flow
cytometry 10-56 days after subculturing depending on the
growth rate of the sample. Coprinellus micaceous (62.60
Mbp/1C) and Coprinopsis piacea (52.83 Mbp/1C) were used
as internal reference standards. See the Supplementary
Material for full methodological details; in brief, the prepar-
ation of each sample was completed following the
One-Step Protocol using LBO1 buffer (Dolezel et al. 1989),
as outlined by Pellicer et al. (2020). We used the Partec
FloMax v2.4d software (Sysmex Partec GmbH) to produce his-
tograms showing the relative fluorescence of nuclei
(supplementary fig. 5) and the holoploid 1C genome size of
each strain was estimated using the following formula:

Mean G, fluorescence peak of sample x 1C nuclear DNA content of reference standard

Mean G fluorescence peak of reference standard

De Novo Genome Assembly

For strains which only had short-read data, the assembly
pipeline from Hill et al. (2022) was used, comparing ABySS
v2.0.2 (Simpson 2009), MEGAHIT v1.2.9 (Li 2016) and
SPAdes v3.11.1 (Bankevich 2012). If we were also able to
obtain long-read sequence data for strains, hybrid assembly
was performed with comparison across three tools: Flye
v2.6 (Kolmogorov et al. 2019), Raven v1.6.1 (Vaser and
Sikic 2021), and hybridSPAdes v3.11.1 (Antipov et al.
2016). The former two methods involved assembly using
only the raw long-reads, before mapping the short-reads
onto the resulting contigs using BWA-MEM
v0.7.17-r1188 (Li 2013) in order to polish with Pilon
v1.2.4 (Walker 2014). In contrast, hybridSPAdes used both
long- and short-reads to construct contigs, before similarly
polishing with the short-reads using BWA-MEM and Pilon.
For Flye, which requires an estimate of total genome size, cy-
tometric genome size estimates described above were used
where possible, otherwise the average genome size for the
order according to Hill et al. (2021a) was used.

Quality Assessment and Contaminant Removal

To select the "best” assembly across the different assembly
tools, contiguity was assessed using QUAST v5.0.2
(Gurevich et al. 2013) and completeness was assessed
with BUSCO v3.0.1 (Simao et al. 2015) using the
ascomycota_odb10.2020-09-10 lineage dataset of 1,706

single-copy orthologues. BlobTools v1.1 (Laetsch and
Blaxter 2017) was used to check for possible contamination
in the best assemblies. To create hit files, contigs were
searched against the UniRef90 database downloaded on
August 9, 2022 (Suzek 2015) wusing DIAMOND
v2.0.15.153 (Buchfink et al. 202 1) and against the NCBI nu-
cleotide database downloaded on August 17, 2022 using
BLAST+ v2.11.1 (Camacho 2009). To create BAM files of
mapped reads, long-reads were mapped back onto hybrid
assemblies using minimap2 v2.5(Li 2018), while short-reads
were mapped back onto short-read assemblies using
BWA-MEM v0.7.17-r1188 (Li 2013). Hit and BAM files
were then used by BlobTools to create BlobPlots. Contigs
that were not assigned to the correct taxonomic class and
contigs with a coverage of less than 10x were removed
from assemblies using seqtk v1.2-r94 (https:/github.com/
Ih3/seqtk). Mitochondrial and adapter contamination
flagged by NCBI during the assembly submission process
was trimmed using bedtools v2.28.0 (Quinlan and Hall
2010). QUAST and BUSCO were then run again on the
contamination-filtered assemblies to produce final quality
statistics.

Assembly Annotation

A de novo repeat library was generated for the selected as-
sembly for each strain with RepeatModeler v2.0.1 (Smit
and Hubley 2015) and used as a custom library for
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softmasking with RepeatMasker v4.0.9 (Smit et al. 2015).
Masked assemblies were structurally annotated using the
Funannotate v1.8.12 pipeline (Palmer and Stajich 2020).
Proteins and EST clusters of closely related taxa were down-
loaded from MycoCosm (Grigoriev 2014) to inform gene
prediction—taxa are listed in the Supplementary Material.
We used the funannotate predict command to train and
run three ab initio gene predictors—AUGUSTUS v3.3.2
(Stanke 2006), GlimmerHMM (Majoros et al. 2004) and
SNAP v2006-07-28 (Korf 2004)—and output consensus
gene models according to EVidenceModeler v1.1.1 (Haas
2008).

Functional prediction of the gene models was performed
using InterProScan v5.57-90.0 (Jones 2014) with mapping
to gene ontology terms; eggNOG-mapper v2.1.9-4dfcbd5
(Cantalapiedra et al. 2021) based on the eggNOG orthology
database v5.0.2 (Huerta-Cepas 2019), with sequence
searches using DIAMOND v2.0.15; and antiSMASH v6.1.1
(Blin 2021). The funannotate annotate command was then
used to map the results onto the assembly annotations,
with additional searches against UniProt v2022_02
(Bateman 2021), MEROPS v12 (Rawlings et al. 2012),
dbCAN v10.0 (Yin 2012), and BUSCO dikarya gene models.
Misannotations that were flagged by NCBI during the assem-
bly submission process were manually checked and edited.

Phylogenetic Analysis

Using our results from UNITE, NCBI, and T-BAS
(supplementary fig. 4) to guide taxon sampling, we
searched the literature for existing phylogenies and avail-
able genetic marker sequences for the different lineages
to which our samples potentially belonged (Nygren 2011;
Wang 2016, 2022; Chen et al. 2017; Wanasinghe 2017,
Crous 2019, 2021; Jaklitsch 2018; Valenzuela-Lopez
2018; Hyde 2019; Hou 2020; Scarpari 2020; Vieira 2020;
Jiang 2021; Karacsony et al. 2021; Liu 2022; Wanasinghe
and Mortimer 2022). Various combinations of 13 genetic
markers were selected for the different lineages, sequences
for which were retrieved from GenBank (supplementary
table 4). A new script, GenePull (https:/github.com/
Rowena-h/MiscGenomicsTools/tree/main/GenePull),  was
created to extract sequences for each of the selected mar-
kers from our own genome assemblies using blastn and
bedtools (Quinlan and Hall 2010).

We aligned each gene separately for the different
lineages using MAFFT v7.480 (Katoh and Standley 2013)
and manually checked the gene alignments before trim-
ming using trimAl v1.4.rev15 (Capella-Gutiérrez et al.
2009) with the -gappyout option. As multiple LSU copies
were extracted from the Didymosphaeriaceae assemblies,
all of the copies were included in the Didymoshaeriaceae
LSU alignment. A gene tree was estimated for the LSU align-
ment using RAXML-NG v1.0.1 (Kozlov et al. 2019) and the

GTR+GAMMA model of evolution. After confirming that
all copies clustered together on the LSU gene tree
(supplementary fig. 6), the longest sequence was selected
as a representative to be included in the concatenated
dataset alongside other single-copy markers. Trimmed
single-copy gene alignments were concatenated using
AMAS v0.98 (Borowiec 2016) and the concatenated align-
ment for each lineage was run in RAXML-NG with genes par-
titioned and the GTR+GAMMA model of evolution.

All results were plotted in R v4.1.1 using the following
packages: ape v5.5 (Paradis and Schliep 2019), ggplot2
v3.3.5 (Wickham 2016), ggpubr v0.4.0 (Kassambara
2020), ggtree v3.0.4 (Yu et al. 2012), and tidyverse
v1.3.2 (Wickham 2019). R scripts were written using
RStudio v2021.09.14+372 (RStudio Team 2015). This re-
search utilised Queen Mary's Apocrita HPC facility, sup-
ported by QMUL Research-IT (Butcher et al. 2017). Scripts
of all analyses are available at https:/github.com/Rowena-
h/EndophyteGenomes.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.

Acknowledgments

We thank Rosie Woods for managing the shipment of ex-
tractions for sequencing. Many thanks to Helen Stewart
for supervising lab work at CABI. Thanks to Richard
Wright for help providing standards for flow cytometry,
and Michael Campbell for allowing us to use unpublished
EST and protein data of Gnocas1 from the JGI MycoCosm
portal for structural annotation. Thank you also to the ITS
Research team at Queen Mary University of London. This
work was supported by the Evolution and Education Trust
and Pragnell Fund to Ester Gaya. Rowena Hill is a Natural
Environment Research Council funded PhD student with
the London NERC DTP (NERC Ref:NE/L002485/1).

Data Availability

WGS data and annotated genome assemblies are available
on GenBank under the BioProject accession PRINA786750.
Scripts of all analyses are available at https:/github.com/
Rowena-h/EndophyteGenomes.

Literature Cited

Antipov D, Korobeynikov A, Mclean JS, Pevzner PA. 20176.
HybridSPAdes: an algorithm for hybrid assembly of short and
long reads. Bioinformatics. 32(7):1009-1015.

Aylward J, et al. 2017. A plant pathology perspective of fungal gen-
ome sequencing. IMA Fungus. 8(1):1-15.

6 Genome Biol. Evol. 15(3) https://doi.org/10.1093/gbe/evad038 Advance Access publication 7 March 2023


http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad038#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad038#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad038#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad038#supplementary-data
https://github.com/Rowena-h/MiscGenomicsTools/tree/main/GenePull
https://github.com/Rowena-h/MiscGenomicsTools/tree/main/GenePull
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad038#supplementary-data
https://github.com/Rowena-h/EndophyteGenomes
https://github.com/Rowena-h/EndophyteGenomes
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad038#supplementary-data
https://github.com/Rowena-h/EndophyteGenomes
https://github.com/Rowena-h/EndophyteGenomes
https://doi.org/10.1093/gbe/evad038

Tapping Culture Collections for Fungal Endophytes

GBE

Bankevich A, et al. 2012. SPAdes: a new genome assembly algorithm
and its applications to single-cell sequencing. J Comput Biol. 19(5):
455-477.

Bateman A, et al. 2021. UniProt: the universal protein knowledgebase
in 2021. Nucleic Acids Res. 49:D480-D489.

Blin K, et al. 2021. antiSMASH 6.0: improving cluster detection and
comparison capabilities. Nucleic Acids Res. 49:W29-W35.

Borowiec ML. 2016. AMAS: a fast tool for alignment manipulation and
computing of summary statistics. Peer). 4:e1660.

Buchfink B, Reuter K, Drost HG. 2021. Sensitive protein alignments at
tree-of-life scale using DIAMOND. Nat Methods. 18:366-368.
Butcher S, King T, Zalewski L. 2017. Apocrita - High Performance
Computing Cluster for Queen Mary University of London.

Technical report, Queen Mary University of London.

Camacho C, et al. 2009. BLAST+: architecture and applications. BMC
Bioinformatics. 10:421.

Cantalapiedra CP, Herndandez-Plaza A, Letunic |, Bork P,
Huerta-Cepas J. 2021. eggNOG-mapper v2: functional annota-
tion, orthology assignments, and domain prediction at the meta-
genomic scale. Mol Biol Evol. 38(12):5825-5829.

Capella-Gutiérrez S, Silla-Martinez JM, Gabaldon T. 2009. trimAl: a
tool for automated alignment trimming in large-scale phylogenetic
analyses. Bioinformatics. 25(15):1972-1973.

Carbone |, et al. 2017. T-BAS: tree-based alignment selector toolkit for
phylogenetic-based placement, alignment downloads and meta-
data visualization: an example with the Pezizomycotina tree of
life. Bioinformatics. 33(8):1160-1168.

Carbone |, etal. 2019. T-BAS version 2.1: tree-based alignment select-
or toolkit for evolutionary placement of DNA sequences and view-
ing alignments and specimen metadata on curated and custom
trees. Microbiol Resour Announc. 8:e00328-19.

Challis R, Richards E, Rajan J, Cochrane G, Blaxter M. 2020.
BlobToolKit - interactive quality assessment of genome assemblies.
G3: Genes Genom Genet. 10(4):1361-1374.

Chen Q, Hou LW, Duan WJ, Crous PW, Cai L. 2017. Didymellaceae
revisited. Stud Mycol. 87:105-159.

Crous PW, et al. 2019. New and interesting fungi. 2. FUSE. 3:57-134.

Crous PW, et al. 2021. Fusarium: more than a node or a foot-shaped
basal cell. Stud Mycol. 98:100116.

Crous PW, Groenewald JZ. 2005. Hosts, species and genotypes: opinions
versus data. 15th Biennial Conference of the Australasian Plant
Pathology Society. Vol. 34. p. 463-470.

Dolezel J, Binarova P, Lucretti S. 1989. Analysis of nuclear DNA content
in plant cells by flow cytometry. Biologia Plantarum. 31(2):113-120.

Grigoriev IV, et al. 2014. MycoCosm portal: gearing up for 1000
fungal genomes. Nucleic Acids Res. 42:699-704.

Gurevich A, Saveliev V, Vyahhi N, Tesler G. 2013. QUAST: quality as-
sessment tool for genome assemblies. Bioinformatics. 29(8):
1072-1075.

Haas BJ, et al. 2008. Automated eukaryotic gene structure annotation
using EVidenceModeler and the program to assemble spliced
alignments. Genome Biol. 9:R7.

Hacquard S, et al. 2016. Survival trade-offs in plant roots during colon-
ization by closely related beneficial and pathogenic fungi. Nat
Commun. 7:11362.

Hardoim PR, et al. 2015. The hidden world within plants: ecological
and evolutionary considerations for defining functioning of micro-
bial endophytes. Microbiol Mol Biol R. 79(3):293-320.

Hill R, et al. 2021b. Seed banks as incidental fungi banks: fungal endo-
phyte diversity in stored seeds of banana wild relatives. Front
Microbiol. 12:643731.

Hill R, Buggs RJA, Vu DT, Gaya E. 2022. Lifestyle transitions in fusarioid
fungi are frequent and lack clear genomic signatures. Mol Biol
Evol. 39(4):msac085.

Hill R, Leitch 1), Gaya E. 2021a. Targeting ascomycota genomes: what
and how big? Fungal Biol Rev. 36:52-59.

Hou LW, et al. 2020. The phoma-like dilemma. Stud Mycol. 96:
309-396.

Huang YL, et al. 2018. Using collections data to infer biogeographic, en-
vironmental, and host structure in communities of endophytic fungi.
Mycologia. 110(1):47-62.

Huerta-Cepas J, et al. 2019. eggNOG 5.0: a hierarchical, functionally
and phylogenetically annotated orthology resource based on
5090 organisms and 2502 viruses. Nucleic Acids Res. 47:
D309-D314.

Hyde KD, et al. 2019. Fungal divers notes 1036-1150: taxonomic and
phylogenetic contributions on genera and species of fungal taxa.
Fungal Divers. 96:1-242.

Jaklitsch WM, et al. 2018. A preliminary account of the Cucurbitariaceae.
Stud Mycol. 90:71-118.

Jiang N, et al. 2021. Morphology and phylogeny of Gnomoniopsis
(Gnomoniaceae, Diaporthales) from Fagaceae leaves in China. J
Fungi. 7:792.

Jones P, et al. 2014. InterProScan 5: genome-scale protein function
classification. Bioinformatics. 30(9):1236-1240.

Karacsony Z, Knapp DG, Lengyel S, Kovacs GM, Véczy KZ. 2021. The
fungus Kalmusia longispora is able to cause vascular necrosis on
Vitis vinifera. PLoS ONE. 16(10):e0258043.

Kassambara A. 2020. ggpubr: ‘ggplot2’ Based Publication Ready Plots.
https:/cran.r-project.org/package=ggpubr.

Katoh K, Standley DM. 2013. MAFFT multiple sequence alignment
software version: improvements in performance and usability.
Mol Biol Evol. 30(4):772-780.

Kolmogorov M, Yuan J, Lin Y, Pevzner PA. 2019. Assembly of long, error-
prone reads using repeat graphs. Nat Biotechnol. 37:540-546.

Korf I. 2004. Gene finding in novel genomes. BMC Bioinformatics. 5:
59.

Kozlov AM, Darriba D, Flouri T, Morel B, Stamatakis A. 2019.
RAXML-NG: a fast, scalable and user-friendly tool for maximum like-
lihood phylogenetic inference. Bioinformatics. 35(21):4453-4455.

Laetsch DR, Blaxter ML. 2017. BlobTools: interrogation of genome as-
semblies. F1000Research. 6:1287.

Li H. 2013. Aligning sequence reads, clone sequences and assembly
contigs with BWA-MEM. [Preprint] arXiv:1303.3997.

Li D, et al. 2016. MEGAHIT v1.0: a fast and scalable metagenome as-
sembler driven by advanced methodologies and community prac-
tices. Methods. 102:3-11.

Li H. 2018. Minimap2: pairwise alignment for nucleotide sequences.
Bioinformatics. 34(18):3094-3100.

Liu F, et al. 2022. Updating species diversity of Colletotrichum, with a
phylogenomic overview. Stud Mycol. 101:1-56.

Majoros WH, Pertea M, Salzberg SL. 2004. TigrScan and
GlimmerHMM: two open source ab initio eukaryotic gene-finders.
Bioinformatics. 20(16):2878-2879.

Niehaus EM, et al. 2016. Comparative “Omics” of the Fusarium fuji-
kuroi species complex highlights differences in genetic potential
and metabolite synthesis. Genome Biol Evol. 8(11):3574-3599.

Nilsson RH, et al. 2019. The UNITE database for molecular identifica-
tion of fungi: handling dark taxa and parallel taxonomic classifica-
tions. Nucleic Acids Res. 47:0259-D264.

Nygren K, et al. 2011. A comprehensive phylogeny of Neurospora re-
veals a link between reproductive mode and molecular evolution in
fungi. Mol Phylogenet Evol. 59(3):649-663.

Palmer JM, Stajich J. 2020. Funannotate v1.8.1: eukaryotic genome
annotation.

Paradis E, Schliep K. 2019. Ape 5.0: an environment for modern phy-
logenetics and evolutionary analyses in R. Bioinformatics. 35(3):
526-528.

Genome Biol. Evol. 15(3)  https://doi.org/10.1093/gbe/evad038 Advance Access publication 7 March 2023 7


https://cran.r-project.org/package=ggpubr
https://doi.org/10.1093/gbe/evad038

Hill et al.

GBE

Pellicer J, Powell RF, Leitch 1. 2020. The application of flow
cytometry for estimating genome size, ploidy level endopolyploidy,
and reproductive modes in plants. In Besse P, editor.
Molecular plant taxonomy. Methods in Molecular Biology.
Vol. 2222. Chapter 17. p. 325-361. New York: Humana.

Quinlan AR, Hall IM. 2010. BEDTools: a flexible suite of utilities for
comparing genomic features. Bioinformatics. 26(6):841-842.

Rawlings ND, Barrett AJ, Bateman A. 2012. MEROPS: the database of
proteolytic enzymes, their substrates and inhibitors. Nucleic Acids
Res. 40:D343-D350.

Rodriguez RJ, White JF Jr, Arnold AE, Redman RS. 2009. Fungal endo-
phytes: diversity and functional roles. New Phytol. 182:314-330.

RStudio Team. 2015. RStudio: integrated development for R. http:/
www.rstudio.com/.

Scarpari M, et al. 2020. Didymella corylicola sp. nov., a new fungus as-
sociated with hazelnut fruit development in Italy. Mycol Prog. 19:
317-328.

Shivas RG, Cai L. 2012. Cryptic fungal species unmasked. Microbiol
Aust. 33(1):36-37.

Simao FA, Waterhouse RM, loannidis P, Kriventseva EV, Zdobnov EM.
2015. BUSCO: assessing genome assembly and annotation com-
pleteness with single-copy orthologs. Bioinformatics. 31(19):
3210-3212.

Simpson JT, et al. 2009. ABySS: a parallel assembler for short read se-
guence data. Genome Res. 19:1117-1123.

Smit A, Hubley R. 2015. RepeatModeler Open-1.0.

Smit A, Hubley R, Green P. 2015. RepeatMasker Open-4.0. http:/
www.repeatmasker.org.

Smith D, Ryan MJ, Caine T. 2022. Contribution of CABIand culture col-
lections to a sustainable future through the utilisation of microbial
genetic resources. In Kurtboke |, editor. Importance of microbiol-
ogy teaching and microbial resource management for sustainable
futures. Chapter 9. p. 229-273. Elsevier Inc.

Stanke M, et al. 2006. AUGUSTUS: ab initio prediction of alternative
transcripts. Nucleic Acids Res. 34:\W435-\W439.

Stauber L, Prospero S, Croll D. 2020. Comparative genomics
analyses of lifestyle transitions at the origin of an invasive
fungal pathogen in the genus Cryphonectria. mSphere. 5(5):
e00737-20.

Suzek BE, et al. 2015. UniRef clusters: a comprehensive and scalable al-
ternative for improving sequence similarity searches. Bioinformatics.
31(6):926-932.

U'Ren JM, et al. 2019. Host availability drives distributions of fungal endo-
phytes in the imperilled boreal realm. Nat Ecol Evol. 3:1430-1437.

Valenzuela-Lopez N, et al. 2018. Coelomycetous Dothideomycetes with
emphasis on the families Cucurbitariaceae and Didymellaceae. Stud
Mycol. 90:1-69.

Vaser R, Siki¢ M. 2021. Time- and memory-efficient genome assembly
with Raven. Nat Comput Sci. 1:332-336.

Vieira WAJS, et al. 2020. Optimal markers for the identification of
Colletotrichum species. Mol Phylogenet Evol. 143:106694.

Walker BJ, et al. 2014. Pilon: an integrated tool for comprehensive mi-
crobial variant detection and genome assembly improvement.
PLoS ONE. 9(11):e112963.

Wanasinghe DN, et al. 2017. A family level rDNA based phylogeny of
Cucurbitariaceae and Fenestellaceae with descriptions of new
Fenestella species and Neocucurbitaria gen. nov. Mycosphere.
8(4):397-414.

Wanasinghe DN, Mortimer PE. 2022. Taxonomic and phylogenetic insights
into novel Ascomycota from forest woody litter. Biology. 11:889.
Wang XW, et al. 2016. Diversity and taxonomy of Chaetomium and
chaetomium-like fungi from indoor environments. Stud Mycol.

84:145-224.

Wang XW, et al. 2022. Taxonomy, phylogeny and identification of
Chaetomiaceae with emphasis on thermophilic species. Stud
Mycol. 101:121-243.

Wickham H. 2016. ggplot2: elegant graphics for data analysis. https:/
ggplot2.tidyverse.org.

Wickham H, et al. 2019. Welcome to the tidyverse. J Open Source
Softw. 4(43):1686.

Yin'Y, et al. 2012. dbCAN: a web resource for automated carbohydrate-
active enzyme annotation. Nucleic Acids Res. 40:W445-W451.

Yu G, Smith DK, Zhu H, Guan Y, Lam TT-Y. 2012. GGTREE: an R pack-
age for visualization and annotation of phylogenetic trees with
their covariates and other associated data. Method Ecol Evol. 8:
28-36.

Associate editor: Li-Jun Ma

8 Genome Biol. Evol. 15(3) https://doi.org/10.1093/gbe/evad038  Advance Access publication 7 March 2023


http://www.rstudio.com/
http://www.rstudio.com/
http://www.repeatmasker.org
http://www.repeatmasker.org
https://ggplot2.tidyverse.org
https://ggplot2.tidyverse.org
https://doi.org/10.1093/gbe/evad038

	Tapping Culture Collections for Fungal Endophytes: First Genome Assemblies for Three Genera and Five Species in the Ascomycota
	Introduction
	Results and Discussion
	Genome Assemblies
	Flow Cytometry Revealed Some Assemblies to be Less Complete than BUSCOs Would Suggest
	Phylogenetic Analyses Classified Strains as Belonging to 11 Genera, with 9 Strains Resolved to Species-level

	Materials and Methods
	Extraction and Sequencing of Genomic DNA
	Cytometric Genome Size Estimation
	&roman;De Novo&/roman; Genome Assembly

	Quality Assessment and Contaminant Removal
	Assembly Annotation
	Phylogenetic Analysis

	Supplementary Material
	Acknowledgments
	Data Availability
	Literature Cited


