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Abstract: A new ascomycetous species of Parafenestella was isolated from Acer negundo during the
survey of diseased trees in Southern Ontario, Canada. The species is morphologically similar to
other taxa of Cucurbitariacea (Pleosporales). The new species is different from the extant species in the
morphology of ascospores, culture characteristics and molecular data. The novel species is described
as Parafenestella ontariensis sp. nov. based on morphological and multi-gene phylogenetic analyses
using a combined set of ITS, LSU, tef1 and tub2 loci. Additionally, the genome of P. ontariensis was
sequenced and analyzed. The phylogenomic analysis confirmed the close relationship of the species
to the fenestelloid clades of Cucurbitariaceae. The comparative genomics analysis revealed that the
species lifestyle appears to be multitrophic (necrotrophic or hemi-biotrophic) with a capability to turn
pathogenic on a corresponding plant host.

Keywords: comparative genomics; Cucurbitariaceae; Dothideomycetes; fungal lifestyle

1. Introduction

The genus Parafenestella typified by P. pseudoplatani was introduced by Jaklitsch et al. [1].
The genus is included in the family of Cucurbitariaceae (Pleosporales) which is characterized
by ostiolate ascomata seated on basal stromatic structure, with cylindrical asci and pig-
mented, muriform ascospores [2]. The recent studies discovered a number of new species
of Parafenestella on different plant hosts worldwide [3,4]. There are 15 species epithets in
Index Fungorum, but only 14 species of Parafenestella are legitimate. Parafenestella mackenziei
was synonymized with P. faberi (www.indexfungorum.org, accessed 23 January 2022). The
species of Parafenestella are mainly fungicolous (associated with perithecial ascomycetes),
saprobic or necrotrophic on woody plants [1,4].

The species recognition within the genus Parafenestella and other Cucurbitariaceae is
mainly based on morphology characteristics accompanied with multi-gene (SSU-ITS-LSU,
rpb2, tef1, tub2) phylogenetic analyses. This approach reveals both cryptic and new species.

The rapidly developing new generation sequencing technologies provide high-quality,
cost-effective genomic data that can be applied to different analyses. It has been found that
phylogenomic approach can improve the resolution of phylogenetic trees used to resolve
taxonomic uncertainties or support species reclassification [5]. One such study found out
that a polyphagous plant pathogen, Corynespora olivacea, was previously misclassified at the
family level [6]. Genomic data are also employed for comparative genomics analysis that
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may reveal genomic underpins for lifestyle adaptations within the set of close organisms
and ultimately help define a species lifestyle [7].

The abilities to successfully colonize plant host tissues and further degrade complex
plant carbohydrates are important aspects of fungal lifestyles [8]. In particular, plant-
associated fungi require specific sets of genes involved in the production of various sec-
ondary metabolites (SM) and enzymes needed for interaction with a host. The genes
involved in SM biosynthesis pathways are often clustered in a fungal genome [9]. SMs
are bioactive, small molecules that are not essential for organism growth. However, they
are involved in producing toxic compounds used by necrotrophic, polyphagous fungi to
kill a range of cells in plant hosts [10]. Identifying the pathways involved in the produc-
tion of SMs via the search for the genes encoding key enzymes (e.g., polyketide synthase
(PKS)) is crucial for understanding fungus’ capability to swiftly infect a plant host. The SM
complement in fungi was found to be specific to different lifestyles [11].

Carbohydrate-active enzymes (CAZYs) play an important role in the invasion of
plant hosts by fungi. Fungal species can produce different kinds of CAZYs involved in
the breakdown, biosynthesis or modification of glycoconjugates, oligo- and polysaccha-
rides [12]. Plant pathogenic and endophytic fungi produce various enzymes (e.g., glycoside
hydrolase (GH)) to deconstruct cell wall polysaccharide families involved in cellulose and
hemicellulose hydrolysis. CAZY content also varies among fungal species and often shows
adaptation to nutrition type [13].

It is assumed that a comprehensive comparison of the abundance and distribution of
SMs and CAZYs between the Cucurbitariaceae species and the model species with different
lifestyles will reveal the Parafenestella ontariensis’ lifestyle and its aptitude to be pathogenic
on a related plant host. To date, no draft genome sequences have been published for
Parafenestella spp. The availability of a high-quality draft genome sequence of P. ontariensis
alongside the genomes of other species of Cucurbitariaceae will also contribute to the under-
standing additional aspects of plant–fungus interactions (e.g., virulence determinants) for
this little-studied family.

This paper describes a new species of Parafenestella collected from Acer negundo in
Ontario, Canada. Both morphology characteristics and phylogenetic analysis of four-gene
sequence data support the introduction of the new species, P. ontariensis. The new taxon
was established based on the recent recommendations for description of novel fungal
species [14]. The phylogenomic analysis using the protein sequences of P. ontariensis
confirmed the species position in Cucurbitariaceae (Pleosporales) and its close relationship to
the fenestelloid taxa of the family. For comparative genomics analysis, P. ontariensis was
included in a subset of the Cucurbitariaceae species (Cucurbitaria berberidis and Fenestella
fenestrata) for better data representation. The analysis revealed that the lifestyle of the
members of the Cucurbitariaceae family could be both necrotrophic and hemi-biotrophic
(multitrophic), with a capability to become pathogenic on a corresponding plant host.

2. Materials and Methods
2.1. Sample Collection and Isolation

During the survey of forestry areas in the Niagara region (Ontario, Canada) in April
2020, the branches of A. negundo expressing dieback symptoms were collected for further
study. Single spore isolates from the sampled ascomata were obtained following the
method described in Phookamsak et al. [15]. The isolates were plated on malt extract agar
(MEA) and incubated at room temperature (20–25 ◦C) in the dark. Germinating ascospores
were aseptically transferred onto fresh MEA plates and stored under the same conditions.
The purified representative isolate EI-6 was selected for the species description, studying
micro-morphology of asexual morph and sequencing. The specimen was deposited in the
Herbarium of the Nature Research Centre, Institute of Botany, Vilnius, Lithuania and the
Canadian National Mycological Herbarium, Ottawa, ON, Canada.
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2.2. Morphological Analysis

The morphological description was performed using microscopy techniques with
dissecting (AmScope SE306R-PZ) and compound (AmScope B120C-E5) microscopes. Mi-
croscopic observations were made in distilled water. The description and measures of
asexual stage were carried out using the pure cultures of the representative isolate. Fruiting
structures (10 ascomata with ostioles and 10 pycnidia) were measured for the macromor-
phological characteristics. Micromorphological structures of sexual (20 asci, 50 ascospores)
and asexual (50 conidia) morph were further measured. The obtained measures were
recorded as a range of minimum and maximum values in parentheses. Picturing was
performed with a 5 MP digital AmScope camera MD500 supplied with AmScopeX software
(AmScope, Irvine, CA, USA).

2.3. DNA Extraction, PCR Amplification and Sequencing

Genomic DNA (gDNA) was extracted from pure culture using DNeasy PowerSoil Pro
Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. The internal
transcribed spacer (ITS) region was amplified with the primer pair ITS1/ITS4 [16]. The
primer pair LR0R/LR5 [17] was used to amplify large subunit rRNA (LSU). PCR amplifi-
cations were executed using C-1000 thermal cycler (Bio-Rad Laboratories, Hercules, CA,
USA) under the conditions described in the references for each region. The quality of
PCR products was examined using electrophoresis in 1% agarose gel. All the procedures
and Sanger sequencing were carried out at Genome Quebec Innovation Centre (Montreal,
QC, Canada).

2.4. Sequence Alignment and Phylogenetic Analysis

The isolate identification was first conducted by standard BLASTn search using the
obtained ITS and LSU sequences. Then, the sequences of all available Parafenestella spp.
were extracted to perform phylogenetic analysis. The sequence dataset of the fenestelloid
species [4] was further employed to build the final sequence matrix. The sequences were
initially aligned using CLUSTAL-X2 [18] and manually edited employing MEGA-X [19].
Some characters were trimmed from both ends of the alignments to approximate the length
of the obtained sequences to those included in the dataset. Phylogenetic analyses were
executed using randomized accelerated maximum likelihood (RAxML) v. 8.0 method [20]
for maximum likelihood (ML) analysis, and MEGA-X [19] was employed for maximum
parsimony (MP) analysis. Bayesian posterior (BP) probabilities were defined using MrBayes
v.3.2.7 [21].

The ML analysis was performed using the transitional unequal (TIM2) substitution
model [22] with gamma-distributed rate of heterogeneity and proportion of invariant sites
selected with ModelTest-NG v.0.1.7 [23]. The branch support was estimated with boot-
strapping of 1000 replicates [24]. To execute the MP analysis, heuristic search with random
sequence additions and tree bisection and reconnection algorithm were selected. Max-trees
were set to 500, branches of zero length were collapsed and all equally parsimonious trees
were saved. The BP values were defined by Markov chain Monte Carlo (MCMC) sampling
with the general time reversible (GTR) model. Six simultaneous Markov chains were run for
100,000 generations. The first 1000 trees were discarded and the remaining trees were used
to calculate BP in the majority rule consensus tree. The phylograms were visualized using
FigTree v. 1.4.4 [25]. The newly generated sequences were deposited in GenBank (Table 1).
The alignments used in the analyses were submitted to TreeBase (www.treebase.org;
ID: S29577; accessed 14 April 2022).

www.treebase.org
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Table 1. Strains used in phylogenetic analysis with their GenBank numbers. Strain from this study is
in bold. Holo-, neo- and epi-types are marked with *. Sequences retrieved from genome sequence
(GCA_021596325) are marked with **.

Species Strain Host
GenBank Accession Numbers

ITS LSU tef1 tub2

Fenestella crataegi CBS 144857 * Crataegus monogyna MK356282 MK356282 MK357555 MK357599
C287 C. monogyna MK356281 MK356281 MK357554 MK357598

F. fenestrata CBS 143001 * Alnus glutinosa MF795765 MF795765 MF795853 MF795893
F. gardiennetii CBS 144859 Acer saccharum MK356283 MK356283 MK357556 MK357600
F. granatensis CBS 144854 * Acer granatense MK356284 MK356284 MK357557 MK357601

F. media CBS 144860 * Corylus avellana MK356285 MK356285 MK357558 MK357602
FCO Carpinus orientalis MK356286 MK356286 MK357559 -

F. parafenestrata CBS 144856 * Quercus robur MK356291 MK356291 MK357564 MK357607
C317 Salix sp. MK356292 MK356292 MK357565 MK357608

F. subsymmetrica CBS 144861 * Acer campestre MK356297 MK356297 MK357569 MK357610
C285 Juglans regia MK356293 MK356293 MK357566 -

F. viburni CBS 144863 * Viburnum lantana MK356300 MK356300 MK357572 MK357613
FP2 V. lantana MK356299 MK356299 MK357571 MK357612

Parafenestella alpina CBS 145263 * Cotoneaster integerrimus MK356302 MK356302 MK357574 MK357615
C249 Salix appendiculata MK356303 MK356303 MK357575 MK357616

P. austriaca CBS 145262 * Rosa canina MK356304 MK356304 MK357576 MK357617
P. germanica CBS 145267 * Corylus avellana MK356305 MK356305 MK357577 MK357618

P. ontariensis EI-6 * Acer negundo OM286882 OM286884 genome ** genome **
P. pseudoplatani CBS 142392 * Acer pseudoplatanus MF795788 MF795788 MF795876 MF795914
P. pseudosalicis CBS 145264 * Salix cf. alba MK356307 MK356307 MK357579 MK357620
P. rosacearum CBS 145268 * Pyracantha coccinea MK356311 MK356311 MK357583 MK357624

C203 Pyrus communis MK356308 MK356308 MK357580 MK357621
P. salicis CBS 145270 * Salix alba MK356317 MK356317 MK357589 MK357629

C303 S. alba MK356316 MK356316 MK357588 MK357628
P. salicum CBS 145269 * S. alba MK356318 MK356318 MK357590 MK357630

continued
P. tetratrupha CBS 145266 * Alnus glutinosa MK356319 MK356319 MK357591 MK357631

P. vindobonensis CBS 145265 * Salix babylonica MK356320 MK356320 MK357592 MK357632
Pyrenochaeta nobilis CBS 407.76 * Laurus nobilis MF795792 MF795792 MF795880 MF795916
Synfenestella sorbi C298 Sorbus aucuparia MK356325 MK356325 MK357597 MK357636

CBS 144858 S. aucuparia MK356324 MK356324 MK357596 MK357635

2.5. DNA Extraction, Library Preparation, Genome Sequencing and Assembly

Highly purified total gDNA was extracted from the fungal mycelia obtained from the
12 d-old culture of the representative isolate EI-6 using DNeasy PowerSoil Pro Kit (Qiagen,
Hilden, Germany). gDNA was quantified using the Quant-iT PicoGreen dsDNA Assay
Kit (Life Technologies, Carlsbad, CA, USA). Libraries were generated using the NEBNext
Ultra II DNA Library Preparation Kit for Illumina (New England Biolabs, Ipswich, MA,
USA). The genome was sequenced with the Illumina NovaSeq 6000 platform using 150 bp
pair-end sequencing strategy. All the procedures were performed at Genome Quebec
Innovation Centre (Montreal, Canada). The raw reads were filtered with Trimmomatic
v. 0.38.1 [26] and assembled into scaffolds using SPAdes v. 3.12.1 [27]. The genome assembly
characteristics were accessed using QUAST v. 5.0.2 [28]. Repeat sequence content was
identified with RepeatMasker v. 4.0.9 [29] using the Repbase library of repeats for fungi [30].
The completeness of assembly was estimated with BUSCO v.4.0.5 based on the dataset
ascomycota_odb10 [31].

2.6. Gene Prediction and Functional Annotation

Gene prediction was performed using Augustus v. 3.4.0 [32]. Augustus was trained
with the gene structures of the representative genome of C. berberidis (CBS 394.84) which
were obtained with the MAKER2 pipeline v. 2.31.11 [33]. The EuKariotic Orthologous
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Group (KOG) distribution was identified employing the eggNOG 5.0 dataset [34]. The
CAZY annotation was performed using dbCAN2 with the HMMER-based classification
tool [35]. The SM backbone genes were predicted using the SMIPS tool [36].

2.7. Phylogenomic Analysis and Genome Sequence Alignment

The recently published protein sequence dataset of Pleosporales species [6] with some
modifications was employed for the phylogenomic analysis. The proteomes for 18 species
were retrieved from the MycoCosm portal [37] and GenBank genome database (Table 2).
Orthofinder v. 2.5.4 [38] was used to identify the single-copy orthogroup (SCO) within
all species included in the analysis. Multiple sequence alignment was performed using
MAFFT v. 7.489 [39]. The ML tree was inferred with FastTree v. 2.1.10 [40]. Phylogram
was visualized employing FigTree v.1.4.4 [25]. Genome alignment between genome se-
quences was performed with MashMap v. 2.0 [41] and displayed as a dot-plot graph using
D-Genies [42].

Table 2. Strains of Pleosporales species used in phylogenomic analyses. Strain from this study is in
bold. NA—data not available.

Species Name Strain GenBank Accession
Number Host Country

Bimuria novae-zelandiae CBS 107.79 GCA_010015655 NA NA
Bipolaris sorokiniana ND90Pr GCA_000338995 NA NA

Bipolaris maydis C5 GCA_000338975 NA NA
Botryosphaeria dothidea sdau11-99 GCA_011503125 Malus sp. China
Byssothecium circinans CBS 675.92 GCA_010015675 NA NA

Clathrospora elynae CBS 161.51 GCA_010015635 Carex curvula NA
Corynespora cassiicola Phil v1.0 GCA_003016335 NA Philippines
Cucurbitaria berberidis CBS 394.84 GCA_010015615 NA NA

Didymella exigua CBS 183.55 GCA_010094145 Rumex arifolius France
Didymella heteroderae 28M-1 GCA_011058895 Homo sapiens Brazil
Fenestella fenestrata ATCC 66461 NA * Acer sp. USA

Karstenula rhodostoma CBS 690.94 GCA_010093485 NA NA
Lentithecium fluviatile CBS 122367 GCA_010405425 Populus sp. France
Leptosphaeria maculans JN3 GCA_000230375 NA NA

Massarina eburnea CBS 473.64 GCA_010093635 NA NA
Parafenestella ontariensis EI-6 GCA_021596325 ** Acer negundo Canada

Plenodomus tracheiphilus IPT5 GCA_010093695 NA NA
Setospaheria turcica Et28A GCA_000359705 NA NA

Stagonospora nodorum SN15 GCA_000146915 NA NA

Notes: * proteome was accessed in MycoCosm portal (https://mycocosm.jgi.doe.gov/Fenfe1/Fenfe1.home.html);
accessed on 23 March 2022; ** genome annotation is available in MycoCosm portal (https://mycocosm.jgi.doe.
gov/Paront1/Paront1.home.html accessed on 25 March 2022).

3. Results
3.1. Taxonomy

Cucurbitariaceae G. Winter [as Cucurbitarieae], Rabenh. Krypt. -Fl., Edn 2 (Leipzig)
1.2: 308. 1885.

Parafenestella Jaklitsch & Voglmayr, in Jaklitsch et al., Stud. Mycol. 90: 108. 2018.
Parafenestella ontariensis Ilyukhin & Markovsk., sp. nov. Figure 1.

https://mycocosm.jgi.doe.gov/Fenfe1/Fenfe1.home.html
https://mycocosm.jgi.doe.gov/Paront1/Paront1.home.html
https://mycocosm.jgi.doe.gov/Paront1/Paront1.home.html
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Figure 1. (A) Ascomata of P. ontariensis on Acer negundo. (B) Ascus. (C–E) Ascospores. (F) Peridium.
(G) Fourteen-day-old culture on MEA. Scale bars: A = 200 µm, B = 20 µm, C–E = 10 µm, F = 5 µm.

MycoBank number: MB 843298.
Etymology—Epithet refers to the geographical region, vicinities of the lake of Ontario

(Ontario, Canada), where the species was found.
Saprophytic or pathogenic on branches of Acer negundo. Sexual morph: Ascomata (210–)

265–340(–370) µm (n = 10) diameter, subglobose to globose, black, solitary or aggregated in
groups, immersed in bark, some on conidiomata of Diaporthe sp., dark brown, thick-walled
and ostiolate. Ostioles 65–130(–150) µm (n = 10) diameter, indistinct, black and rounded.
Peridium 15–45 µm thick, pseudoparenchymatous, consisting of isodiametric cells 5–10 µm
wide, thick-walled, dark brown and t. angularis to globulosa. Hamathecium consists of



J. Fungi 2022, 8, 732 7 of 16

numerous branched and anastomosing paraphyses, 2–3.5 µm wide with free ends. Asci
(151–)165–195(–215) × (15.5–)17.5–20.5(–23.0) µm (n = 20), cylindrical, bitunicate, with an
ocular chamber, short stipe and knob-like base, containing eight ascospores in uniseriate
arrangement. Ascospores (22.5–)26.0–32.5(–36.0) × 10.0–12.0(–13.5) µm (n = 50), oblong,
fusoid or narrowly ellipsoid with rounded ends, muriform, constricted at the median
septum, usually with three to five transverse and one to two longitudinal septa, pale or
yellowish brown when young, turning brown to dark brown at maturity, thick-walled
and smooth.

Culture characteristics and asexual morph: colony slow-growing (13 mm) on MEA at
room temperature in the dark after 7 days, initially white, dense, with thick texture, turning
brownish, later grey-brown, darker at the center, covered with brown aerial mycelium;
reverse side brown to grey brown. Pycnidia appearing after 12 days, light brown to dark
brown (texture angularis), globose, solitary, rare, 65–120 in diameter (n = 10). Conidia
(3.2–)3.5–4(–4.5) × (1.0–)1.2–1.5(–1.7) µm (n = 50), 1-celled, oblong or allantoid, sometimes
attenuated towards one end, hyaline, with two subterminal drops and smooth.

Notes: Based on morphological characteristics and phylogenetic analysis, P. ontariensis
is close to P. alpina sampled from the twigs of Cotoneaster integerrimus in Austria [4]. Both
species have similar morphological characteristics but ascospores of P. ontariensis are slightly
longer (22.5–36 µm) than those of P. alpina (19–35µm). P. alpina also has wider (10.5–15.5 µm)
and more septate ascospores. Lack of brown color of the P. alpina cultures grown on corn
malt agar (CMA) also makes these two species different [4]. Culture color of P. alpina is
dark grey to olivaceous, meanwhile P. ontariensis is grey brown.

Material examined: CANADA, Ontario, St. Catharines, N43◦12′45.3′′, W79◦14′33.6′′,
sexual morph (ascomata) was collected from branches of Acer negundo, 29 April 2020, E. Ilyukhin
(Holotype: BILAS 51516, ex-type culture BILAS 51517 = EI-6, isotype DAOM 984987).

3.2. Phylogenetic and Phylogenomic Analyses

A combined set of ITS, LSU, tef1 and tub2 sequence data of 29 Cucurbitariaceae species
was analyzed to define the taxonomic placement of the isolate EI-6 and infer its relationships
at the intrageneric level. The performed RAxML analysis produced the phylogenetic tree
with the topology similar to the multi-gene tree obtained in the recent study on fenestelloid
clades of Cucurbitariaceae [4]. Individually generated single gene trees did not show conflicts
in phylogenetic signals as well (data not shown). The best scoring ML tree with a log
likelihood value of −3046.830912 is depicted in Figure 2. The isolate of the novel species
P. ontariensis was clustered separately and formed a subclade with P. alpina. The new
species was nested within the well-supported clade of Parafenestella spp. (96% ML, 51% MP,
1.00 BP).

A total of 4 789 orthogroups present in all species included in the analysis with
3 145 SCOs were uncovered. The phylogenomic tree constructed from the matrix of protein
sequence data has shown the strain P. ontariensis EI-6 clustered with F. fenestrata ATCC
66461. This clade was placed within the Cucurbitariaceae family of Pleosporales confirming
the family level classification results obtained from the phylogenetic analysis. All the clades
were formed with 100% ML support (Figure 3A).

The genome sequence comparison was performed between P. ontariensis and the
closely allied F. fenestrata. The analysis showed that 36.1% of syntenic blocks were more
than 75% similar with several inversions (Figure 3B).
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3.3. Genome Sequencing and Assembly Characteristics of Parafenestella ontariensis and Other
Closely Related Cucurbitariaceae Species

The draft genome sequence of P. ontariensis EI-6 was characterized and compared to
other publicly available genomes of Cucurbitariaceae (C. berberidis CBS 394.84, F. fenestrata
ATCC 66461). The assembly statistics of the species are presented in Table 3. The genome of
P. ontariensis was sequenced with higher coverage (267.4×) than the genomes of C. berberidis
and F. fenestrata (145.7× and 81.9×, respectively) and assembled into 162 scaffolds (>1000 bp)
with the size of 34.4 Mb. That was slightly larger than the genomes of other Cucurbitariaceae
species (32.7–32.9 Mb) arranged into 42 (C. berberidis) and 22 (F. fenestrata) scaffolds. The
genome of C. berberidis had a lower genomic GC content (49.3%) compared to P. ontariensis
(50.79%) and F. fenestrata (51.53). Despite the smaller genome size, 12, 429 gene models were
predicted for C. berberidis and 11, 804 for F. fenestrata, which is a larger number than for
P. ontariensis (11, 748). The repeat contents of the genomes were found to be relatively low
(1.59% for P. ontariensis, 2.24% for C. berberidis and 3.91% for F. fenestrata). The genome
assembly completeness assessed by BUSCO indicated that the genomes used in the analysis
were nearly complete (97.2–98.1%) which makes the sequences suitable for further analysis.

Of the total protein sequences analyzed, 7 895 for C. berberidis, 6 473 for F. fenestrata
and 6 694 for P. ontariensis were functionally assigned based on the KOG hits. The KOG
analysis revealed that the protein allocation pattern of P. ontariensis was very similar to
the other two species of Cucurbitariaceae, indicating that the species may have the same
ecological niches and lifestyles. It has also been found that C. berberidis had more genes
involved in carbohydrate transport and metabolism (424) as well as signal transduction
(612). F. fenestrata had more genes related to secondary metabolite biosynthesis, transport
and catabolism (371). P. ontariensis contained a similar number of genes related in these
important processes (Figure 3C).
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Table 3. Assembly statistics of P. ontariensis and other close Cucurbitariaceae species.

Features C. berberidis CBS 394.84 F. fenestrata ATCC 66461 P. ontariensis EI-6

Sequence coverage (×) 145.7 81.9 267.4
Assembly size (MB) 32.9 32.7 34.4
Scaffolds (>1000 bp) 42 22 162

Scaffold N50 (Kb) 6 234 2 290 906
GC content (%) 49.3 51.53 50.79

N of gene models 12 429 11 804 11 748
Repeat rate (%) 2.24 3.91 1.59

BUSCO estimates (%) 97.2 98.1 97.3

3.4. Secondary Metabolites

The genomes of the Cucurbitariaceae species, including P. ontariensis, were searched
for the genes encoding the key enzymes (NRPS (non-ribosomal peptide synthetase), PKS
(polyketidesynthase), HYBRID (PKS-NRPS) and DMATS (dimethylallyl tryptophane syn-
thase). The identified SMs were compared to the SM content of the model species with
different lifestyles (Botryosphaeria dothidea sdau11-99 (B. dothidea), Colletotrichum higgin-
sianum MAff305635-RFP (C. higginsianum), Laccaria bicolor S238N-H28 (L. bicolor), Neurospora
crassa 73 trp3 (N. crassa), Peltaster fructicola LNHT1506 (P. fructicola), Pyrenophora tritici-
repensis Pt-1C-BFP (P. tritici-repensis), Pyricularia oryzae 70-15 (P. oryzae), Puccinia graminis 21-0
(P. graminis), Rhizopus oryzae GL49 (R. oryzae), Valsa (Cytospora) mali 03-8 (V. mali) and
Zymoseptoria tritici IPO323 (Z. tritici)). The members of the Cucurbitariaceae family were
found to contain a moderate number of the genes encoding SMs (29 in C. bereberidis, 26 in
F. fenestrata and P. ontariensis). The Cucurbitariaceae species had a significantly lower num-
ber of SM clusters compared to the hemi-biotrophic C. higginsianum (74) or necrotrophic
V. mali (47), B. dothidea (44). At the same time, it was notably higher than those for other
lifestyles (e.g., saprotrophic R. oryzae (5) and symbiotic L. laccata (7)) (Figure 4A). Interestingly,
C. berberidis had an almost identical complement of SMs (except DMATS) as necrotrophic
P. tritici-repensis. The clustering analysis demonstrated that the Cucurbitariaceae species
were grouped with hemi-biotrophic P. oryzae. It has also shown that the members of the
Cucurbitariaceae family had a relatively expanded set of genes encoding NRPS (Figure 4B).

3.5. Carbohydrate Active Enzymes

The CAZY content analysis was performed for the same set of species. It was found
that the Cucurbitariaceae species were well equipped with the genes encoding CAZYs. The
species contained an extensive set of auxiliary activity (AA) enzymes, carbohydrate esterases
(CE), glycoside hydrolases (GH) and polysaccharide lyase (PL), which indicated their capacity
to degrade plant cell walls effectively. In particular, the genomes of P. ontarienis were found
to have 250 CAZY-related genes, C. berberidis (230) and F. fenestrata (206) (Figure 5A). It has
also shown that the CAZY complement of P. ontariensis was very similar to necrotrophic
V. mali. However, these two species carried a different numbers of genes involved in cellulose
and hemicellulose degradation. Broadly, the species of Cucurbitariaceae had a much more
expanded set of CAZYs than ectophytic P. fructucola (92), while it was significantly reduced
compared to necrotrophic B. dothidea (372). The cluster analysis further confirmed the high
similarity of CAZY content of the Cucurbitariaceae species with V. mali (Figure 5B). It was also
demonstrated that the members of Cucurbitariaceae (P. ontariensis, especially) could encode a
relatively high number of the genes involved in cellulose degradation. The further analysis of
the selected CAZY families [11] has shown that the Cucurbitariaceae species formed a separate
cluster with 25 modules (seven hemicellulose, six pectin, five cellulose, four cutin, three chitin)
which are relatively expanded in at least two species in the sub-set compared to other species
included in the analysis (Figure 6).
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4. Discussion

The Cucurbitariaceae family is a heterogeneous group of Ascomycota (Pleosporales) that
includes the species with necrotrophic or saprobic lifestyles on woody plants [2,43]. The
recently introduced genus Parafenestella was characterized as a phylogenetically close taxon
to Fenestella, mainly associated with Diaporthales spp [1]. Morphologically, the new species
P. ontariensis meets the genus diagnosis of lacking well-delimited pseudostromata and
ascospores that would indicate possible transition from fenestella-like to (neo) cucurbitaria-
like species [4].

The genome sequence obtained for the isolate P. ontarienis EI-6 allowed the comparison
of the species with other members of the Cucurbitriaceae family and the model fungal species
with different lifestyles. The genome size of the Cucurbitariaceae species is similar to the
average for Ascomycota (36.9 Mb) [44]. However, it is significantly smaller compared to
some pathogenic ascomycetes (e.g., Colletotrichum truncatum of Glomerellaceae 55.4 Mb [45],
Phomopsis longicolla of Diaporthaceae 64.7 Mb [46]). Considering relatively low similarity
with multiple inversions between the genome sequences of P. ontarienis and F. fenestrata, a
mesosynteny-like pattern can be assumed. The pattern was observed for Dothideomycetes,
indicating a random reshuffling of gene content with the genes remaining conserved [47].

The fungal lifestyles can be distinguished based on the SM clusters, which were found
to be notably expanded in necrotrophic and hemi-biotrophic fungal species compared to
biotrophic, saprobic, ectophytic and symbiotic fungi [11]. The SMs (e.g., PKS) are involved
in important processes such as producing mycotoxins needed for initial host colonization.
It has also been found that PKS and NRPS are rapidly evolving genes in fungi during
gene transfer, loss and duplication [48]. P. ontariensis and other Cucurbitariacea species
have arsenals of SMs which are similar to both hemi-biotrophic and necrotrophic fungi.
For instance, the SM content of the Cucurbitariacea species is close to hemi-biotrophic
P. oryzae, a well-known fungal pathogen causing rice blast [49]. It was also observed that
C. berberidis had the same number of SM clusters with similar distribution as P. tritici-
repensis, a necrotrophic pathogen causing destructive foliar wheat disease [50]. Overall, the
members of Cucurbitariaceae were well equipped with the NRPS backbone genes related to
virulence processes in fungal pathogens [51].

The CAZY repertoires were also defined and classified for necrotrophic, biotrophic,
hemi-biotrophic, saprophytic, ectophytic and symbiotic fungi. The fungal lifestyles were
well delimited based on this classification. It has been shown that necrotrophic and hemi-
biotrophic fungi have notably more genes related to plant cell wall degrading enzymes
(e.g., PL1, GH61) than biotrophic and symbiotic fungi [13]. The members of the Cucurbitari-
aceae family have a relatively expanded set of CAZYs involved in penetrating plant cell
walls needed for the successful colonization of a plant host. Based on the CAZY component,
the Cucurbitariaceae species were clustered separately with the strain V. mali 03-8, a highly
virulent pathogen causing Valsa canker on apple trees [52]. Another finding was that the
Cucurbitariaceae species (P. ontariensis, especially) had a large arsenal of CAZYs involved in
cellulose degradation that was previously noticed for saprotrophic fungi [53].

Based on results of the comparative genomics analysis, it can be concluded that
P. ontarienis and other close Cucurbitariacea species may have a multitrophic lifestyle. A
species can become necrotrophic or hemi-biotrophic under specific circumstances (e.g., host
shift). This kind of lifestyle was also assumed for saprotrophic Phomopsis liquidambari [54]
and endophytic Sarocladium brachiariae [55]. To confirm lifestyle switch or transition, more
species of Cucurbitariaceae with different ecological characteristics should be sequenced
and analyzed using the comparative genomics approach. The identified arsenals of SMs
and CAZYs can cause the Cucurbitariaceae species to be pathogenic on a related plant host.
However, pathogenicity assays should be performed to observe the fungus’ capability to
cause a symptomatic disease that eventually leads to plant death.
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