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Abstract

Fungal pathogens have dramatically altered forests worldwide, yet the mechanisms
underlying their virulence remain poorly understood. From the 1970s to the early 2000s,
dogwood anthracnose, caused by Discula destructiva Redlin, devastated flowering and Pacific
dogwoods (Cornus florida L. and C. nuttallii Aud., respectively). Despite the impacts of D.
destructiva and other phytopathogens on forest ecosystems, genomic resources remain limited,
hindering efforts to understand pathogenicity. The goal of this study was to evaluate the
historical D. destructiva epidemic through a modern genomics lens by uncovering virulence-
associated genes that likely contributed to its rapid spread across native dogwoods. We therefore
utilized PacBio HiFi and Proximo Hi-C sequencing to assemble the first telomere-to-telomere,
chromosome-scale genome for D. destructiva isolate AS111. The resulting 46.655 Mb assembly
comprised eight chromosomes with an overall BUSCO completeness of 97.64%. We also
identified 10,373 predicted gene models with an overall BUSCO completeness of 96.45%. To
investigate gene expression across distinct life cycle phases, reproductive (sporulating) and
vegetative (nonsporulating), we conducted RNA sequencing and identified 240 differentially
expressed genes (padj < 0.05). GO enrichment revealed 162 upregulated genes during
sporulation linked to plant cell wall degradation and sugar metabolism, whereas 78
downregulated genes were linked to electron carrier activity and redox balance. Among these
240 genes, 117 genes had predicted protein sequences that were also identified as a candidate
virulence factor, including signal peptides, carbohydrate-active enzymes (CAZymes), and
effectors, highlighting the role of sporulation-associated gene expression in D. destructiva
virulence. Together, these findings suggest that the reproductive phase primes D. destructiva for

host invasion and ecological persistence, which may influence its success as a forest pathogen.
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Author Summary

Forest pathogens threaten ecosystems worldwide and cause extensive ecological and
economic damage. Since the 1970s, native dogwood populations in North America have been
devastated by dogwood anthracnose, caused by the exotic fungal pathogen Discula destructiva.
Discula destructiva is just one of many destructive fungal pathogens in the order Diaporthales,
which includes other noteworthy pathogens that cause chestnut blight (Cryphonectria parasitica)
and butternut canker (Ophiognomonia clavigignenti-juglandacearum). Despite the widespread
impact of fungal diseases, little is known about the genetic factors that drive their spread and
severity. To help address this gap, we generated the first telomere-to-telomere, chromosome-
scale genome assembly of D. destructiva and analyzed gene expression across distinct life cycle
phases: reproductive (sporulating) and vegetative (nonsporulating) growth. Our findings revealed
key sporulation-associated genes and virulence factors that may facilitate host infection and
underscore the importance of sporulation in the pathogenicity of D. destructiva. These insights
improve our understanding of the mechanisms that drive disease development, influence how
fungal pathogens such as D. destructiva establish and persist in forest ecosystems, and provide a

foundation for future comparative genomics among other devastating pathogens in Diaporthales.

Introduction

Fungi in the order Diaporthales (Sordariomycetes, Ascomycota) have had substantial
impacts on natural and agricultural ecosystems globally [1]. This lineage includes
phytopathogens (plant pathogens) specialized in colonizing leaves, stems, and bark (plant tissues
critical for growth and survival) and is associated with symptoms ranging from superficial

blemishes to rapid host decline [2,3]. Some of the most notable Diaporthalean forest pathogens
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in North America include the causal agents of chestnut blight (Cryphonectria parasitica Murill
Barr), butternut canker (Ophiognomonia clavigignenti-juglandacearum Broders & Bolan), and
dogwood anthracnose (Discula destructiva Redlin) [2—4]. Castanea dentata Borkh. (American
chestnut) and Juglans cinerea L. (butternut) have been driven to functional extinction and critical
endangerment by chestnut blight and butternut canker, respectively [5]. Despite an estimated loss
of 4.6 billion trees to the initial dogwood anthracnose epidemic, Cornus florida L. (flowering
dogwood) has shown notable persistence, likely due to a combination of host—pathogen and
host—environment interactions [6,7]. The genus Cornus (dogwood) includes about 12 species in
North America, where two species are most susceptible to D. destructiva: C. florida L.
(flowering dogwood) and C. nuttallii Aud. (Pacific dogwood) [8]. Both C. florida and C. nuttallii
lack widespread resistance to D. destructiva, which resulted in one of the largest forest epidemics
of the 20th century in North America [4,9—11]. Cornus florida forms second-growth hardwood
stands in eastern North America that provide important ecosystem services, including wildlife
nourishment and calcium cycling, and serve as a key understory component of old-growth forests
[12—-15]. Cornus nuttallii occupies a similar understory role in riparian forests of the Pacific
Northwest [16]. Additionally, C. kousa Hance (kousa dogwood), a species native to eastern Asia,
has gained popularity in North America for its ornamental appeal, including within urban forests
and managed landscapes [8,9,17]. Numerous species and several hundred cultivars of Cornus are
planted as woody ornamentals, which generate an annual revenue of nearly $30 million USD in
deciduous flowering tree sales in the United States of America (USA) [17-21].

Symptoms of dogwood anthracnose range from brown, necrotic lesions on bracts and
leaves to the formation of cankers that coalesce and girdle the trees, ultimately leading to canopy

dieback and mortality [4,9,22-24]. Mortality may occur in as little as two to three years after
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94  initial infection, with saplings and understory trees being the most susceptible to infection [23—
95  26]. The first case of D. destructiva was reported for C. nuttallii in Washington in 1976, though
96 its identity remained uncertain until its formal description in 1991 [4,23,27,28]. Shortly after the
97 initial 1976 report on the western coast of the USA, D. destructiva was documented in C. florida
98  on the eastern coast in New York and Connecticut in 1977 [4,23,24,27,28]. An additional fungus
99  commonly co-isolated with D. destructiva was later shown to induce similar disease symptoms
100 in Cornus, initially classified as Discula Type Il and later reclassified as Juglanconis japonica
101 [9,29]. Juglanconis japonica is distinguished by differences in morphology, lack of polyphenol
102  oxidase production (a key enzyme produced during D. destructiva infection involved in lignin
103  degradation), and ITS sequence divergence [23,29-33].
104 Discula destructiva exists strictly as a hemibiotrophic, haploid anamorph with no
105  observed sexual stage in vitro or in vivo and relies solely on conidia (asexual spores) for survival
106  and reproduction [4,34]. In the initial biotrophic phase, D. destructiva relies on living host tissue
107  for nutrient acquisition. However, late-stage infection is characterized by a life cycle phase
108 transition to necrotrophy, during which enzymes and toxins cause tissue death [32,35-37]. This
109 flexible life cycle may have enabled the rapid spread of D. destructiva across North America,
110  which previous work suggests was facilitated by conidia dispersal via migratory birds, animals,
111 and-markedly—the horticultural trade [26,38,39]. As a result of this rapid dispersal across a wide
112  geographic range and a lack of natural resistance in affected Cornus species, an estimated 3
113  billion C. florida succumbed to D. destructiva in the Appalachian ecoregion alone between 1977
114 and 2010 [7,25]. Ultimately, the D. destructiva epidemic left disjunct populations of C. nuttallii
115  critically imperiled in Idaho and fragmented populations of C. florida critically imperiled in

116  southeastern Canada and parts of the eastern USA [40-42].
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117 The prevalence of D. destructiva and dogwood anthracnose has diminished in cultivated
118  landscapes in recent years, due in part to the widespread use of tolerant germplasm and cultural
119  control practices such as pruning infected tissues [43,44]. To date, only one truly resistant C.

120  florida cultivar, ‘Appalachian Spring’, has been identified, which was originally selected from a
121 survivor tree in Catoctin Mountain Park, Maryland [22]. Similarly, disease pressure in natural
122 Cornus populations has diminished, likely due to the extirpation of highly susceptible hosts

123  [43,45]. Although D. destructiva currently poses a less immediate threat, its epidemic history
124  provides an opportunity to apply modern genomic techniques to inform future breeding and

125 management strategies for dogwood anthracnose, as well as develop improved control methods
126  for related Discula species that infect various ecologically and economically important trees such
127  as Fraxinus, Acer, Fagus, Platanus, and Quercus. This wide range of plant hosts susceptible to
128  Discula species highlights the broader relevance of understanding pathogenicity within the

129  genus. As the global movement of pathogens continues to accelerate due to climate change and
130 trade, there is an urgent need for proactive approaches to facilitate forest pathogen surveillance
131  and mitigation [46]. Understanding genetic diversity and its influence on virulence and host-

132  pathogen interactions in known epidemic systems, such as D. destructiva, provides an

133  opportunity to develop future predictive frameworks for identifying and responding to potential
134  threats. A previous population genetics study using microsatellites suggested four geographically
135 and temporally distinct genetic clusters in D. destructiva across the USA and implicated C. kousa
136  as the source of multiple introductions [9-11,47—49]. Currently, only five chromosome-scale
137  genome assemblies in the order Diaporthales have been published on the National Center for

138  Biotechnology Information (NCBI) (Table S1), and none existed for Discula prior to this study

139  [50]. As long-read sequencing continues to become more accessible, developing high-quality
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140  genome resources is a valuable and increasingly tractable first step toward profiling the invasion
141  potential of pathogens. The objective of this research was to resolve this knowledge gap for a
142  forest pathogen with known consequences and epidemic potential by assembling the first

143  annotated, long-read reference genome for D. destructiva. Synergistically, RNA sequencing

144  (RNAseq; Table S2) was conducted to identify candidate genes of importance during

145  sporulation, to provide insights into both mechanisms of sporulation and its contribution towards
146  pathogenicity. Additionally, we leveraged these resources to identify candidate virulence factors
147  (signal peptides, carbohydrate-active enzymes (CAZymes), and effectors) that may compromise
148  host defenses and support fungal growth. Together, these analyses provide genomic insights into
149  the mechanisms driving D. destructiva’s historical spread and support future comparative

150  genomic studies across Discula and Diaporthales more broadly.

151 Materials & Methods

152 Culture conditions of fungal isolates & extractions

153 Two D. destructiva isolates (AS111 and WAP31) and one J. japonica isolate (VA17B),
154  all initially collected from infected flowering and Pacific dogwoods from 1989 to 2000 (Table
155 1), were utilized throughout this study as resources for high molecular weight (HMW) DNA and
156  RNA extractions. The isolates of D. destructiva represent separate genetic clusters that originated
157  from C. florida (AS111) and C. nuttallii (WAP31) (Table 1) [9]. The J. japonica isolate was also
158  chosen as a comparator due to its original description as Discula Type Il that presents unique

159  metabolic characteristics [9,24,32]. Axenic stock cultures of each isolate were maintained on

160  solid half-strength potato dextrose agar (Thermo Scientific, Hampton, NH, USA) amended with

161  chlortetracycline hydrochloride and streptomycin sulfate (PDA*). Stock cultures were incubated
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162  at room temperature (ca. 21 °C) under constant light for up to 14 days prior to being transferred

163  to growth media for subsequent HMW DNA and RNA extractions.
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Table 1. Metadata for the Discula destructiva and Juglanconis japonica isolates.
Species? Isolate Location/Year” | Collection® Host Species | State Isolated
Discula AS111 S/2000 UTK Cornus florida Tennessee
destructiva
Discula WAP31 W/1989 RU Cornus nuttallii | Washington
destructiva
Juglanconis VAI17B NA/1991 UTK Cornus florida Virginia
Jjaponica

2 Original classification of Juglanconis japonica as Discula Type II.

b Geographic locations where isolates were originally collected with the collection year: S =

South USA; W = West USA; NA=not applicable. Locations denoted per Mantooth et al., 2017

[9].

¢ Original source of fungal isolates: UTK = University of Tennessee (Knoxville, TN, USA); RU

= Rutgers University (New Brunswick, NJ, USA).

10
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171 For HMW DNA extractions, 5 mm? mycelial plugs were cut from margins of actively
172 growing stock cultures of D. destructiva isolate AS111, then individually transferred to sterilized
173  cellophane disks (BIO-RAD Laboratories; Hercules, CA, USA) overlaid on solid half-strength
174  PDA™" [50]. Cultures were incubated at room temperature (ca. 21 °C) under constant light for up
175  to 14 days prior to extractions. After incubation, mycelium was scraped off the cellophane and
176  submerged into liquid nitrogen. A sterilized mortar and pestle was used to homogenize frozen
177  mycelium into a fine powder. HMW DNA was extracted using a modified protocol of the Qiagen
178  MagAttract HMW DNA Kit (Qiagen; Valencia, CA, USA), and excess polysaccharides were
179  removed from the extracted genomic DNA. HMW DNA extraction and polysaccharide

180  precipitation protocols are available in supplemental materials (File S1 and File S2,

181  respectively). The quality and quantity of the purified genomic DNA were assessed on a FEMTO
182  Pulse System (Agilent; Santa Clara, CA, USA), and DNA was stored at -20 °C until library

183  preparation and sequencing.

184 For RNA extractions, 5 mm? mycelial plugs were cut from margins of actively growing
185  stock cultures of two D. destructiva isolates (AS111 and WAP31) and one J. japonica isolate
186  (VA17B), then individually transferred to sterilized cellophane disks overlaid on two different
187  media types: solid half-strength PDA** and solid water agar supplemented with finely ground
188  Quercus alba L. (white oak) leaf tissue [51]. These growth media were selected as the non-

189  sporulating (strictly of vegetative, mycelial growth) and sporulating (mycelia and abundant

190 acervuli present) media, respectively, used to enable detection of differential gene expression
191  between distinct life cycle phases (Fig S1). Cultures were incubated at room temperature (ca. 21
192  °C) under constant light for up to 14 days prior to RNA extractions. After incubation, RNA was

193  extracted using a custom TRIzol™ Reagent (Invitrogen; Waltham, MA, USA) protocol (File S3).

11
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194  Total RNA quality and quantity were assessed using a TapeStation High Sensitivity RNA

195  ScreenTape (Agilent) and stored at -20 °C until library preparation and sequencing.
196  Library preparation & sequencing

197 Prior to PacBio High Fidelity (HiFi) long-read sequencing (University of Washington
198  Northwest Genomics Center; Seattle, WA, USA), purified genomic DNA from D. destructiva
199  isolate AS111 was fragmented into 14 kilobase (kb) fragments using the PippenHT instrument.
200  HiFi libraries were constructed using the PacBio SMRTbell Prep Kit 3.0, then sequenced on the
201  PacBio Revio system. To detect genome-wide chromatin interactions within nuclei, raw mycelial
202  tissue obtained from stock cultures of D. destructiva isolate AS111 was used as input for Hi-C
203  sequencing. The Proximo high-throughput Chromosome Conformation Capture (Hi-C) Fungal
204  Kit Protocol (Phase Genomics; Seattle, WA, USA) was used to extract DNA and prepare

205 libraries for paired-end sequencing (2 x 150 bp) on an Illumina platform. The following

206  combination of restriction enzymes were used for Hi-C library preparation: Dpnll (*"GATC),
207  Ddel (C*'TNAG), Msel (T"TAA), and Hinfl (G*"ANTC).

208 The RNAseq experimental design consisted of three isolates, each represented by three
209 Dbiological replicates, exposed to two treatment conditions (non-sporulating and sporulating),
210  resulting in a total of 18 samples. To identify differentially expressed genes between treatments,
211 total RNA was processed for library preparation using the SMART-Seq mRNA LP (with UMIs)
212 Kit (Takara Bio Inc; Kusatsu, Shiga, Japan) and enriched for mRNA via poly(A) selection.

213  Enriched mRNA was reverse transcribed into 18 complementary DNA libraries, which were
214 sequenced (2 x 150 bp) on an Illumina NovaSeq platform (University of Tennessee Genomics

215  Core; Knoxville, TN, USA).

216 Telomere-to-telomere (T2T), chromosome-scale genome assembly

12
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217 FastQC v0.11.7 [52] was used to perform quality control checks on the raw Hi-C

218  sequencing data. To reduce computational resources and data redundancy during genome

219  assembly, the raw HiFi sequencing data was downsampled from approximately 1,900% coverage
220  to 100x coverage using seqtk v1.2-r94 [53]. Using the downsampled 100x HiFi reads and raw
221  Hi-C reads, Hifiasm v0.19.8 [54] was used to assemble a draft genome assembly with the

222  following parameters: -t 32, --hg-size 49m, --n-hap 1, --n-weight 10, --f-perturb 100000, --n-
223  perturb 0.25, --h1 $hic rl, --h2 $hic r2. Next, potential contamination was identified by first
224  using the NCBI Foreign Contamination Screen (FCS) tool suite. Specifically, FCS-GX v0.5.0
225 [55] and FCS-ADAPTOR v0.5.0 [50] were used with default parameters to identify and remove
226  (if present in the assembly) any contaminant sequences derived from other organisms or

227  sequencing adaptors. To filter out mitochondrial sequences from the nuclear genome assembly,
228  the mitochondrial genome was first de novo assembled using Oatk v1.0 [56] with default

229  parameters. To assess the assembly completeness and gene predictions for the mitochondrial
230  genome, BBMap v39.06 [57] and GeSeq v2.03 [58] were used with default parameters. GeSeq
231  annotations were based on the closest related Diaporthales reference species: Chrysoporthe

232  austroafricana (NC _030522.1), C. cubensis (NC _030524.1), and C. deuterocubensis

233  (NC _030523.1). OGDRAW v1.3.1 [59] was used to visualize the annotated mitochondrial

234  genome. Mitochondrial sequences present in the nuclear assembly were then filtered out by

235  running a custom Python script (File S4) that identified and removed aligned regions with more
236  than 90% alignment length. Hi-C scaffolding was then performed on the filtered nuclear genome
237  assembly using YaHS v1.2a.2-2 with default parameters and the following restriction enzyme
238  motifs specified: GATC,CTNAG,TTAA,GANTC [60]. Scaffolds were manually corrected and

239  visualized using JBAT v2.15 [61]. Assembly gaps were resolved by aligning the raw HiFi reads

13
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240  to the scaffolded assembly using TGS-GapCloser v1.1.1 default parameters [62]. To determine
241  whether the chromosome-level scaffolds represented a T2T assembly, tidk 0.2.65 was used with
242  the “search” function and these telomeric motifs specified: 5’-(TTAGGG/CCCTAA),-3’ [63].
243  Final genome assembly statistics were generated using BBMap v39.06 [57]. Genome assembly
244  completeness was assessed using the Benchmarking Universal Single-Copy Orthologs (BUSCO)
245  v5.5.0 [64] sordariomycetes odb10 database and ascomycota odb10 database. Likewise, the
246  compleasm v0.2.6 [65] sordariomycetes odb10 database and ascomycota odb10 database were
247  used to provide an additional completeness estimate. Finally, Merqury v1.3-2 [66] was used to

248  assess genome assembly completeness and quality using a k-mer-based, reference-free approach.

249 Genome annotation

250 The newly constructed D. destructiva AS111 reference genome was annotated with the
251  following steps. Repetitive elements were identified and classified using RepeatModeler v2.0.5
252  with default parameters and the -LTRStruct flag specified [67]. These repeat elements were then
253  soft masked using RepeatMasker v4.1.6 with default parameters and these optional parameters: -
254 e rmblast, -pa 4, -nolow, -xsmall, -gff. [68]. Raw RNAseq read-pairs were aligned to the D.

255  destructiva AS111 reference genome using STAR v2.7.11b with default parameters and these
256  optional parameters: --outSAMtype BAM SortedByCoordinate and --outSAMstrandField

257  intronMotif. [69]. Structural annotations were performed using BRAKER v3.0.8 with default
258  parameters and the --fungus flag specified [70]. The BUSCO sordariomycetes_odb10 database
259  and ascomycota odbl10 database were used to assess the completeness of the predicted proteome
260  output from BRAKER. Finally, functional gene predictions were performed using EnTAP v1.0.0

261  with default parameters [71].

262 Differential gene expression analysis
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263 FastQC v0.11.7 [52] was used to perform quality control checks on raw RNAseq read-
264  pairs. Read trimming was performed with BBDuk v39.06 [57] to remove any Illumina adaptor
265 contamination and any sequences with a Phred quality score lower than 30. Default parameters
266  were used for BBDuk with these optional parameters specified: trimpolya=10, trimpolyg=10.
267  Residual adaptor contamination was subjected to further alignment filtering and exclusion using
268 STAR. Trimmed RNAseq read-pairs were then aligned to the D. destructiva AS111 reference
269  genome using STAR with default parameters and the optional --

270  outSAMtypeBAMSortedByCoordinate flag specified. The number of RNAseq reads that mapped
271  to unique genomic features was calculated using FeatureCounts v2.0.6 with these parameters: -p,
272  -s2,-T 30, -t gene, -g ID, -F GTF, -a dd.gff3, -o combined.counts.txt, *bam [72]. To perform
273  differential gene expression analysis between sporulating and non-sporulating treatments, the
274  gene count matrix produced from FeatureCounts was used to run the DESeq2 v1.42.1 [73]

275  pipeline in RStudio v2024.12.0.467 (File S5) [74]. To identify genes with the most expression
276  changes between treatments, a confidence level of 95% (a = 0.05) was applied, allowing for the
277  determination of significantly upregulated and downregulated genes (padj < 0.05). A stringent

278 filter of padj = 1x10~7 and log,F'C = 2 was then applied to identify the most significant subset of
279  differentially expressed genes.

280 Gene Ontology (GO) enrichment

281 All significantly differentially expressed genes (padj < 0.05) were used as input for GO
282  enrichment analysis in RStudio to identify enriched GO terms among upregulated and

283  downregulated genes (File S6). Additionally, the most significant subset of differentially

284  expressed genes (P value = 1x10~7 and log,F'C = 2 ) were analyzed to identify associated Kyoto

285  Encyclopedia of Genes and Genomes (KEGG) Ontology (KO) annotations predicted during
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286  functional annotation [75]. Genes that lacked annotated KO annotations were further analyzed
287  using these additional protein similarly search resources: GhostKOALA v3.1 [76], BlastKOALA

288  v3.2[76], and InterProScan [77], and local NCBI BLASTp [50].

289 Identification of candidate virulence factors

290 To identify candidate virulence factors from the predicted proteome of the D. destructiva
291  ASI111 reference genome, SignalP v5.0 [78], dbCAN v4.1.4 [79], and EffectorP v3.0 [80] were
292  independently run to identify candidate signal peptides, CAZymes, and effectors, respectively.
293  The proteome was utilized to ensure that divergent gene model protein predictions were retained
294  for a comprehensive prediction of these virulence factors. Default parameters were used for all
295  three tools, with these optional SignalP parameters -format long, -gff3, -mature and the optional
296  EffectorP -f flag specified. We used a custom R script (File S7) to determine if the predicted
297  protein sequences of any differentially expressed sporulation genes (padj < 0.05) were also

298  predicted as candidate virulence factors.

299 Results

300 Generation of a T2T, chromosome-scale genome assembly for Discula

301 destructiva

302 To accomplish a T2T, chromosome-scale assembly of the D. destructiva genome, we
303  generated approximately 5.8 million raw HiFi reads (93.51 GB) from SMRTbell libraries
304  prepared from isolate AS111 (Table S3). Raw HiFi genome sequencing was estimated to be
305  1,893x coverage (Table S3). Hi-C libraries for D. destructiva isolate AS111 generated

306 approximately 50.6 million raw read-pairs with an average per sequence quality score of Q39

307 and no adaptor contamination. Hifiasm generated a 46,885,455 bp contig-level genome assembly
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308  with ten scaffolds and 10 gaps present using the 100x downsampled HiFi data and raw Hi-C data
309 (Table S4). No contamination sequences or adaptors were identified during the contamination
310  screening using the NCBI FCS tool suite. Oatk generated a 232,813 bp mitochondrial genome
311  assembly that consisted of one circularized contig (Fig 1A). Gene prediction using GeSeq

312  revealed six protein coding gene families in the mitochondrial genome assembly (Fig 1A). After
313  mitochondrial sequence removal from the nuclear assembly, scaffolding of the nuclear assembly
314  using YaHS and manual curation in JBAT resulted in eight chromosome-level scaffolds, with
315  100% of the contigs placed within these eight chromosome-level scaffolds and eight gaps present
316  (Table S4 and Fig 1B). TGS-GapCloser produced a final 46,654,619 bp chromosome-level

317  genome assembly with zero gaps (Table 2 and Fig 1C). After running tidk to determine if the
318  chromosome-scale scaffolds represented a T2T assembly, telomeric motifs 5°-

319 (TTAGGG/CCCTAA),-3 were identified on both ends of all eight chromosome-level scaffolds
320  (Fig S2). There were an average of 32.6 and 32.1 forward- and reverse telomeric motifs 5°-

321 (TTAGGG/CCCTAA),-3, respectively. Assessment of genome completeness with the BUSCO
322  sordariomycetes odb10 and ascomycota odb10 databases on the final T2T, chromosome-level
323  genome assembly indicated a high completeness score of 95.60% and 97.40%, respectively

324  (Table 2). Assessment of genome completeness with the compleasm Sordariomycetes and

325  Ascomycota lineage datasets (sordariomycetes odb10 and ascomycota odb10, respectively) also
326  indicated a high completeness score of 97.30% and 99.47%, respectively. Assessment of genome
327  completeness with Merqury indicated a high completeness score of 98.45%, with an estimated

328  assembly consensus quality value of Q79 and an error rate of 1.26 x 108,

17


https://doi.org/10.1101/2025.08.04.668385
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.04.668385; this version posted August 4, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

Discula destructiva
Isolate AS111
Mitochondrial Genome
232,813 bp

[] complex | (NADH dehydrogenase)
[ complex IIl (ubichinol cytochrome ¢ reductase)
[ complex IV (cytochrome ¢ oxidase)
@ ATP synthase
M transfer RNAs

3 29 M ribosomal RNAs

B

10 MB

20 MB

30 MB

40 MB

330

18


https://doi.org/10.1101/2025.08.04.668385
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.04.668385; this version posted August 4, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

C Chromosome_6

AP 2Mb 3Mb 4 mp sMb Ob/-
1) 7 OI))
((‘QJ/ A M %0,
K o é‘? 0)@
B

- swosowod
S LI 74
anY
%
7
o
3 ) anY
QN
an v ““mioso\ﬂo)\'\o
g ®

&
Cf,% Sty 'y
oM Mo 3Mb 2 b 1 Mb
Oso,ne
3

331

332  Fig 1. Overview of the mitochondrial and nuclear genome assemblies of Discula destructiva
333 isolate AS111.

334  A.The 232,813 bp circularized mitochondrial genome assembly generated by Oatk v1.0 that
335  consists of one, circularized contig. Genome annotations generated using GeSeq v2.02 and

336  visualized using OGDRAW v1.3.1. Annotations of predicted gene families (lower left corner)
337 are indicated by the colored bars, and GC content is represented by the inner, grey circle. B. Hi-
338  C contact map generated using Juicebox Assembly Tools (JBAT) v2.15 displaying the genomic
339 interactions across the final telomere-to-telomere, chromosome-scale nuclear genome assembly
340 of 46.655 megabases (Mb). The blue boxes outline the eight chromosome-level scaffolds in the
341  assembly. Both the x- and y-axes are labeled with genomic coordinates in Mb. C. Circlize

342 v0.4.16 plot of the final T2T, chromosome-scale nuclear genome assembly. From outer to inner

343  rings, we depict: chromosome numbers with chromosome size indicated by Mb tick marks, a
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344  histogram of percentage of GC content in 1 kilobase (kb) windows, a line plot of gene density in

345 1 kb windows, and a bar plot of transposable element density in 1 kb windows.

20


https://doi.org/10.1101/2025.08.04.668385
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.04.668385; this version posted August 4, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

346  Table 2. Genome assembly and annotation statistics for the final telomere-to-telomere,

347  chromosome-scale nuclear genome assembly of Discula destructiva isolate AS111.
Assembly/Annotation Metric Statistic
Assembly Size (Mb) 46.655
Number of Scaffolds 8
Number of Contigs 8
N50 (Mb) 5.597
Number of Gaps 0
Complete Genome BUSCOs (%): BUSCO? 95.60; 97.40
Complete Genome BUSCOs (%): Compleasm? 97.30; 99.47
K-mer Genome Completeness (%): Merqury 98.45
Predicted Protein Sequences (n)® 11,480
Genes (n): Structural Annotation® 10,373
Complete Protein BUSCOs (%): BUSCO* 95.50; 97.40
Genes (n): Functional Annotationd 9,509
Transcriptome (bp)d 17,202,825

348 2Genome completeness was assessed using BUSCO v5.5.0 and compleasm v0.2.6 with the

349 Sordariomycetes and Ascomycota lineage datasets, respectively.
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350  PPredicted during structural annotations using BRAKER v3.0.8.
351  ‘Protein completeness was assessed using BUSCO v5.5.0 with the Sordariomycetes and
352 Ascomycota lineage datasets, respectively.

353  9Predicted during functional annotations using EnTAP v1.0.0.
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354  Structural and functional genome annotation

355 RepeatModeler predicted a total of 135 repeat elements, of which 63 (46.7%) were

356 classified into known families, whereas 72 (53.3%) remained unclassified (Table S5). A total of
357 7,212,922 bp (15.38%) of the 46.655 Mb genome assembly were masked as repeat elements by
358  RepeatMasker. The primary repeat elements masked in the genome assembly were

359 retroelements, specifically LTR elements Ty1/Copia and Gypsy/DIRS1 (Table S5). A total of
360 11,480 protein sequences and 10,373 genes were predicted during structural annotations with
361 BRAKER (Table 2). Assessment of gene completeness from structural annotation with the

362 BUSCO sordariomycetes odb10 and ascomycota_odb10 databases indicated a high

363  completeness score of 95.50% and 97.40%, respectively (Table 2). EnTAP functionally

364  annotated 9,509 genes (Table 2), resulting in 91.67% of genes being retained from structural
365 annotation to functional annotation. EnTAP identified 8,330 unique sequences with at least one
366 GO term and 2,725 unique sequences with at least one KEGG pathway assignment. A

367 transcriptome assembly produced from EnTAP was estimated to be 17,202,825 bp (Table 2) with

368 an N50 of 1,770 bp.

369 Transcriptomic responses to sporulation

370 [llumina sequencing of 18 cDNA libraries from D. destructiva isolates AS111 and

371 WAP31 and J. japonica isolate VA17B generated 94.24 GB of raw RNAseq data, with

372 1,181,440,126 reads (98.54%) retained after trimming adaptor contamination (Table S6).

373  RNAseq alignment to the D. destructiva AS111 reference genome revealed taxon-specific

374  mapping efficiency, with less uniquely mapped reads for J. japonica VA17B compared to both
375  D. destructiva isolates (Table S7). Differential expression analysis with DESeq?2 identified a total

376  of 324 differentially expressed genes (default: padj < 0.1) under the sporulation treatment, with
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377 115 upregulated genes and 209 downregulated genes. Based on principal component analysis
378  (PCA) and hierarchical clustering, gene expression profiles segregated greatest by interspecific
379  diversity, with treatment groups clustering together (Fig S3). After filtering for significant

380 differentially expressed genes (padj < 0.05), a total of 240 genes were retained, of which 162
381  genes were upregulated and 78 were downregulated during sporulation (Table S8). To more

382  precisely analyze processes most impacted by sporulation, a stringent filter (padj = 1e-7, log,F'C
383 =2)was applied to the 240 gene set and refined to a subset of the four most upregulated and five
384  most downregulated genes (Fig 2A). A heatmap of the top 40 differentially expressed genes

385 illustrated distinct gene expression patterns, highlighting two major gene clusters with largely
386 inverse expression shifts between treatment groups (Fig 2B). Although the overall expression
387  profiles were similar, some variation of expression intensity could be observed between D.

388  destructiva isolates, such as in g5344 on sporulation media and g435/ on non-sporulation media
389 (Fig. 2B). Additionally, opposite expression profiles could be observed in some genes between
390 the D. destructiva isolates and J. japonica isolate. For example, g9868 and g9869 were highly
391  downregulated under the sporulation treatment in both D. destructiva isolates but upregulated in

392  J. japonica isolate VA17B (Fig. 2B).
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points to the right indicate the most upregulated genes during sporulation. Green points indicate

genes that meet the log,F'C = 2 threshold but not the adjusted P value < 1e—"7 threshold,
and grey points represent non—significant genes. B. Heatmap displaying the

expression patterns of the top 40 differentially expressed genes (based on log,FC) across all
species and isolates grown on both sporulation (brown) and non-sporulation (yellow) media.
Representative colony images of fungal cultures grown on each medium are shown on the left
for reference. Red indicates higher gene expression levels, whereas blue represents lower
expression levels. Clustering patterns, indicated via dashed lines, highlight differential gene

expression between treatments (top versus bottom dashed boxes by treatment).
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408 Functional enrichment analysis of sporulation genes

409 The 162 upregulated sporulation genes (padj < 0.05) were enriched for processes

410 involving hydrolase activity, carbohydrate metabolic and catabolic processes, and polysaccharide
411  metabolic and catabolic processes (Fig 3A). The 78 downregulated sporulation genes (padj <
412  0.05) were enriched for processes involving heme binding, tetrapyrrole binding, electron carrier
413  activity, and iron ion binding (Fig 3B). KO annotations associated with the four most

414  upregulated genes (padj = le-7; log,F'C = 2) were involved in sugar transportation and catalysis
415  of cell wall components (Table 3 and Table S9). KO annotations associated with the five most
416  downregulated genes (padj = le-7; log,FFC = 2) were involved in the destruction of radicals and
417  ferric-chelate reductase (Table 3). Notably, among these downregulated genes, 29868 did not
418  have a KO annotation (Table 3). Additional searches using GhostKOALA, BLASTKOALA, and
419  InterProScan found no similarity sequence matches to aid in identifying a functional annotation
420  for g9868. A local NCBI BLASTDp search identified g9868 as a hypothetical protein

421 (F5883DRAFT 551733, Diaporthe sp. PMI 573), whereas the KEGG database BLASTp search
422  returned a similar result for a hypothetical protein (VDAG 07229, Verticillium dahliae). Neither

423  of the hypothetical proteins had an associated KO number or annotation.
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426  Fig 3. Gene Ontology (GO) enrichment of upregulated and downregulated sporulation
427  genes in Discula destructiva and Juglanconis japonica.

428  A. Bubble plot displaying the most enriched GO terms among the 162 upregulated sporulation
429  genes (padj < 0.05). B. Bubble plot displaying the most enriched GO terms among the 78

430 downregulated sporulation genes (padj < 0.05). GO enrichment for both upregulated and

431  downregulated genes was performed using GO terms provided from EnTAP v1.0.0.
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432  Table 3. Subset of the most differentially expressed genes and their associated Kyoto

433  Encyclopedia of Genes and Genomes (KEGG) Orthology (KO) annotations.

Gene ID KO Annotation Expression Pattern During
Sporulation
29869 Destroys radicals which are normally Downregulation

produced within cells that are toxic to

biological systems (By similarity)

29868 N/A Downregulation

g6097 Ferric-chelate reductase Downregulation

g5346 NAD/NADP octopine nopaline Downregulation
dehydrogenase

g4351 Ctr copper transporter family Downregulation

28809 Catalyzes endohydrolysis of 1,4-beta-D- Upregulation

glucosidic linkages in xyloglucan with
retention of the beta-configuration of the
glycosyl residues. Specific for xyloglucan
and does not hydrolyze other cell wall

components

g7635 Sugar (and other) transporter Upregulation
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22406 Arabinan endo-1,5-a-L-arabinosidase Upregulation

g964 Inositol oxygenase Upregulation

434  Subset of the nine most differentially expressed genes (padj = 1e-7; log,FC = 2) and their KO
435 annotations. “N/A” represents a KO annotation that could not be determined from similarity

436  searches using EnTAP v1.0.0, GhostKOALA v3.1, BLASTKOALA v3.2, and InterProScan.
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437 Secreted proteins, CAZymes, and effectors as candidate virulence

438 genes

439 Out of the 11,480 predicted protein sequences, SignalP predicted a total of 1,209 signal
440  peptides, which were classified as secretory substrates cleaved by SPase I (Sec/SPI). The

441  remaining 10,271 protein sequences were not classified as signal peptides (Table S10 and Table
442  S11). A total of 665 CAZymes were predicted using dbCAN, with the remaining 10,815 protein
443  sequences lacking a CAZyme prediction (Table S10 and Table S12). These enzymes were

444  assigned to a total of six CAZyme families based on support from at least two annotation tools
445  integrated into dbCAN, following the authors' recommended criteria. EffectorP predicted a total
446  of 2,763 effectors with the remaining 8,717 protein sequences predicted as non-effectors (Table
447  S10 and Table S13). Among the 240 differentially expressed sporulation genes (padj < 0.05), a
448  total of 117 genes were identified to have predicted protein sequences that overlapped with at
449 least one of the three virulence factors considered here (Fig 4 and Table S14). Of those, 25 genes
450 encoded proteins predicted to be all three classes of virulence factors, with 24 genes upregulated
451  and one gene downregulated during sporulation (Fig 4 and Table S14). Notably, 22406, g8809,
452 29868, and g9869 from the subset of the nine most differentially expressed sporulation genes
453  (padj = le-7; log,FFC =2) (Fig 2A, Table 3) were identified to have overlap as predicted

454  virulence factors.
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Effectors SignalPeptides

0
(0.0%)

CAZymes

Fig 4. Differentially expressed sporulation genes identified as candidate virulence factors.
Venn diagram displaying the number of sporulation genes (padj < 0.05) whose predicted protein
sequences were also predicted to be at least one candidate virulence factor class: signal peptides,
CAZymes (carbohydrate-active enzymes), or effectors. The following were used to identify
signal peptides, CAZymes, and effectors: SignapP v5.0, dbCAN v4.1.4, and EffectorP v3.0,

respectively.
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462 Discussion

463 Here, we present the first T2T, chromosome-level genome assembly and transcriptome
464  study of D. destructiva to examine gene expression shifts linked to the transition between

465  vegetative growth and sporulation. This work fills a long-standing gap in genomic resources for
466  both D. destructiva and the order Diaporthales more broadly. With this resource, we provide
467 novel insights into the pathogenicity and life cycle regulation of the D. destructiva epidemic. A
468  lack of such resources has limited comparative genomics and functional studies across

469  Diaporthales, thereby hindering progress towards understanding the shared evolutionary history,
470  pathogenicity, and management of many of the most devastating forest pathogens. Because D.
471  destructiva is strictly anamorphic, conidial sporulation represents the primary means of

472  epidemic-scale dispersal, making it a particularly relevant focus for understanding disease

473  progression and potentially informing strategies for disease management. With this work, we
474  identified key genes and candidate virulence factors, including signal peptides, CAZymes, and
475  effectors, that offer further insight into how D. destructiva interacts with Cornus species and can
476 facilitate its proliferation within and between susceptible plant hosts. Together, these resources
477  provide foundational tools for comparative and functional genomics and serve as a system for

478  studying other Diaporthalean forest pathogens.
479 A comprehensive, annotated genome resource addition to
480  Diaporthales

481 The newly constructed D. destructiva AS111 reference genome generated in this study
482  represents a substantial improvement to resources available for this species and adds a high-

483  quality genomic resource to complement the current resources available for Diaporthales. Six
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484  chromosome-level genome assemblies are now available in NCBI that represent various

485  ecologically and economically destructive Diaporthalean phytopathogens [50]. High genome
486  completeness scores from BUSCO, compleasm, and Merqury validate that our assembly

487  accurately represents the D. destructiva genome. High genome assembly accuracy is further
488  supported by the high protein completeness scores of the predicted proteome generated from
489  genome annotation. Repeat modeling also highlighted LTR retroelements as the primary repeat
490 elements in D. destructiva, which have been implicated in genome evolution and virulence

491  adaptation of other fungal pathogens [81]. Our assembly also includes a circularized

492  mitochondrial genome assembly, which may inform how mitochondria affect metabolic shifts
493  during infection [82—84]. Thus, we present these novel resources as complementary tools for

494  studying fungal genome structure, evolution, and pathogenicity.

495  Differential gene expression highlights pathogen competency

496 Differential expression analysis of sporulating D. destructiva (AS111 and WAP31) and J.
497  japonica (VA17B) revealed shifts in gene regulation, thereby highlighting key differences in
498 metabolic and functional pathways associated with the induction of sporulation in these closely
499 related fungal taxa. Principal component analysis revealed that interspecific divergence in gene
500 expression exceeded treatment effects, although the latter were still biologically meaningful. The
501  degree of transcriptomics divergence observed between the two D. destructiva isolates reflects
502  substantial intra-species variation, consistent with D. destructiva isolate divergence previously
503 identified [9]. This variation highlights the importance of incorporating multiple genotypes when
504  investigating transcriptomic responses and functional mechanisms. Among the 162 upregulated
505  genes (padj < 0.05), GO enrichment analysis indicated the strongest overrepresentation with

506 hydrolase, polysaccharide, and carbohydrate processes. These enrichments suggest that
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507  sporulation genes facilitate cell wall degradation and sugar metabolism to meet structural and
508 energy demands, potentially contributing to the pathogen’s ability to invade and colonize host
509 tissues [85—87]. Four of the most upregulated sporulation genes (padj = 1e-7; log2FC = 2) are
510 linked to host tissue degradation, nutrient acquisition, and metabolic adaptation. Xyloglucan
511  endohydrolase (g8809) and endo-1,5-a-L-arabinosidase (g2406) break down plant cell wall
512  components by targeting xyloglucan and arabinan, respectively [87]. Sugar transport (g7635)
513  facilitates nutrient uptake, whereas inositol oxygenase (g964) is implicated in metabolic

514  adaptation and virulence [88]. Upregulation of xyloglucan endohydrolase and endo-1,5-a-L-
515  arabinosidase in D. destructiva and J. japonica highlights the importance of host cell wall

516  degradation during sporulation. Xyloglucan and arabinan are major components of plant cell
517  walls, and their enzymatic breakdown facilitates host tissue penetration [87], thus providing a
518  mechanistic basis for fungal pathogenicity and spore dispersal during the necrotrophic phase.
519  This is particularly crucial for D. destructiva, as acervuli must rupture through plant epidermal
520 layers to effectively disperse spores [4].

521 Inositol oxygenase may also play a crucial role in sporulation by facilitating inositol
522  catabolism, which is vital for fungal development and virulence [88]. In Cryptococcus

523  neoformans, inositol metabolism has been linked to the formation of a protective, polysaccharide
524  capsule that imparts pathogenicity by evading immune responses in humans [88]. While true
525  capsule formation is uncommon in phytopathogens, D. destructiva has been shown to produce a
526  similar exterior mucilaginous, protein matrix on conidia, which may serve analogous protective
527  functions [39]. The upregulation of inositol oxygenase may contribute to the biosynthesis of
528  these extracellular structures of conidia, potentially influencing spore viability, dispersal, and

529  host attachment during infection. Sugar transport upregulation also suggests an increased
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530 demand for nutrient uptake to support the energy-intensive process of sporogenesis. Sugars serve
531  as critical carbon sources, and upregulating transporters may enhance the availability of glucose
532  or other sugars necessary for reproductive metabolic processes [89]. The expression variability
533  observed in D. destructiva isolate WAP31, in which sugar transport was downregulated in two
534  biological replicates, may indicate differences in intraspecific sporulation efficiency, but further
535  validation with additional replicates is required to determine whether this reflects technical

536  variation or true biological differences. Similar gene expression patterns of cell wall degradation
537  and nutrient acquisition have been documented in other Diaporthalean phytopathogens, such as
538 C. parasitica and O. clavigignenti-juglandacearum [90-92]. The conservation of these

539  mechanisms suggests that similar pathogenesis strategies have evolved within Diaporthales to
540 facilitate host invasion and nutrient acquisition. Shared genetic pathways for cell wall

541  degradation and nutrient uptake across Diaporthalean fungi indicate that targeting these

542  mechanisms may be an effective strategy to combat multiple species within this group, including
543  D. destructiva.

544 In contrast, J. japonica isolate VA17B exhibited inverse expression patterns for endo-1,5-
545  a-L-arabinosidase, which suggested inter-familial divergence in how these fungi approach

546  polysaccharide degradation during sporulation. However, unique read mapping efficiency among
547  D. destructiva isolates WAP31 (western coast genetic cluster) and AS11 (eastern coast genetic
548  cluster) were substantially higher than J. japonica isolate VA17B, despite variable intraspecific
549  mapping rates, which may have resulted from regional, intraspecific genetic variation (Table 1)
550  [9]. This divergence in gene expression between the two species underscores the potential for
551  different strategies in tissue degradation and host invasion. Altogether, transcriptional

552  upregulation of these genes suggests that sporulation is not merely a dispersal stage for D.
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553  destructiva, but also an active process involving host degradation and nutrient acquisition. This
554  finding opens new avenues for understanding the metabolic shifts that support the transition from

555  biotrophy to necrotrophy in D. destructiva.

556 Metabolic trade-offs during sporulation

557 Among the 78 downregulated genes (padj < 0.05), GO enrichment analysis indicated the
558  strongest overrepresentation with heme binding, tetrapyrrole binding, electron carrier activity,
559  and ion binding metabolic activities. These expression patterns (upregulation and

560 downregulation) suggest that sporulation also involves a reallocation of energy toward

561  reproduction, by prioritizing nutrient acquisition and cell wall degradation to support sporulation
562  while suppressing pathways associated with cellular maintenance and metabolic homeostasis.
563  The shift in gene regulation indicates that D. destructiva and J. japonica adjust metabolic

564  strategies to balance the energy demands of reproduction with host tissue degradation.

565 Four of the most downregulated genes (padj = le-7; log2FC = 2) contributed to oxidative
566  stress response, nitrogen metabolism, and metal ion regulation. Specifically, ferric-chelate

567  reductase (g6097) facilitates iron acquisition; the reactive oxygen species (ROS)-neutralizing
568  gene (g9869) detoxifies free radicals; NAD/NADP-dependent octopine/nopaline dehydrogenase
569  (g5346) supports nitrogen metabolism; and Ctr copper transporter family genes (g4351) regulate
570  copper homeostasis. The concurrent downregulation of copper transporters and iron redox may
571  indicate a broader metabolic reorientation away from metal ion acquisition, in reflection of

572  specific nutrient demands of sporulating cells [93]. This reduction in metal ion acquisition could
573  suggest a fine-tuning of cellular processes to optimize conditions for sporogenesis rather than
574  growth. Similarly, downregulation of ROS-neutralizing genes, such as g9869, suggests that D.

575  destructiva may exploit oxidative stress as a signaling mechanism in the process of sporulation.
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576  ROS are commonly considered damaging byproducts of metabolism, yet they also play a

577  regulatory role in fungal development, including conidiation and spore germination [94].

578  Decreased ROS neutralization may highlight a critical aspect of stress adaptation by the

579  pathogen during the reproductive phase, by enabling D. destructiva to leverage controlled

580  oxidative stress as a tool for spore development and dispersal, as compared with neutralizing
581  ROS during the vegetative stage. Downregulation of NAD/NADP-dependent octopine/nopaline
582  dehydrogenase (g5346), an enzyme involved in nitrogen metabolism, suggests that nitrogen

583  assimilation is less active during sporulation, which is a resource conservation strategy

584  documented in other fungi [95,96].

585 Juglanconis japonica isolate VA17B exhibited a contrasting gene expression pattern
586  under sporulation, with an upregulation of ROS detoxification, nitrogen metabolism, and copper
587  homeostasis genes. This suggests that J. japonica employs a different sporulation strategy,

588  possibly requiring tighter regulation of redox balance, energy production, and metal ion

589  homeostasis compared to D. destructiva. These differences may reflect species-specific

590 adaptations to the environmental conditions in which they sporulate. For example, J. japonica
591  might require more stringent control over ROS and metal ions in its ecological niche, whereas D.
592  destructiva may benefit from transient oxidative stress signals that facilitate sporulation.

593  Although both fungal species share similar ecological niches, their divergent gene expression

594  profiles suggest different molecular strategies for host interaction and reproduction [33].

595  Virulence factors reflect hemibiotrophic adaptation

596 Candidate virulence factor identification revealed enzymatic mechanisms that facilitate
597  host invasion, which underscores the complexity of D. destructiva’s hemibiotrophic life cycle.

598  The transition between biotrophic and necrotrophic phases is a hallmark of hemibiotrophic
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599  pathogens that requires precise regulation of virulence factors to suppress host defenses early in
600 infection and later, results in degradation of host tissues for nutrient acquisition [35]. The

601  extensive repertoire of CAZymes active in D. destructiva suggests key roles for fungal cell wall
602  modification, host tissue degradation, and nutrient acquisition, which are all processes critical for
603  both early colonization and late-stage disease progression [92]. The upregulation of glycoside
604  hydrolases (g2406 and g8809) during sporulation indicates that host cell wall degradation

605 facilitates nutrient uptake required for sporulation. CAZymes are crucial virulence factors in
606  many phytopathogens, with gains or losses of specific CAZyme families often driving

607  evolutionary shifts in pathogenicity [92]. For example, in C. parasitica, the loss of specific

608 CAZyme genes has been linked to a transition towards increased pathogenicity, a transition that
609 is absent in related non-pathogenic Cryphonectria species [92].

610 The abundance of predicted signal peptides in D. destructiva suggests a rich, diverse
611  secretome that may be critical for both host colonization and tissue necrosis. Signal peptides
612  direct proteins, including effectors, to the secretory pathway, where the proteins are cleaved by
613  signal peptidases and ultimately secreted into the host [78]. Upregulation of the Sec/SPI pathway
614  (g2406 and g8809) during sporulation suggests a complex mechanism for host interactions,

615  potentially contributing to fungal pathogenicity and adaptation. The upregulation of Sec/SPI
616  pathways indicate a sophisticated mechanism for targeting plant cells, in support of the notion
617  that D. destructiva relies on both enzymatic degradation and immune suppression to establish
618 infection and promote sustained disease progression in the infected host plant.

619 Effectors, which manipulate and suppress host immune responses, play a critical role in
620  fungal pathogenicity and are among the most rapidly evolving genes due to frequent mutation

621  and recombination activity [97,98]. These protein effectors are particularly important during the
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622  biotrophic phase, when the pathogen must evade recognition and effector-triggered

623  hypersensitivity in the host. The upregulation of g2406 as a cytoplasmic effector suggests that
624  this gene may facilitate host immune response evasion during sporulation. Contrastingly,

625 downregulation of apoplastic effectors (g9868) and cytoplasmic effectors (g9869) may indicate a
626 finely tuned regulatory mechanism that tempers aggressive actions of the pathogen during

627  sporulation. However, as infection progresses, it is possible that effector-triggered immunity
628 leading to cell apoptosis could signal a shift from biotrophy to necrotrophy in D. destructiva.
629  Further time-course research is needed to validate this relationship.

630 Altogether, our study provides insight into virulence mechanisms and metabolic shifts
631  that support infection and sporulation in D. destructiva. These findings contextualize the gene
632  expression profile of D. destructiva at critical life cycle transitions, as well as offer novel insight
633 into potential virulence mechanisms in one of the most severe forest epidemics of the 20th

634  century in North America. This work also strengthens the foundation for comparative genomics
635  with other Diaporthalean pathogens, which are known or are positioned to negatively impact
636  forest ecosystems. Understanding genome-scale diversity among pathogens will enhance our
637 ability to forecast future biosecurity risks. As anthropogenic factors such as global trade and
638 climate change continue to facilitate the spread of pathogens, integrating such multi-omics

639  resources into early detection frameworks and risk assessment models will be essential for

640  proactive conservation and the safeguarding of forest ecosystems.
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663  presence of strictly mycelia (left) and both mycelia and acervuli (right). The isolate shown is
664  Discula destructiva isolate AS111.

665  Fig S2. Telomeric signal plot for the nuclear genome assembly of Discula destructiva.

666  Telomeric signal plot from tidk v0.2.65 showing the distribution of telomeric motifs 5°-

667 (TTAGGG/CCCTAA),-3 across the eight chromosome-level scaffolds in the D. destructiva

668  ASI111 nuclear genome assembly. Peaks at the beginning and end of each scaffold indicate the
669  presence of telomeric repeats. Scaffold lengths are shown in megabases (Mb).

670  Fig S3. PCA plot of gene expression variance among Discula destructiva isolates (AS111 and
671  WAP31) and Juglanconis japonica (isolate VA17B). The principal component analysis (PCA)
672  was generated using DESeq2 (v1.42.1). The x-axis (PC1) and y-axis (PC2) explain 54% and
673  16% of the total variance, respectively. Each point represents a sample (n = 18), color-coded by
674  growth medium: sporulating treatment (OAK-red) and non-sporulating treatment (PDA—teal).
675  Black ellipses highlight sample clustering within each isolate. Separation along PC1 reflects
676 inter-familial divergence between D. destructiva and J. japonica, while PC2 reflects intra-species
677  variation within D. destructiva. AS111 belongs to the southern region genetic cluster (collected
678 in 2000), and WAP31 to the western region cluster (collected in 1989) (Mantooth et al., 2017).
679  Table S1. Diaporthalean chromosome-scale genome assemblies on NCBI. Current

680  chromosome-level genome assemblies for five economically and ecologically destructive

681  Diaporthalean pathogens available in NCBI.

682  Table S2. List of Abbreviations. List of commonly used abbreviations throughout this

683  manuscript.

684  Table S3. Raw HiFi long-read sequencing statistics for Discula destructiva isolate AS111.

685  Statistics were provided from the raw Pacbio HiFi run using the Revio system.
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686  Table S4. Genome assembly statistics for the nuclear genome assembly of Discula

687  destructiva isolate AS111. Genome statistics generated using the BBMap v39.06 stats function.
688  Contig-level assembly refers to the assembly prior to scaffolding, mitochondrion filtering, gap
689  closing, and telomere-to-telomere (T2T) verification. Chromosome-level assembly refers to the
690 assembly after scaffolding and mitochondrion filtering, but before gap closing and T2T

691  verification. Final T2T assembly refers to the assembly after scaffolding, mitochondrial filtering,
692  gap closing, and T2T verification.

693 Table S5. Genome annotation statistics for the nuclear genome assembly of Discula

694  destructiva isolate AS111. Structural annotations were performed using BRAKER v3.0.8.

695 Repeats were modeled using RepeatModeler v2.0.5 and masked using RepeatMasker v4.1.6.
696  These statistics were generated by mapping all raw RNAseq reads for D. destructiva (isolates
697 AS111 and WAP31) and J. japonica (isolate VA17B) to the D. destructiva AS111 reference
698  genome.

699 Table S6. RNAseq read statistics for Discula destructiva and Juglanconis japonica. RNA
700  sequencing was performed with a SP, 300 cycle flow cell on a NovaSeq platform. Statistics for
701 pre- and post-trimmed RNAseq read-pairs were generated using FastQC v0.11.7. Quality

702  trimming of RNAseq read-pairs was performed with BBDuk v39.06.

703  Table S7. Mapping rates of Discula destructiva and Juglanconis japonica RNAseq read-
704  pairs. Reads were mapped to the D. destructiva AS111 reference genome using STAR v2.7.11b.
705  OAK: sporulating treatment (mycelia and acervuli present). PDA: non-sporulating treatment
706  (strictly mycelia).

707  Table S8. 240 differentially expressed genes identified under the sporulation treatment.

708  Significance was identified using an adjusted P value (padj) < 0.05 via DESeq2 v1.42.1. Of the
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709 240 genes, 162 genes were upregulated, and 78 genes were downregulated. Reads from D.

710  destructiva (isolates AS111 and WAP31) and J. japonica (isolate VA17-B) were mapped to the
711 D. destructiva AS111 reference genome using STAR v2.7.11b.

712  Table S9. KEGG Ontology (KO) annotations for 240 significant sporulation genes.

713  Significance was identified using an adjusted P value (padj) < 0.05 via DESeq2 v1.42.1.

714  Multiple KO annotations may be displayed for one gene. “NA” represents genes which could not
715  be functionally annotated with EnTAP v1.0.0.

716  Table S10. Candidate virulence factors identified for Discula destructiva isolate AS111.

717  These virulence factors were predicted using the D. destructiva isolate AS111 proteome that was
718  generated by BRAKER v3.0.8. A total of 11,480 protein sequences were profiled for each of the
719  three virulence factors. Signal peptides were predicted using SignalP v5.0. CAZymes were

720  predicted using dbCAN v4.1.4. Effectors were predicted using EffectorP v3.0.

721 Table S11. Gene IDs and their predictions as signal peptides. SignalP v5.0 was used to

722  predict signal peptides from 11,480 protein sequences using the Discula destructiva AS111

723  proteome.

724  Table S12. Gene IDs and their predictions as carbohydrate-active enzymes (CAZymes).
725 DbCAN v4.1.4 was used to predict CAZymes from 11,480 protein sequences using the Discula
726  destructiva AS111 proteome.

727  Table S13. Gene IDs and their predictions as effectors. EffectorP v3.0 was used to predict
728  effectors from 11,480 protein sequences using the Discula destructiva AS111 proteome.

729  Table S14. Gene IDs of differentially expressed sporulation genes identified as candidate
730  virulence factors. Of the 240 differentially expressed sporulation genes (padj < 0.05), 117 were

731 identified to have predicted protein sequences that overlapped with at least one of the three
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732 virulence factors (e.g. signal peptides, CAZymes, or effectors). Signal peptides were predicted
733  using SignalP v5.0. CAZymes were predicted using dbCAN v4.1.4. Effectors were predicted
734  using EffectorP v3.0.33

735  File S1. HMW DNA Extraction Protocol for Discula destructiva. HMW DNA extraction
736  protocol optimized for the filamentous fungus, Discula destructiva.

737  File S2. Polysaccharide Purification Protocol. High salt, low ethanol polysaccharide

738  precipitation to purify genomic DNA for PacBio HiFi sequencing.

739  File S3. RNA Extraction Protocol. RNA extraction protocol optimized for the filamentous
740  fungi, Discula destructiva and Juglanconis japonica.

741 File S4. Mt_removal.py. Python script to identify mitochondrial sequences in the nuclear
742  assembly by finding and removing any contigs with aligned regions that have more than 90%
743  alignment.

744  File S5. DGE_Analysis.R. Differential gene expression analysis of sporulating samples using
745  DESeq2.

746  File S6. GO_Enrichment.R. GO and KO Associations for differentially expressed sporulation
747  genes.

748  File S7. Virulence Factors.R. Overlap Between Virulence Factors and Sporulation Genes.
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