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Abstract

The host range of parasites is an important factor in assessing the dynamics of disease
epidemics. The evolution of pathogens to accommodate new hosts may lead to host
range expansion, a process the molecular bases of which are largely enigmatic. The
fungus Sclerotinia sclerotiorum parasitizes more than 400 plant species from diverse
eudicot families while its close relative, S. trifoliorum, is restricted to plants from the
Fabaceae family. We analyzed S. sclerotiorum global transcriptome reprogramming on
hosts from six botanical families and reveal a flexible, host-specific transcriptional
program driven by core and host-response co-expression (SPREX) gene clusters. We
generated a chromosome-level genome assembly for S. trifoliorum and found near-
complete gene space conservation in broad and narrow host range Sclerotinia species.
However, S. trifoliorum showed increased sensitivity to the Brassicaceae defense
compound camalexin. Inter-specific transcriptome analyses revealed a lack of
transcriptional response to camalexin in S. trifoliorum and provide evidence that cis-
regulatory variation associates with the genetic accommodation of Brassicaceae in the
Sclerotinia host range. Our work demonstrates adaptive plasticity of a broad host range
pathogen with specific responses to different host plants and demonstrates the co-
existence of signatures for generalist and polyspecialist life styles in the genome of a
plant pathogen. We reason that this mechanism enables the emergence of new disease
with no or limited gene flow between strains and species, and could underlie the
emergence of new epidemics originating from wild plants in agricultural settings.

Key words: Mycotoxins, Plant defense, Regulatory variation, RNA sequencing,
Sclerotinia, Virulence

Abbreviations:

DE Differential expression

DEG Differentially expressed gene

FPKM Fragments per kilobase of transcript per million mapped reads
GO Gene ontology

oG Orthogroup

PDA Potato dextrose agar

PDB Potato dextrose broth

RNA-seq Whole transcriptome shotgun sequencing

TE Transposable element
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62 Introduction

63

64 The range of hosts that pathogens can infect is determined by genetic and
65 environmental factors. This host range is an important factor in assessing the dynamics
66 of disease epidemics. Specialists parasitize one or few hosts, such as the malaria
67 parasite Plasmodium falciparum which is specific to humans (Otto et al., 2018) or the
68 cereal powdery mildews infecting only cereals like rye and wheat (Troch et al., 2014).
69  Generalists on the other hand have the ability to live on a range of diverse hosts, as for
70 instance influenza A viruses infecting various Avian and Mammal species (Cauldwell et
71 al.,, 2014). Natural selection by host populations and environmental factors drives
72 frequent host switches and variations in pathogen host range. Specialization occurs
73 when a pathogen adapts to a specific host and enters a co-evolutionary arms race with
74  it. In some instances, adaptation following host switching and host jumps involves the
75  ability to efficiently colonize new hosts while retaining the ability to colonize the original
76 host lineage, resulting in host range expansions (Nylin and Janz, 2009; Thines, 2019).
77 Adaptation to the gene-for-gene type of plant resistance is a paradigmatic
78 example of co-evolutionary arms race (Flor, 1971). Plant resistance genes typically
79  recognize specific pathogenic proteins called effectors and mount a resistance reaction
80 upon perception. Adapted pathogens evolved to avoid recognition by modification or
81 loss of the respective effector (Jones and Dangl, 2006). This involves rapid adaptation,
82 for example by selective sweeps (Sanchez-Vallet et al., 2018) leaving characteristic
83  patterns of variation in the genome of plant pathogens (Mdller and Stukenbrock, 2017,
84  Raffaele and Kamoun, 2012). In the potato late blight pathogen Phytophthora infestans,
85 the resulting genetic variation is notably responsible for a tradeoff in effector activity on
86 targets from different hosts (Dong et al., 2014) and distinctive two-speed genome
87 architecture (Dong et al., 2015; Raffaele et al., 2010). In addition, balancing selection
88 occurs by genetic exchange between pathogen populations through gene flow and
89 allows polymorphisms to persist in the gene pool and increases the genetic diversity in
90 populations (Thrall et al., 2012). Arms-race models generally assume an isolated
91 pathogen co-evolving with one host via pairwise selection. However, pathogen
92 genomes often evolve in response to selection caused by more than one host under
93 diffuse co-evolution (Ebert and Fields, 2020; Janzen, 1980). Genomic signatures of
94  diffuse selection and molecular adaptations associated with interaction with multiple
95 hosts are largely unresolved (Ebert and Fields, 2020).

96 Theories of evolutionary transitions suggest that genetic accommodation of
97 pathogens to new hosts could entail general-purpose molecular bases supporting the
98 colonization of any host (true generalist), or multiple modules dedicated to the
99  colonization of specific hosts (polyspecialist) (Nylin and Janz, 2009; West-Eberhard,
100 1989). Comparative genomic studies have highlighted the role of expansion of gene
101 families related to secondary metabolism and detoxification in host range expansion in
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102  insect (Simon et al., 2015) and fungal (Baroncelli et al., 2016) plant pathogens. A recent
103  comparative study reported the transition from specialized one-speed genomes towards
104  adaptive two-speed genomes correlated with increased host range in ergot fungi (Wyka
105 et al., 2020). Similarly, analysis of seven fungi from the Metarhizium genus of
106 entomopathogens showed an expansion in genes encoding G protein-coupled
107  receptors, proteases, transporters, enzymes for detoxification and secondary metabolite
108  biosynthesis, coinciding with increased host range (Hu et al., 2014). In this lineage,
109  horizontal gene transfers contributed to host range expansion (Zhang et al., 2019a). By
110  contrast, genome size was inversely correlated with host range in Helicoverpa
111 butterflies (Zhang et al., 2019b). The genome of the generalist aphid Myzus persicae
112 has a gene count half that of Acyrthosyphon pisum, which is specialized on pea.
113  Instead, M. persicae colonizes diverse host plants through rapid transcriptional
114  induction of specific gene clusters (Mathers et al., 2017). These studies support the
115  polyspecialist model of host range expansion in which pathogen genomes harbor
116  several specialized gene modules, resulting from gene family expansion or differential
117  gene expression.

118 The white mold fungus Sclerotinia sclerotiorum is a typical generalist plant
119  pathogen infecting more than 400 plant species (Boland and Hall, 1994). Its genome
120 lacks signatures of selective sweeps (Derbyshire et al.,, 2019a) and two-speed
121 architecture (Derbyshire et al., 2017). Host colonization by S. sclerotiorum is supported
122 by division of labor enabling cooperation between cells of invasive hyphae (Peyraud et
123 al.,, 2019). In addition, the S. sclerotiorum genome shows signatures of adaptive
124  translation, a selective process shaping the optimization of codon usage to increase
125  protein synthesis efficiency. Codon optimization is particularly clear in genes expressed
126  during plant colonization and encoding predicted secreted proteins (Badet et al., 2017).
127  Division of labor and codon optimization increase S. sclerotiorum fitness independently
128  of the host genotype and therefore constitute genomic signatures of a true generalist.
129 By contrast, a study of a few effector candidate genes suggested the existence of plant
130  host-specific expression patterns (Guyon et al.,, 2014) and various small RNAs are
131  differentially expressed on A.thaliana and common bean (Phaseolus vulgaris)
132 (Derbyshire et al., 2019b). Furthermore, various isoforms originating from host-specific
133  alternative splicing add additional plasticity to the transcriptomic profile of
134  S. sclerotiorum (Ibrahim et al., 2020) and suggest polyspecialist adaptations in this
135  species. Nevertheless, the extent to which the S. sclerotiorum genome harbors
136  signatures of adaptation to a polyspecialist lifestyle has not been fully elucidated.

137 To test whether S. sclerotiorum activates distinct gene sets for the infection of
138  diverse host species, we took advantage of transcriptomic expression data obtained
139  from in vitro cultures of S. sclerotiorum and during infection of plants covering major
140  botanical families in the Pentapetalae (Ibrahim et al., 2020; Peyraud et al., 2019; Sucher
141 et al.,, 2020). We reveal a flexible, host-specific transcriptional program driven by core
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142  and host-response co-expression (SPREX) clusters. Genome sequencing and assembly
143  revealed that the sister species S. trifoliorum, unable to infect Brassicaceae plants,
144  exhibits high level of gene space conservation. We show that lack of transcriptional
145 response to camalexin coincides with increased sensitivity of S. trifoliorum to this
146  Brassicacea defense compound. Interspecific comparison of promoter sequences
147 provide evidence that cis-regulatory variation associates with the genetic
148 accommodation of Brassicaceae in the Sclerotinia host range. Our work demonstrates
149  adaptive plasticity of a broad host range pathogen with specific responses to different
150 host plants and exemplifies the co-existence of signatures for generalism and
151  polyspecialism in the genome of a plant pathogen.

152

153

154 Results

155

156 A subset of host species trigger specialized transcriptome reprogramming in

157  S. sclerotiorum

158 To investigate transcriptional reprogramming in S. sclerotiorum during the
159  colonization of hosts from different botanical families, we performed RNA-seq analysis
160 of S. sclerotiorum 1980 during infection of thale cress (Arabidopsis thaliana, Ath),
161  tomato (Solanum lycopersium, Sly), sunflower (Helianthus annuus, Han), common bean
162  (Phaseolus vulgaris, Pvu), castor bean (Ricinus communis, Rco), and beetroot
163  (Beta vulgaris, Bvu). To control for variations in the kinetics of pathogen colonization on
164  different hosts, samples were collected at similar infection stages by macro-dissection
165 of disease lesion center and edge (Peyraud et al.,, 2019) in biological triplicates (36
166  samples in total). Percentage of reads mapped to S. sclerotiorum was 64.8% * 4.0 in
167 edge samples, 90.4% + 2.2 in center samples (Figure 1A). We updated the
168  S. sclerotiorum 1980 gene annotation and identified 360 genes as likely transposable
169 elements with RepeatMasker (Smit et al., 2016) that were excluded from further
170  analysis, resulting in 10,770 protein-coding genes in S. sclerotiorum (Supplementary
171  Table 1). We filtered out genes weakly or not expressed by excluding genes with FPKM
172 < 25 in all 36 plant infection samples and in S. sclerotiorum mycelium grown in vitro in
173  PDB and on PDA plates, leaving 7,524 genes for differential expression (DE) analysis
174  (Supplementary Table 2). The center and edge of mycelium grown in PDA were used
175  as references in DE analysis for center and edge of lesion, respectively, leading to the
176  identification of 2,625 DEGs in total. We identified 1,120 and 1,209 genes significantly
177  up-regulated (log, fold change LFC = 1; adjusted p-value < 0.01) in lesion edge and
178  center, respectively (Figure 1B, Supplementary Table 3) across six hosts. There was
179  a total of 592 and 1,103 genes significantly down-regulated in lesion edge and center
180  respectively across six hosts.
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181
182 Figure 1. Differential regulation of S. sclerotiorum transcriptome during the colonization of plants

183  from six botanical families. (A) Proportion of RNA sequencing reads from colony edge samples (green)
184  and colony center samples (brown) mapped to a unigue position in the S. sclerotiorum genome (% of all
185 reads). Results from samples collected in three independent biological replicates are shown, grey dashed
186  line shows average for all samples. Boxplots show 1st and 3rd quartiles (box), median (thick line) and the
187 most dispersed values within 1.5 times the interquartile range (whiskers). (B) Number of S. sclerotiorum
188 genes expressed differentially (DEGs) on each host compared to in vitro-grown colonies. Bubbles of the
189  venn diagrams are sized proportionally to the number of DEGs in each treatment, labels on the right and
190 left side showing the corresponding number of genes. DEGs detected in colony edge are shown in green,
191 those in colony center are shown in brown. The upper half of the bubbles corresponds to genes
192 upregulated, the lower half to genes downregulated. The proportion of upregulated genes unique to edge
193 samples is labelled on diagrams and the corresponding sectors highlighted by dotted lines. (C)
194  Hierarchical clustering of edge samples based on the expression of 2,625 DEGs. Numbers in branch
195 labels correspond to biological replicates. (D) Distribution of DEGs according to host species. For each
196  sector, the upper value (A) correspond to upregulated genes, the lower value (V) to downregulated
197  genes. The central dark grey hexagon shows DEGs detected on all six host, the light grey hexagon
198 shows DEGs detected on 2 to 5 hosts. Ath, Arabidopsis thaliana; Bvu, Beta vulgaris; Han, Helianthus
199 annuus; Pvu, Phaseolus vulgaris; Rco, Ricinus communis; Sly, Solanum lycopersicum.
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200 We noted a strong variation in the number of S. sclerotiorum DEGs on the
201  various host plants (Figure 1B, Supplementary Table 4). The number of upregulated
202 genes in lesion edge ranged from 110 on H. annuus to 777 on B. vulgaris (7.1-fold
203  variation) and the number of down-regulated genes in lesion edge ranged from 16 on S.
204  lycopersicum to 409 on R. communis (25.6 fold variation). The number of S.
205  sclerotiorum DEGs in lesion center varied between hosts to a lesser extend (2.6 and
206 12.6 fold variation for genes up- and down-regulated, respectively). As suggested by
207 (Peyraud et al., 2019), the degree of differentiation between edge and center cells
208 varied according to the host, with 14.1% of DEGs specific to fungal edge cells on S.
209 lycopersicum and up to 26.2% on A. thaliana and B. vulgaris. Hierarchical clustering
210  (Figure 1C) and principal component analysis (Supplementary Figure 1) using FPKM
211 values for the 2,625 DEGs showed clear separation of S. sclerotiorum gene expression
212 in edge samples according to the infected host (Supplementary Table 5). In colony
213  edge, 53 DEGs (4.7%) were upregulated during the colonization of all host plants, 483
214 DEGs (43.1%) where upregulated on at least two host plants, and 584 DEGs (52.1%)
215  showed specific upregulation on one host (Figure 1D). Similarly, 5 DEGs (0.8%) were
216  downregulated during the colonization of all host plants, 78 DEGs (13.2%) were
217 downregulated on at least two host plants, and 509 DEGs (86%) were downregulated
218  during the colonization of one host only. The number of genes upregulated on one host
219  only represented 0% on S. lycopersicum, 4.5% on P. vulgaris, 14.7% on A. thaliana,
220 15.5% on H. annuus, 32.3% on R. communis and 39.6% on B. vulgaris. These results
221  suggest that the colonization of S. lycopersicum relies mostly on S. sclerotiorum core
222 virulence genes while the colonization of A. thaliana, R. communis and B. vulgaris may
223 require the activation of host-specific fungal virulence programs.

224
225 The functional landscape of S. sclerotiorum core and host-specific transcriptome
226 To document the functional diversity of S. sclerotiorum genes differentially

227  expressed during host colonization, we analyzed GO and PFAM annotation enrichment
228  with genes upregulated in planta. We detected 229 GO terms in the 7,423 expressed
229 genes, distributed among 6,164 genes, leaving 1,259 genes (16.9%) with no GO
230 annotation. In addition to the three root ontologies, used for the annotation of genes with
231 unknown function, we found 11 GOs significantly enriched with upregulated genes (chi-
232 squared adjusted p-val < 0.01) during the colonization of at least one plant
233  (Supplementary Table 6). The six ontologies enriched in genes upregulated during the
234  colonization of multiple host species related to the metabolism of cell wall compounds
235 (GO0:0016798, GO:0005975, GO:0044723), redox homeostasis (GO:0016491) and the
236 extracellular space (GO:0005615, GO:0005576). The ontology “pathogenesis”
237  (GO:0009405) was enriched in genes upregulated during infection of tomato,
238  “secondary metabolic process” (G0:0019748) and three ontologies related to
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239  membrane transport (GO:0016020, GO:0016021, GO:0022857) were enriched in genes
240 upregulated during infection of beetroot.
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243 Figure 2. Distribution of S. sclerotiorum functional gene groups according to hosts in which they
244  are transcriptionally upregulated. (A) PFAM domains enriched with upregulated genes according to
245 host. Domains enriched with genes upregulated on one host only or five and six hosts are labelled on the
246  figure, with font color corresponding to host species. (B) Hierarchical clustering of log, fold change of
247 expression for 147 expressed genes encoding glycosyl hydrolases. Eleven hierarchical clusters labelled
248 a-k were delimited. (C) Hierarchical clustering of log, fold change of expression for 59 expressed genes
249 encoding cytochrome p450. Eight hierarchical clusters labelled a-h were delimited. (D) Distribution of
250  genes encoding predicted secreted proteins according to host species in which they are upregulated. (E)
251 Proportion of genes encoding predicted secreted proteins among all expressed genes and genes
252 upregulated in planta. Ath, Arabidopsis thaliana; Bvu, Beta vulgaris; Han, Helianthus annuus; Pvu,
253 Phaseolus vulgaris; Rco, Ricinus communis; Sly, Solanum lycopersicum.

254

255

256 We detected 8,764 PFAM domains in the 7,423 expressed genes, distributed
257 among 5,746 genes, leaving 1,677 genes (22.6%) with no PFAM annotation. We found
258 94 PFAMSs significantly enriched with upregulated genes (chi-squared adjusted p-val <
259  0.01) during the colonization of at least one plant (Figure 2A, Supplementary Table 7).
260  Thirteen of these PFAMs were enriched in genes upregulated during the colonization of
261 five or six host species, including galactosidase (PF10435, PF13363, PF13364,
262 PF16499), glycosyl hydrolase (PF00150, PF01301, PF00295), sugar transporter
263 (PF00083), cytochrome P450 (PF00067) and domain of unknown function DUF4965
264 (PF16335) domains. Forty PFAMs were enriched in genes upregulated during the
265 colonization of a single host species. This included glycosyl hydrolase domains
266 (PFO0723 and PF00232 on A. thaliana, PFO7745 on R. communis, PF03443 and
267 PF00457 on B.vulgaris). Several domains were likely related to detoxification
268  processes, such as the condensation domain (PFO0668) enriched on P. vulgaris and
269 involved in non-ribosomal peptide biosynthesis, the stress responsive A/B barrel domain
270 (PF07876) and the HpcH/Hpal aldolase/citrate lyase family domain (PF03328) enriched
271 on R. communis and the Epoxide hydrolase domain (PF06441) enriched on H. annuus.
272 Next, we examined the differential expression pattern of the largest gene families
273 enriched in upregulated genes using hierarchical clustering of LFC values. We identified
274 147 expressed genes harboring a glycosyl hydrolase (GH) domain that classified into 11
275  hierarchical clusters (a to k, Figure 2B). The colonization of each host upregulated
276 specific sets of GH genes. For instance, the colonization of H. annuus activated mostly
277  GH genes from clusters a, b, c, d, e ,j and k. The colonization of B. vulgaris activated
278 mostly GH genes from clusters f, g, h and i, while the colonization of A. thaliana
279  activated mostly GH genes from clusters b, c, f and j. We identified 59 expressed genes
280 harboring a cytochrome p450 domain (Peyraud et al., 2019) into 8 hierarchical clusters
281 (a to h, Figure 2C). Here again, the colonization of each host lead to a specific
282  signature of p450 genes upregulated in S. sclerotiorum. Genes upregulated belonged to
283  clusters a and f on H. annuus, e on S. lycopersicum, ¢ on R. communis, a, b and d on
284  A. thaliana. The 1,120
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287 expression information along the 16 chromosomes of S. sclerotiorum. From outermost to innermost track:
288 S. sclerotiorum chromosomes with sequence length indicated in million base pairs (Mbp); position of in
289 planta induced genes represented by circles colored according to hosts in which the gene is induced;
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290 position of secondary metabolite biosynthetic clusters identified by AntiSMASH; position of Sclerotinia
291 plant response co-expression (SPREX) clusters identified in this work; local expression correlation along
292 chromosomes, highlighted in red in regions where 20.15; inter-host expression variance along
293  chromosomes (log scale), highlighted in blue in regions where 22.739. (B) Distribution of SPREX clusters
294  according to their average local expression correlation (X-axis) and inter-host expression variance (log
295 scale, Y-axis). Bubbles are sized according to the number of genes in SPREX clusters, from 5 to 43, and
296 colored according to the chromosome they belong to (same color code as in A). (C) Expression of a
297  subset of genes from the core SPREX cluster 7.2. The position and orientation of genes is indicated by
298  arrowheads, labelled with gene names. The size of bubbles shows the average FPKM values for each
299  gene in six conditions. (D) Same as C for the host-specific SPREX cluster 15.5. Ath, Arabidopsis thaliana;
300 Bvu, Beta vulgaris; Han, Helianthus annuus; Pvu, Phaseolus vulgaris; Rco, Ricinus communis; Sly,
301  Solanum lycopersicum.

302

303

304 upregulated genes included 246 genes (21.9%) coding for putative secreted proteins,
305 among which 44 (17.9%) were upregulated on five or six hosts, 95 (38.6%) were
306  upregulated on two, three or four hosts, and 105 (42.6%) were upregulated on one host
307 only (Figure 2D). Genes encoding putative secreted proteins represented 8.5% of the
308 7,423 expressed genes, 18.3% of genes upregulated on one host, 23.2% of genes
309 upregulated on two, three or four hosts and 35.5% of genes upregulated on five or six
310 hosts (Figure 2E). This enrichment is consistent with a prominent role of fungal
311  secreted proteins in the interaction with host plants and indicates that secreted proteins
312  contribute to a larger part of S. sclerotiorum core infection program than host-specific
313  infection programs.

314

315 S. sclerotiorum transcriptome is organized in generalist and host-specialized

316 genomic clusters

317 Several fungal genomes harbor biosynthetic clusters containing co-expressed
318 genes (Amon et al., 2017; Wisecaver and Rokas, 2015). To determine the extent to
319  which S. sclerotiorum genes expressed during plant infection are organized in genomic
320 clusters, we analyzed local gene expression correlation during the infection of six host
321 plants using a sliding window approach (Supplementary Table 8). Average Pearson
322  correlation of gene expression within 9-gene windows was 0.077 + 0.076 at the whole
323 genome scale. 2,222 windows had Pearson correlation 20.15, 634 of which (28.5%)
324 residing in 58 loci that we designated as Sclerotinia plant-response co-expression
325 (SPREX) clusters distributed along the 16 chromosomes of S. sclerotiorum (Figure 3A).
326 SPREX clusters included 5 to 46 genes, with an average local expression correlation
327 between 0.136 and 0.298 (Supplementary Table 9). Twenty-five SPREX clusters
328 (43.1%) overlapped at least partly with predicted secondary metabolite biosynthetic
329 clusters identified with AntiSMASH (Graham-Taylor et al., 2020), 48 SPREXx clusters
330 (82.8%) included at least one gene significantly induced in planta.
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331 To gain an overview of the consistency of S. sclerotiorum gene expression
332 across hosts, we calculated the inter-host expression variance for each gene using
333 FPKM values in edge samples during the infection of six host plants (Supplementary
334 Table 8-9). Average log of inter-host expression variance was 2.739 at the genome
335 level and ranged from 2.325 to 3.481 for the 58 SPREX clusters (Figure 3B). This
336 identified SPREX clusters in which genes are expressed stably in all colonized hosts
337 (inter-host expression variance lower than genome average), such as cluster 7.2. This
338 expression cluster includes a secondary metabolite biosynthetic cluster
339 (Sscle07g056450 to Sscle07g056660) weakly expressed in planta, and a region with
340 genes induced in planta and genes encoding predicted secreted proteins
341  (Sscle07g056950 - Sscle07g056990, Sscle07g057030) (Figure 3C). We also identified
342 SPREXx clusters harboring genes with expression highly variable according to host
343  (inter-host expression variance higher than genome average), such as cluster 15.5. This
344 SPREXx cluster overlaps with two secondary metabolite biosynthetic clusters
345 (Sscle15g106410 to Ssclel5g106590, orthologous to B. cinerea botcinic acid
346  biosynthetic cluster (Dalmais et al., 2011; Graham-Taylor et al., 2020; Peyraud et al.,
347  2019), and Sscle159g106630 to Sscle15g107150) and includes seven genes encoding
348 predicted secreted proteins. Genes of SPREXx cluster 15.5 corresponding to botcinic
349  acid biosynthesis cluster are highly expressed during the colonization of A. thaliana but
350 not the other five plant species we tested (Figure 3D).

351 To gain insights into biological processes associated with the physical clustering
352 of genes in the S. sclerotiorum genome, we analyzed gene ontologies and PFAM
353 domains enriched with genes present in SPREX clusters (Supplementary Table 10).
354  Eighty-one GOs were significantly enriched with genes in SPREX clusters (chi-squared
355 test adjusted p-val < 0.01), including 30 *“biological process” GOs, 20 “cellular
356 component” GOs and 31 “molecular function” GOs. Eleven PFAM domains were
357 significantly enriched with genes in SPREX clusters. The enriched annotations were
358 notably related to secondary metabolism (GO:0019748 “secondary metabolic process”,
359 PF00109, PF16197 and PF02801 “Ketoacyl synthase”, PF14765 “Polyketide synthase
360 dehydratase”, PF00698 “Acyl transferase”), cytoskeleton dynamics (G0O:0008092
361  “cytoskeletal protein binding”, GO:0005856 “cytoskeleton”, PF00307 “Calponin
362 homology”), cell wall remodeling (GO:0005975 *“carbohydrate metabolic process”,
363 G0:0016798 “hydrolase activity, acting on glycosyl bonds” PF00187 “Chitin recognition
364 protein”, GO:0005618 “cell wall”’), and cellular signaling (PFO0071 “Ras family”,
365 GO0006950 “response to stress”, GO0007165 “signal transduction”, GO0001071 “DNA-
366  binding transcription factor activity”).

367

368
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369  S.trifoliorum SwB9 genome assembly and annotation reveals a nearly complete
370 conservation of S. sclerotiorum genes induced in planta

371 S. trifoliorum is closely related to S. sclerotiorum but has a host range restricted
372 to plants in the Asterales and Fabids families (Navaud et al., 2018). Unlike
373  S. sclerotiorum, S. trifoliorum colonizes A. thaliana very poorly to not at all. To gain
374 insights into the evolution of A. thaliana-specific upregulated genes in the Sclerotinia
375 lineage, we performed genome sequencing of S. trifoliorum isolate SwB9 using lllumina
376  short-read and nanopore long-read data. The final genome assembly of S. trifoliorum
377 SwB9 comprised 42 contigs totaling 39,909,921 bp. The assembly contained 32 cases
378  of canonical telomeric repeat sequences (5-TTAGGG-3" hexamer; 15 to 28 tandem
379 copies), suggesting that like S. sclerotiorum S. trifoliorum SwB9 possesses 16
380 chromosomes. We assessed completeness of the genome with BUSCO (Siméo et al.,
381  2015) and found 97.4% of highly conserved ascomycete genes present, suggesting
382 near-complete gene space coverage. According to RepeatMasker v4.0.7, around 3.7%
383  of the genome are repetitive or made up of transposable elements, which is somewhat
384 lower than the 6.2% found in S. sclerotiorum (Derbyshire et al., 2017). Three contigs
385  (tig00000348, tig00000347, and tig00000297) had BLASTN hits for mitochondrial DNA,
386 indicating that these contigs belong to the S. trifoliorum SwB9 mitochondrion with a total
387 length of at least 226,016 bp.

388 According to synteny analysis with MUMmer3 (Kurtz et al., 2004), the genomes
389 share a high level of collinearity (Figure 4A), and 67.2% of the S. trifoliorum genome
390 aligned to 68.8% of the S.sclerotiorum genome. While most S. sclerotiorum
391 chromosomes are syntenic, we found cases of inversions as well as an apparent
392 chromosome arm exchange of chromosomes 6 and 12 in the genome of S. trifoliorum
393 on the corresponding contigs tigd0000041 and tig00005977 (Figure 4B). Overall, we
394 generated a near-chromosome assembly for S. trifoliorum SwB9 of sufficient quality for
395 gene space comparison with S. sclerotiorum.

396 Next, we used BRAKER2 (Hoff et al., 2016) for unsupervised ab initio gene
397 prediction based on RNA-seq. BRAKER2 predicted 11,290 gene models (11,283
398 excluding removed and mitochondrial contigs). We then used WebApollo (Lee et al.,
399  2013) for manual curation, resulting in 10,626 unique gene models in the S. trifoliorum
400 SwB9 annotation, 28 of which are incomplete (lacking start or stop codon) due to
401 terminal location in their contig. The S. trifoliorum proteome comprises 2,020 proteins
402  with putative transmembrane domains, and according to PFAM prediction using
403 hmmscan (Supplementary Table 11), the most abundant domains are transporter
404 domains (MFS1 and AAA-type), kinases, alcohol dehydrogenase, and Zn-cluster. 705
405  proteins contained predicted secretion signal peptides, 73 of which are possible effector
406  candidates according to an EffectorP 2.0 search (Sperschneider et al., 2018).

407
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408 Table 1. S. trifoliorum SwB9 genome assembly statistics.

Feature S. sclerotiorum 1980  S. trifoliorum SwB9
Genome [bp] 38,906,597 39,909,921
Estimated size [kmer] - 38.5 Mb
Genomic contigs - 42
Mitochondrial contigs 1 3
Mitochondrial genome [bp] 132,532 226,016
Full chromosomes 16 2
Number chromosomes 16 16%
Largest contig [bp] 3,951,982 3,548,298
Average length [bp] 2,431,662 836,707
GC content 41.6 % 39.9%
Coverage nanopore - 86X
Nso 2,434,682 2,127,167
Noo 1,815,632 623,328
BUSCO® - 97.4 %
Repeat elements 6.2 % 3.4%
Genes (BRAKER?2) - 11,290
Genes (curated) 10,768 (11,130)° 10,626
BUSCO°® annotation 99.3 % 97.8 %

409 % estimated by number of telomeric repeats in the assembly

410 " the number in brackets includes the transposable elements annotated as genes in (Derbyshire et al.,
411 2017)

412 ¢ using the database for ascomycete core genes (ascomycota_odb9)

413

414 Using OrthoFinder (Emms and Kelly, 2015) and including B. cinerea B05.10 (Van
415 Kan et al., 2017) and Myriosclerotinia sulcatula MySuO1 (Kusch et al., 2020) annotated
416  proteomes in the analysis, we found 9,155 orthogroups (OGs) shared between the two
417  Sclerotinia species containing 10,085 (S. sclerotiorum) and 9,922 (S. trifoliorum) genes,
418  respectively (Figure 4C and Supplementary Table 12). 8,055 OGs were common for
419  all four species, 408 of which (5.3%) contained putative secreted proteins. Altogether,
420 the genomes of the broad host spectrum fungus S. sclerotiorum and the narrow host
421  spectrum fungus S. trifoliorum are highly syntenic and harbor a conserved proteome
422  encoded by more than 9,900 core genes. 685 S. sclerotiorum genes had no ortholog in
423  S. trifoliorum, including 249 S. sclerotiorum genes from 199 OGs that did not contain
424  S. trifoliorum genes. Out of 306 S. sclerotiorum genes induced at the edge of colonies
425 on A. thaliana, 300 (98%) had orthologs in S. trifoliorum. Out of 45 S. sclerotiorum
426  genes upregulated specifically on A. thaliana, 42 (93.3%) had orthologs in S. trifoliorum.
427  Therefore, expansion of the host range of Sclerotiniaceae fungi to A. thaliana largely
428 relied on genes acquired prior to the divergence between S. sclerotiorum and
429  S. trifoliorum.

430
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432 Figure 4. The genome of S. trifoliorum resembles the genome of S. sclerotiorum. We generated a
433 near-chromosome level assembly for S. trifoliorum SwB9. (A) The synteny of the two genomes was
434  analyzed using MUMmer (Kurtz et al., 2004). The circos plot shows the synteny between the
435  chromosomes of S. sclerotiorum 1980 and the newly assembled contigs of S. trifoliorum SwB9.
436 Chromosomes and contigs shown in B are labelled with bold fonts. (B) Synteny of S. sclerotiorum
437 chromosomes 6 and 12 against the S. trifoliorum assembled contigs plotted by genoPlotR (Guy et al.,
438 2010). (C) Venn diagram summarizing the results from the Orthofinder analysis between the proteomes of
439 S. sclerotiorum 1980, S. trifoliorum SwB9, Myriosclerotinia sulcatula MySu01, and Botrytis cinerea
440 B05.10. Values in bold correspond to number of orthogroups, values in italics correspond to humber of
441 genes.

442

443

444  S. trifoliorum is highly sensitive to phytoalexins

445 Plants in the order Brassicales like A. thaliana produce tryptophan-derived

446  defensive metabolites such as indolic glucosinolates (iGLs) and the indole alkaloid
447  camalexin (cam.). The ability of some insect and fungal pathogens to metabolize these
448  plant defense compounds into non-toxic derivatives contributes to their capacity to infect
449 plants from the Brassicales (Chen et al.,, 2020) . To test whether the toxicity of
450 tryptophan-derived plant defense metabolites could explain the inability of S. trifoliorum
451  to colonize Brassicales, we compared the sensitivity of S. sclerotiorum and S. trifoliorum
452  to the five major defense tryptophan-derivatives produced by A. thaliana using an in
453  vitro growth assay (Figure 5A, Supplementary Figure 2). Overall, radial growth of S.
454  trifoliorum on PDA was slower than that of S. sclerotiorum. Nevertheless, both S.
455  sclerotiorum and S. trifoliorum tolerated similar concentrations of tryptophan,
456  raphanusamic acid, indole-3-carboxylic acid and indole-3ylmethylamine. However, the
457  growth of S. trifoliorum was completely inhibited by 125 pyM camalexin and 250 pM
458  brassinin, while S. sclerotiorum remained able to grow. To verify that these compounds
459  contribute to plant resistance to S. trifoliorum, we compared the colonization of wild type
460 and cyp79b2/b3 A. thaliana plants, defective in iGLs biosynthesis (Stotz et al., 2011)
461  (Figure 5B). Three days post inoculation (dpi), S. sclerotiorum had fully colonized 56%
462  of Col-0 wild type leaves, while S. trifoliorum hardly grew out of the inoculation plug (0%
463  of leaves fully colonized), consistent with the inability of S. trifoliorum to colonize A.
464  thaliana. The cyp79b2/b3 mutant was more susceptible to S. sclerotiorum, harboring
465 89% of leaves fully colonized at 3 dpi. Remarkably, cyp79b2/b3 plants appeared
466  susceptible to S. trifoliorum in this assay, as 67% of leaves were fully colonized at 3 dpi.
467 These results indicate that sensitivity to tryptophan-derived defense metabolites
468  contribute to the inability of S. trifoliorum to infect A. thaliana.

469
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471 Figure 5. S. trifoliorum is more sensitive than S. sclerotiorum to phytoalexins in vitro and in
472 planta. (A) Phytoalexin tolerance plate assay. S. sclerotiorum 1980 and S. trifoliorum SwB9 were
473 cultivated on potato dextrose agar (PDA) containing phytoalexins at different concentrations. The solvent
474 used for each compound is indicated between brackets. Additional concentrations and solvent-only
475 conditions are shown in Supplementary Figure 2. Photos were taken after seven days; the experiment
476  was conducted three times with similar results. Scale bar: 1 cm. (B) The A. thaliana wild type Col-0 and
477  the indole glucosinolate and camalexin deficient mutant cyp79b2 cyp79b3 were inoculated with
478 S. sclerotiorum 1980 and S. trifoliorum SwB9, respectively. Photos were taken three days after
479 inoculation. Arrowheads indicate agar plugs with S. sclerotiorum (red) or S. trifoliorum (yellow). Scale bar:
480 1 cm. The bar chart indicates the proportion of inoculated leaves fully colonized by each fungus for n=9 or
481 10 leaves.

482

483

484  S. sclerotiorum but not S. trifoliorum reprograms its transcriptome in response to
485 camalexin

486 In spite of the very high synteny of S. sclerotiorum and S. trifoliorum genomes,
487 we observed a significant difference in sensitivity to camalexin and brassinin between
488 these two species. S. sclerotiorum uses the isothiocyanate hydroxylase SsSaxA
489  (Sscle05g040340) to detoxify plant defense compounds derived from glucosinolates
490 (Chen et al., 2020). S. sclerotiorum also uses the brassinin glucosyltransferase SsBGT1
491  (Sscle01g003110) to metabolize brassinin (Pedras et al., 2004; Sexton et al., 2009).
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493 Figure 6. Transcriptome reprogramming in response to camalexin in S. sclerotiorum and
494 S, trifoliorum. (A) Normalized FPKM expression values for differentially expressed genes during the
495  colonization of A. thaliana (Ath, S. sclerotiorum only) and upon camalexin treatment (Cam., S.
496  sclerotiorum and S. trifoliorum). Expression of orthologs of DEGs from the other Sclerotinia species are
497  shown for comparison purposes. DMSO, dimethyl sulfoxide; PDA, potato dextrose agar. (B) Venn
498 diagram illustrating the number of DEGs in S. sclerotiorum during the colonization A. thaliana, S.
499  sclerotiorum growth on camalexin and orthologs of S. trifoliorum DEGs during growth on camalexin.
500  Number between brackets corresponds to complete gene sets. (C) Expression of a subset of genes from
501 the SPREX cluster 15.5 in S. sclerotiorum and the syntenic region in S. trifoliorum genome. The position
502 and orientation of genes is indicated by arrowheads, labelled with gene names, empty arrowheads
503 indicate absent genes. The size of bubbles shows the average FPKM values for each gene in five
504  conditions. (D) Relative expression at 72 hours post inoculation for five S. sclerotiorum genes determined
505 by quantitative reverse transcription PCR (Q RT-PCR) on A. thaliana wild type plants, cyp79b2 cyp79b3
506 and pad3 mutants. Values shown are for 6 independent biological replicates averaged over two technical
507  replicates.
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508 These two genes are strongly induced during A. thaliana colonization, and both
509 possess clear orthologs in S. trifoliorum genome. None of S. sclerotiorum genes
510 induced during the colonization of A. thaliana and absent from S. trifoliorum genome
511  could be unambiguously associated with detoxification of phytoalexins, suggesting that
512  differences in their ability to colonize plants from the Brassicales is not related to
513 differences in the enzyme-coding complement of their genome. SSBGT1 was identified
514 thanks to its strong induction in response to phytoalexins (Sexton et al., 2009). This
515 prompted us to explore the extent to which S. sclerotiorum and S. trifoliorum differ in
516 their transcriptional response to camalexin. For this, we performed RNA sequencing of
517 S. sclerotiorum and S. trifoliorum colonies grown on PDA plates with camalexin. We
518 used camalexin at 125 pM and 25 pM for S. sclerotiorum and S. trifoliorum,
519 respectively, corresponding to the highest concentration of camalexin that supported the
520 growth of each species in our assays, and colonies grown on PDA with DMSO as
521 controls. The number of reads uniquely mapped to the S. sclerotiorum reference
522 genome ranged from 9,658,323 to 21,158,861 (Supplementary Table 13). Out of the
523 7,524 S. sclerotiorum expressed genes we identified previously, 6,659 were expressed
524 with FPKM=25 in at least one sample of this assay. We performed DE analysis using
525 limma on these 6,659 S. sclerotiorum expressed genes. At LFC=1 and adjusted p-
526 value<0.01, 323 genes were up-regulated in S. sclerotiorum on camalexin
527 (Supplementary Table 14). Among those, 180 (55.7%) were also induced at the edge
528 of colonies in at least one of the plant species (Supplementary Table 14) and 301 had
529 orthologs in S. trifoliorum. The number of reads uniquely mapped to the S. trifoliorum
530 reference genome ranged from 16,356,783 to 22,673,171 (Supplementary Table 13).
531 We detected 4,885 S. trifoliorum genes expressed at FPKM=25 in at least one sample
532  of this assay and performed DE analysis using limma on these genes. At LFC=1 and
533 adjusted p-value<0.01, 42 genes were up-regulated in S. trifoliorum on camalexin
534 (Supplementary Table 14), among which 40 had orthologs in S. sclerotiorum.
535 Hierarchical clustering of expression of the 341 DEGs and their orthologs from the two
536 species identified five major clusters (a to e) (Figure 6A). Cluster a included genes
537 upregulated by camalexin in S. trifoliorum only, cluster c included few genes repressed
538 by DMSO, cluster d included genes upregulated by camalexin both in S. sclerotiorum
539 and in S. trifoliorum, cluster e included genes upregulated by camalexin in S.
540 sclerotiorum only. Of particular interest was cluster b, including genes upregulated
541  during the colonization of A. thaliana and on camalexin in S. sclerotiorum. With very few
542  exceptions, orthologs of cluster b genes in S. trifoliorum were not upregulated by
543 camalexin. We identified 70 genes of S. sclerotiorum upregulated on camalexin and
544  during the colonization of A. thaliana, among which only 3 had orthologues induced on
545 camalexin in S. trifoliorum (Figure 6B, Supplementary Table 15). This observation
546  suggested that S. sclerotiorum but not S. trifoliorum is able to reprogram its
547  transcriptome in response to camalexin. For instance, a portion of the SPREX cluster
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548 15.5 including S. sclerotiorum genes Sscle1l59g106410 to Ssclel5g106510 were
549  expressed similarly during the colonization of A. thaliana and on camalexin (Pearson
550  correlation coefficient p=0.96, adj. p-value 1.8E™°), while the orthologous genes in
551  S. trifoliorum Scltri_004387 to Scltri_004377 were expressed very weakly on camalexin
552  (p=0.19, adj. p-value 0.44) (Figure 6C).

553 We identified 70 genes in S. sclerotiorum upregulated on camalexin and during
554  the colonization of A. thaliana, indicating that these genes could respond to camalexin
555 in planta (Supplementary Table 15). The most abundant gene ontology (GO)
556  annotations in these genes included “no GO terms” (22), “oxidation-reduction process”
557 (13), “carbohydrate metabolic process” (7), and “transmembrane transporter activity”
558 (5). The most abundant PFAM annotations were “sugar (and other) transporter”
559 (PF0O0083, 5), “cytochrome P450” (PF00067, 4), and *“carboxylesterase family”
560 (PF00135, 3). To confirm that camalexin and iGLs produced by A. thaliana are required
561  to trigger the induction of S. sclerotiorum genes, we compared by quantitative RT-PCR
562 the expression of seven S. sclerotiorum genes during the colonization of wild type,
563 cypb2/b3, and pad3 plants, defective in camalexin biosynthesis (Supplementary
564  Figure 3). At 72 hpi, the expression of Sscle079g055350 and Sscle15g106410 was not
565 different during infection of A. thaliana wild type and mutant plants. The expression of
566 Sscle02g011950 and Sscle02g022130 was strongly reduced during infection of
567 cypb2/b3 but not pad3 as compared to wild type (Figure 6D). The expression of
568  Sscle04g037240, Sscle08g067130 and Sscle16g108230 was significantly reduced both
569 during infection of cypb2/b3 and pad3 mutants as compared to wild type (Welch’s t test
570 p-value < 0.05) (Figure 6D). These results indicated that host-derived cam. and iGLs
571  modulate the expression of S. sclerotiorum genes during infection.

572

573  Cis-regulatory variation contributed to the evolution of camalexin responsiveness
574 in the Sclerotinia genus

575 We propose that transcriptome plasticity in host responsive genes contributed to
576  host range variation in the Sclerotiniaceae. In particular, regulatory variation in the 70
577  S. sclerotiorum genes up-regulated both on A. thaliana and on camalexin in vitro
578 (Figure 6, Supplementary Table 15) likely facilitated the colonization of plants from the
579 Brassicaceae. To support this hypothesis, we first analyzed the conservation of these
580 70 genes in 670 species across the fungal kingdom (Supplementary Figure 4). Only
581 six genes with no predicted function were detected in less than 100 fungal species,
582  suggesting that gene presence/absence polymorphisms played a limited role in the
583  evolution of responsiveness to A. thaliana and camalexin in S. sclerotiorum. Second, we
584 analyzed the cis elements in the 1000-bp upstream sequences of these genes using the
585 MEME-suite. The WWCCCCRC motif was significantly enriched in these 70 genes (221
586  sites in 65 upstream sequences, E value 0.000083). By contrast, WWCCCCRC was not
587  significantly enriched in the upstream sequences of the 69 orthologous S. trifoliorum
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588 genes (41 sites in 41 upstream sequences, E value 0.58). The average distance was
589  -480.7 bp from the start position of the ORF (Figure 7A). Using published yeast protein-
590 DNA ChIP data (YEASTRACT_20130918) through TOMTOM we found five proteins of
591  Saccharomyces cerevisiae, Migl, Mig2, Mig3, Adrl, and Rsf2, that are capable of
592  binding WWCCCCRC-like motifs. Using homology searches and phylogenetic analyses,
593 we identified potential orthologous proteins in S. sclerotiorum and S. trifoliorum
594 (Supplementary Figure 5). Probable orthologs of yeast Mig1-3 (Multicopy Inhibitor of
595 GAL gene expression) and Aspergillus CreA (Carbon catabolite repressor A) encoding
596 a protein harboring a central zinc finger H2C2 domain were Sscle01g002690 and
597  Scltri_002966 (Figure 7B). This gene was slightly repressed by camalexin treatment in
598  S. trifoliorum (LFC -0.25), and slightly induced by camalexin (LFC 0.60) and during
599  A. thaliana colonization (LFC 0.38) in S. sclerotiorum (Figure 7C). Probable orthologs of
600 yeast ADR1 (Alcohol Dehydrogenase Il synthesis Regulator) and RSF2 (Respiration
601 factor 2) encoding a protein harboring a N-terminal zinc finger H2C2 domain and a C-
602  terminal fungal specific transcription factor domain PF04082 were Sscle07g055670 and
603  Scltri_004270 (Figure 7B). This gene was slightly repressed by camalexin in
604  S. trifoliorum (LFC -0.41) whereas it was induced by camalexin (LFC 0.51) and during
605 A.thaliana colonization (LFC 1.58) in S. sclerotiorum (Figure 7C). These transcription
606  factors are prime candidates for mediating large scale transcriptome reprogramming in
607 response to camalexin in the Sclerotinia lineage. These results suggest that cis-
608 regulatory variation in targets of SsCreA and SsADR1 contributed to the evolution of
609 transcriptional responsiveness to camalexin in S. sclerotiorum.

610

611

612 Discussion

613

614 In this work, we analyzed the global transcriptome of S. sclerotiorum during the

615  colonization of hosts from six botanical families, providing a unique opportunity to test
616  for the existence of generalist and host-specific transcriptomes in this fungal pathogen.
617 While previous investigations revealed adaptations to a true generalist lifestyle
618  supporting the colonization of any host (Badet et al., 2017; Peyraud et al., 2019), we
619  provide here molecular evidence for poly-specialism, the use of multiple independent
620 modules dedicated to the colonization of specific hosts. These findings indicate that
621 adaptation to new hosts can select for generalist and poly-specialist features within a
622  single genome. We highlight a key role of regulatory variation in conserved fungal
623  genes for the expansion of host range in this pathogen lineage.

624
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626 Figure 7. Cis-regulatory variation in S. sclerotiorum genes induced by camalexin and during the
627 colonization of A. thaliana. (A) Top: sequence logo of the WWCCCCRC cis-regulatory element
628  enriched in S. sclerotiorum genes induced by camalexin and A. thaliana infection by comparison to their
629 S. trifoliorum orthologs. Bottom: distribution of the WWCCCCRC element in the 1 kbp upstream sequence
630  of S. sclerotiorum genes induced by camalexin and A. thaliana infection and their S. trifoliorum orthologs.
631 (B) Domain structure of S. sclerotiorum orthologs of CreA and Adrl transcription factors known to bind
632 the WWCCCCRC cis element in yeast. Length of the boxes is proportional to number of amino acids. (C)
633 Relative normalized expression of S. trifoliorum and S. sclerotiorum CreA and Adrl transcription factors.

634

635

636 We identified a subset of host species triggering specialized transcriptome
637 reprogramming in S. sclerotiorum. Genes related to detoxification of host defense
638 compounds were enriched in the specialized transcriptomes, while the core
639  transcriptome overrepresented functions associated with carbohydrate catabolism and
640 sugar transport. Host-specific regulation of pathogen genes confers the ability to
641  quantitatively modulate the virulence program to match requirements for specific hosts.
642  Transcriptional plasticity contributes to successful colonization of different host plants in
643  aphids and a range of hemi-biotrophic fungal and oomycete pathogens (Mathers et al.,
644  2017; Petre et al., 2020). Host-specialized transcriptomes are often small and consist of
645  secreted proteins with roles in modulating host plant defense responses and nutrient
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646  assimilation such as effectors, proteases, oxidoreductases, detoxifying enzymes, and
647  transporters (Petre et al., 2020). For example, the head blight pathogen Fusarium
648 graminearum differentially expresses proteins related to nutrient transport and chitin
649  metabolism on various host plants, i.e. wheat (Triticum aestivum), barley (Hordeum
650 vulgare), and maize (Zea mays) (Harris et al., 2016; Lysge et al., 2011). The septoria
651 leaf blotch pathogen Zymoseptoria tritici specifically regulates oxidoreductases and
652  detoxification-related enzymes such as cytochrome p450 proteins on wheat and brome
653  (Brachypodium distachyon) (Kellner et al., 2014). A host-specialized transcriptome has
654 been suggested previously for S. sclerotiorum when infecting B. napus and lupin
655  (Lupinus angustifolius), although the majority of induced genes were induced on both
656  hosts (Allan et al., 2019). Our analysis on six dicot host species revealed that 52% of S.
657  sclerotiorum genes upregulated in planta were host-specific. Since the number of host-
658  specific induced genes varied considerably according to host (from 0% on S.
659 lycopersicum to 36.9% on B. vulgaris), predicting how the relative proportion of host-
660  specific transcripts would vary if more host species were included in the analysis
661 remains challenging. Future attempts at estimating the breadth of the S. sclerotiorum
662  core transcriptome may focus on very distant plant lineages and naive plant lineages
663 that are susceptible to S. sclerotiorum but have not co-evolved with it. Such efforts
664  would help identify a minimal virulence gene set and test whether these genes harbor
665 evolutionary signatures distinct from host-specific transcriptome genes. Clear host-
666  specific gene regulation suggests that transcriptome-based reverse ecology approaches
667 are feasible, allowing for instance to identify new host defense mechanisms based on
668  pathogen transcriptome data.

669 We found that the S. sclerotiorum core and host-specialized transcriptomes are
670 organized in genomic clusters. Twenty-five of the 58 Sclerotinia plant-response co-
671 expression (SPREX) clusters overlapped at least partly with predicted secondary
672  metabolite biosynthetic clusters identified with AntiSMASH (Graham-Taylor et al., 2020).
673 Metabolic gene clusters are widely found in filamentous fungi and are often associated
674  with virulence (Wisecaver and Rokas, 2015). Like Botrytis cinerea, which engages in
675 metabolic warfare with A. thaliana (Zhang et al., 2019c), the presence of at least 25
676  metabolic gene clusters that are induced on at least one host plant indicates that
677  S. sclerotiorum employs various mycotoxins to engage in the metabolic battle with its
678 host plants. Intriguingly, these mycotoxins can be deployed in a species-specific
679  manner, exemplified with the botcinic acid gene cluster only upregulated on A. thaliana
680 and upon camalexin in our dataset. In this model, S. sclerotiorum gains the upper hand
681 during infection of its host plants due to effective detoxification of their metabolic
682  compounds, for instance isothiocyanate detoxification by SsSaxA.

683 Gene losses and gene gains by recombination, horizontal gene transfer, or copy
684 number variation are efficient means to modify the host range (Gluck-Thaler and Slot,
685 2015; Menardo et al., 2016). For instance, horizontal gene transfer contributed to host
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686 range expansion of the Metarhizium genus (Zhang et al., 2019a). Also, gene copy
687 number variation is often driven by repetitive and transposable elements and
688  contributes to pathogenicity and can provide high variability of diverging paralogs of
689  effectors, for example in powdery mildew fungi (Frantzeskakis et al., 2018). These
690 mechanisms can enable rapid adaptation to new hosts and contribute to host range
691  expansion in some lineages. Nevertheless, gene presence/absence polymorphism and
692 coding sequence changes can have detrimental effects, in particular in unstable
693  environments. For instance, pathogen gene loss may be advantageous on host carrying
694 a matching R protein, but detrimental otherwise. Because coding but not cis-regulatory
695 mutations are sensitive to frameshift, coding sequence variation is more likely to be
696 detrimental and pleiotropic. In addition, transcription factor binding sites are short in
697 comparison with coding sequence and therefore more likely to be neofunctionalized.
698 This is the reasoning behind the cis-regulatory hypothesis stating that mutations that
699 alter the regulation of gene expression are more likely to contribute to phenotypic
700  evolution (Stern and Orgogozo, 2008). In agreement with this, we provide evidence that
701  cis-regulatory variation contributes to the evolution of camalexin responsiveness in
702  Sclerotinia. S. trifoliorum is closely related to S. sclerotiorum but unable to infect plants
703  outside of the Fabaceae family (Navaud et al., 2018), yet we report that the genomes of
704  the two fungi exhibit a high level of similarity. S. trifoliorum is, however, highly sensitive
705 to phytoalexins and fails to reprogram its transcriptome in response to camalexin. Our
706  transcriptomic analysis on camalexin focused on the respective highest tolerable
707  concentration for each of the two fungi in order to ensure a comparable physiological
708  state amid camalexin pressure. Future analysis could focus on concentration-dependent
709 transcriptomes of both fungi and include early stages of camalexin pressures. The
710 inability of S. trifoliorum to colonize Brassicaceae can be in part explained by the
711 increased susceptibility to camalexin as well as the lack of transcriptional response to
712 the compound. Indeed A. thaliana cyp79b2/b3 lacking iGLs (Chen et al., 2020; Stotz et
713  al., 2011) allowed occasional colonization by the otherwise incompatible S. trifoliorum in
714  our experiments. This is reminiscent of Botrytis species of variable host ranges, which
715  share the vast majority of orthologous genes, while presence-absence polymorphisms
716  were mainly observed for key secondary metabolite enzyme-encoding genes (Valero-
717  Jiménez et al., 2019). Our findings highlight regulatory variation as an adaptive strategy
718  for fungal pathogens jumping to new host plants. Importantly, this implies that the gene
719 pool of ancestral pathogens is pre-equipped to adapt on non-host plants. In this
720 scenario, host range expansion does not require the acquisition of new genes from
721 horizontal gene transfer or outcrossing. Transcriptional plasticity induced by non-host
722  plants may lead to the fixation of alleles with an adaptive expression pattern. In the
723 context of the impact of plant pathogens on food security, this observation calls for
724  monitoring not only crop pathogen populations but also their close relatives infecting
725  wild species in the same environment.
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726 The current study focused on S. sclerotiorum infection of A. thaliana and
727  relationship to its typical secondary metabolites, indole glucosinolates and camalexin,
728 owing to the tractability of this system. S. sclerotiorum also exhibited clear host-specific
729  transcriptomes on castor bean, sugar beet, and common bean. On castor bean and
730  sugar beet, genes related to the detoxification of host compounds were enriched in the
731 specific transcriptomes. This may reflect the specific response to phytotoxins common
732 to these host plants, such as the red beet antimicrobial phenolic secondary metabolites
733 known as betalains (Kumar and Brooks, 2018) and the infamous ribosome-inactivating
734  protein ricin from castor bean (Polito et al., 2019). By contrast, tomato, sunflower, and
735 common bean induced limited host-specific transcriptomes. Flavonoids are common
736  antimicrobial phytotoxins produced by many vascular plants and abundant in sunflower
737 and beans for example (Weston and Mathesius, 2013). While there are more than
738 10,000 flavonoid structures, S. sclerotiorum may use a conserved pathway to tackle
739  these toxins. Indeed, the quercetin dioxygenase SsQDO (Sscle07g059700) catalyzes
740 the cleavage of the flavonol carbon skeleton, thus targeting a range of flavonoids (Chen
741 et al., 2019). This gene was strongly induced on sunflower, common bean and castor
742  bean in our dataset.

743 The motif WWCCCCRC was enriched in the cis elements of the 70 co-
744  upregulated genes on A. thaliana and camalexin in S. sclerotiorum, while it was less
745  abundant in the orthologous cis elements in S. trifoliorum. In baker’s yeast, the motif is
746  recognized by the zinc-finger transcriptional regulators ADR1 and Mig1-3, which have
747 two likely orthologues in Sclerotinia and Botrytis. Migl-3 are orthologous to the
748  Aspergillus nidulans carbon catabolite repressor CreA, which represses genes encoding
749  carbon hydrolytic enzymes in a pH- and carbon source-dependent manner and thus
750 allows prioritizing usage of the preferred carbon source (Orejas et al.,, 1999).
751  Furthermore, plant cell wall-degrading enzymes are regulated by CreA (de Vries and
752  Visser, 2001) and CreA is involved in mycosis disease progression due to A. fumigatus
753 infection in humans (Beattie et al.,, 2017). A.flavus creA mutants are defective in
754  aflatoxin biosynthesis and crop colonization (Fasoyin et al., 2018). In the apple blue
755  mold pathogen Penicillium expansum, CreA acts as positive regulator of the mycotoxins
756  patulin and citrinin, and P.expansum creA mutants are near-avirulent on apples
757  (Tannous et al., 2018). Together with LaeA and PacC, CreA is a global regulator of
758  virulence (Tannous et al., 2018). ADR1 on the other hand is a transcriptional regulator
759 that regulates alcohol dehydrogenase Il in yeast in glucose-lacking environments
760 (Walther and Schiuller, 2001). ADR1-regulated genes include genes in carbon
761  metabolism related to the oxidation of non-fermentable carbon sources (Young et al.,
762  2003). The S. sclerotiorum orthologous zinc finger H2C2 domain protein SsCreA
763  (Sscle01g002690) could therefore be involved in the tight host-specific regulation of
764  mycotoxin biosynthesis and plant cell wall-degrading enzymes, while SsADR1
765  (Sscle07g055670) could regulate alcohol dehydrogenases in response to certain plant-

25


https://doi.org/10.1101/2020.10.29.360412
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.29.360412; this version posted October 29, 2020. 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 aCC-BY-ND 4.0 International license.

766  specific carbon sources. Both genes are slightly induced by camalexin, suggesting that
767  their specific role on A. thaliana and Brassicaceae could be to respond to the presence
768  of glucosinolates. Downstream, SsCreA and SsADR1 would then regulate the
769  appropriate response to the host that produces the toxin, including activating the
770  detoxification machinery for glucosinolates. As frequently observed for transcription
771 factors, these two genes are only slightly induced and were therefore not identified by
772 the DE analysis. An alternative possibility is that another DNA-binding protein acquired
773  capability of binding the WWCCCCRC motif. For example, the putative C2H2 fungal
774  transcription factor Sscle07g059580 was induced both by camalexin and on A. thaliana
775 and has little homology to Aspergillus and Saccharomyces transcription factors. It is well
776  possible that Sscle07g059580 evolved a similar function to SSADR1 but with a specific
777  role in the response to Brassicaceae. The evolution of camalexin responsiveness may
778  therefore have involved cis- and trans-regulation. Further analysis of the transcription
779  factors SsCreA, SsADR1, and Sscle07g059580 regarding their binding efficacy of the
780 WWCCCCRC motif and their specific function in response to Brassicaceae is required
781  to answer these questions.

782 Although the gene pools of S. sclerotiorum and S. trifoliorum overlap nearly
783  perfectly, a few genes were specific of each species. S. sclerotiorum genes absent from
784 the S. trifoliorum genome notably include three genes from the botcinic acid gene
785  cluster, which could affect the biosynthesis (although no bona fide secondary metabolite
786 enzyme was missing), the regulation and the localization of the toxin. Overall, a few
787 p450 cytochromes induced on specific hosts, such as Sscle08g067130 and
788  Sscle11g085970 induced on A. thaliana, and few small secreted proteins such as
789  Sscle06g055310 (induced on tomato) are absent in the proteome of S. trifoliorum,
790 These could be key components of the infectious program on these particular hosts and
791 their absence may partly explain the limited host range of S. trifoliorum. Future studies
792  should explore the specific interaction of S. sclerotiorum with host-specific resistance
793  components such as ricin and flavonoids as well as the role of host-specific genes and
794  genes missing in the genome of S. trifoliorum in virulence. Since sexual recombination
795 is rare for Sclerotinia and many fungi in general, the role of horizontal gene transfer and
796 in particular the sources of genetic material should be examined in the future. It is
797  conceivable that the plant-fungus microbiome can be a rich source of genetic material,
798  particularly if plant pathogens or epiphytes of different kingdoms share a specific niche
799 (plant host). Future research should therefore also focus on characterizing the genetic
800 resources within the microbiome associated with broad-range fungal pathogens
801 including Sclerotinia.

802 Our findings reveal that host range expansion can arise through regulatory
803 variation in genes conserved in related non-adapted fungal pathogen species. The
804 genetic requirements for such an evolutionary trajectory need to be determined in order
805 to identify nonpathogenic species with a high potential for jumping to new hosts through
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806 regulatory variation. This mechanism enables the emergence of new disease with no or
807 limited gene flow between strains and species, and could underlie the emergence of
808 new epidemics originating from wild plants in agricultural settings.

809

810

811 Materials and Methods

812

813 Biological material

814 The fungal isolates Sclerotinia sclerotiorum isolate 1980 (Boland and Hall, 1994)

815 and Sclerotinia trifoliorum SwB9 (Vleugels et al., 2013) were used in this study. The
816  fungi were cultivated on potato dextrose agar (PDA) at 23°C or stored on PDA at 4°C.
817 Plants were grown in Jiffy pots under controlled conditions at 23°C, with a 9 hour light
818 period at intensity of 120 pymol m2 s* for up to five weeks. For transcriptome
819  sequencing, we used Arabidopsis thaliana Col-0 genotype (accession number N1093),
820  Solanum lycopersicum L. cv Ailsa Craig, Helianthus annuus cv XRQ, Ricinus communis
821  cv Hale (accession number Pl 642000) and Beta vulgaris L. subsp. vulgaris (accession
822 number Pl 355961) provided by the USDA ARS Germplasm Resources Information
823  Network, Phaseolus vulgaris (accession number G19833) provided by the International
824 Center for Tropical Agriculture (CIAT). For Sclerotinia infection assays, A. thaliana
825 accession Col-0 and the T-DNA insertion lines cyp79b2 cyp79b3 (Zhao et al., 2002) and
826  pad3-1 (Zhou et al., 1999) were used.

827
828 RNA sequencing
829 RNA was collected in triplicates from S. sclerotiorum mycelium fragments

830 (40 um-100 pm) cultured in liquid potato dextrose broth (PDB) for 24 hours and
831 S. sclerotiorum mycelium collected from potato dextrose agar (PDA) plates center and
832 edge (Peyraud et al., 2019). Plants were inoculated on the adaxial surface of fully
833 developed leaves by 0.5 cm-wide plugs of PDA (potato dextrose agar, Fluka) colonized
834 by S. sclerotiorum or S. trifoliorum. Plants were incubated in trays closed with plastic
835 wrap to maintain 80% humidity and placed in a Percival AR-41L3 chamber under the
836 same day/light condition as for plant growth. The center and edge of 25 mm-wide
837 developed necrotic lesions were isolated with a scalpel blade and immediately frozen in
838 liquid nitrogen for RNA extraction (Sucher et al., 2020). In addition, we used samples
839 from S. sclerotiorum and S. trifoliorum cultivated on PDA with DMSO (control) or
840 camalexin (125 uM for S. sclerotiorum, 25 uM for S. trifoliorum). All samples were
841 generated in biological triplicates. Total RNA from infected plant samples were
842  extracted using NucleoSpin RNA extraction kits (Macherey-Nagel) as described in
843  (Sucher et al., 2020). For DMSO and camalexin samples, around 100 mg of liquid
844  nitrogen frozen samples were ground with metal beads (2.5 mm diameter) in a
845  Retschmill apparatus (24 hertz for 2x1 min) before re-suspending in 1 mL Trizol reagent
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846 (Thermo Fisher Scientific) and incubating at room temperature for 5 min. 200 pL of
847  chloroform was added and the samples mixed thoroughly before incubating at room
848 temperature for 3 min. After centrifugation at 12,000 g (4°C) for 15 min, the upper
849 aqueous phase was recovered and nucleic acids were precipitated by adding 2 pL
850 GlycoBlue (Ambion) and 500 pL isopropanol (incubated at -20°C for 10 min). After
851  centrifugation at ~15,000 g (4°C) for 15 min, pellets were washed twice with 70%
852  ethanol before drying and re-suspended in RNase-free water. To eliminate chloroform
853  traces, water re-suspended nucleic acids were further cleaned using an RNA extraction
854 kit (Qiagen, Germany) following manufacturer’s instructions. Genomic DNA was
855 removed via DNase treatment (TURBO DNase; Ambion) following manufacturer’s
856 instructions. Quality and concentrations of RNA were assessed with Agilent bioanalyzer
857 nano chips. RNA sequencing (RNA-seq) was performed by Fasteris (Switzerland, Plan-
858 les-Ouates) to produce lllumina reads (125 bp, paired-end) on a HiSeg2500 sequencer.
859

860 Gene expression quantification and differential expression analyses

861 Trimmomatic v0.36 was employed to trim raw reads with settings for single- or
862 paired-end  sequencing and the following settings for  paired-end:
863  “ILLUMINACLIP:TruSeqg2-PE.fa:5:30:10 SLIDINGWINDOW:3:18 LEADING:6

864 TRAILING:6 MINLEN:90” (Bolger et al., 2014). FastQC v0.11.5 (Brabham
865  bioinformatics) was used to perform quality control of the trimmed reads. Mapping was
866  conducted with HISAT2 (Kim et al., 2015) with “--max-intronlen 500 -k 1" against the
867 S. sclerotiorum isolate 1980 reference genome (Derbyshire et al., 2017). Between
868 5,830,207 and 30,962,640 reads mapped uniquely to the annotated reference genome
869 (Supplementary Table 13).Sorted BAM files and indices were generated with samtools
870 v1.7 (Li et al., 2009). FPKM (fragments per kilobase of transcript per million mapped
871 reads) tables were generated using the Cufflinks function cuffnorm with “--compatible-
872  hits-norm --library-norm-method classic-fpkm” (Trapnell et al., 2010) (Supplementary
873 Table 2 and 14). Differential expression analysis was run on 7,423 protein coding genes
874  under a limma-edgeR pipeline (Law et al., 2016) with cut-offs of p < 0.01 and log; fold
875 change < -1 (downregulated) or = 1 (upregulated) using S. sclerotiorum gene
876  expression on PDA as a reference (Supplementary Table 2 and 14).

877

878 Gene Ontology and PFAM domain analyses

879 We used Blast2GO v5.0.21 (Conesa et al., 2005; Go6tz et al., 2008) to generate
880 GO and PFAM tables for both S. sclerotiorum 1980 (Supplementary Table 1) and
881  S.trifoliorum SwB9 (Supplementary Table 11). For enrichment analyses, we
882  considered GO and PFAM annotations present in a least one upregulated gene on each
883  host separately. We performed chi-squared tests in R using the total number of S.
884  sclerotiorum non-redundant GO (17,291) and PFAM (11,746) annotations as reference
885 sets. P-values were adjusted using Bonferroni correction for multiple testing.
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886 Enrichment fold for annotation ‘X corresponded to (Upys/Expressedy) [/
887  (Upau/Expresseda..) where Upy is the number of upregulated genes with annotation x,
888 Expressedy is the number of expressed genes with annotation x, Upa.. is the total
889 number of annotated genes upregulated and Expresseda.. is the total number of
890 annotated genes. Annotations with enrichment fold > 1 and adjusted p-val < 0.01 were
891  considered enriched with upregulated genes.

892
893 Genomic clusters analysis
894 Sclerotinia plant-response co-expression (SPREX) clusters were identified using

895 a sliding-window approach. The 7,523 S. sclerotiorum expressed genes were ordered
896 according to their position on chromosomes. For each gene, Pearson Product-Moment
897 correlation of expression (FPKM values) was calculated against each of the four
898 previous and four following expressed genes on chromosomes. We calculated the
899 average of these eight Pearson correlation coefficients to determine expression
900 correlation within a 9-gene windows. To reduce bias due to extreme correlation values
901 in the detection of expression clusters and to represent local expression correlation in a
902 Circos plot, we used moving average over 20 consecutive windows. To be part of a
903 clusters, genes had to be less than 3 genes apart from a 9-gene window with
904  expression correlation = 0.15 and expression correlation moving average = 0.15. Genes
905 located at the end of chromosomes were manually inspected and draft clusters located
906 less than 3 genes apart were merged by manual curation. The inter-host expression
907 variance correspond to the logio of variance for FPKM values in edge samples collected
908 on the six hosts (18 samples). To improve legibility, variance was represented as
909 moving average over 20 consecutive genes in Circos. SPREX clusters were considered
910 overlapping with secondary metabolite biosynthesis clusters when at least one gene
911 was shared with clusters identified by AntiSMASH (Medema et al., 2011) reported in
912  (Graham-Taylor et al., 2020). Whole genome data visualization was done with Circos
913  0.69-2 (Krzywinski et al., 2009) using script files provided as Supplementary File 1.

914

915  S. trifoliorum genome assembly

916 High molecular weight DNA isolation was performed as described in (Kusch et
917 al., 2020). Library preparation and sequencing were done at the GeT-PlaGe core
918 facility, INRAE Toulouse, France, according to the “1D gDNA selecting for long reads
919 (SQK-LSK108)” instructions. DNA was quantified at each step using the Qubit dsDNA
920 HS assay kit (Life Technologies) and purity was assessed using a Nanodrop (Thermo
921  Fisher Scientific). The Fragment Analyzer (AATI) high sensitivity DNA fragment analysis
922 kit was used to determine size distribution and degradation. The purification steps were
923 performed using AMPure XP beads (Beckman Coulter). For one flow cell, 5 pg of
924  purified DNA was sheared at 8 kb using the megaruptorl system (Diagenode), followed
925 by a DNA damage repair step on 2 pg of sample. Then an END-repair, dA-tailing of
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926 double-stranded DNA fragments, and adapter ligation were performed on the library.
927 The library was loaded onto one R9.4.1 flow cell and was sequenced on a GridION
928 instrument at 0.05 pmol within 48 h. The Canu v1.6 (Koren et al.,, 2017) assembly
929 yielded 48 contigs between 3,548,298 bp and 6,307 bp and a total genomic length of
930 40,161,953 bp. We did four cycles of polishing with Pilon (Walker et al., 2014) and then
931 used Blobtools v1.0 (Laetsch and Blaxter, 2017) to identify contigs with Sclerotiniaceae
932 identity, as described before (Kusch et al., 2020) (Supplementary Figure 6). To identify
933  mitochondrial contigs, we used RNAweasel
934  (http://megasun.bch.umontreal.ca/RNAweasel/) with the genetic code for yeast
935 mitochondrial and performed BLASTN against the S. sclerotiorum mitochondrial
936 genome (GenBank accession KT283062.1). The final genome assembly (Table 1) was
937 subjected to repeat masking (RepeatMasker v4.0.7 (Smit et al.,, 2016), RepBase-
938 20170127 prior to ab initio gene annotation with BRAKER?2 (Hoff et al., 2016) where we
939 included all RNA-seq data of S. trifoliorum SwB9 produced in this study, i.e. cultivated in
940 vitro on PDA (1x), PDA with DMSO (3x), and with 25 pM camalexin (3x), and from
941 infection of P. vulgaris (1x). All gene models were manually curated via Web Apollo
942 (Leeetal., 2013).

943
944 Comparative genome and proteome analysis
945 The genomes of S. sclerotiorum Ss1980 (Derbyshire et al.,, 2017) and

946  S. trifoliorum SwB9 were compared by synteny using MUMmer3 (Kurtz et al., 2004);
947  synteny plotting was performed with genoPlotR (Guy et al., 2010). The proteomes of S.
948  sclerotiorum Ss1980 (Derbyshire et al.,, 2017), Myriosclerotinia sulcatula MySu01
949  (Kusch et al., 2020), Botrytis cinerea B05.10 (Van Kan et al., 2017), and S. trifoliorum
950 SwB9 were compared via OrthoFinder (Emms and Kelly, 2019).

951
952  Detection of cis elements
953 The 1000-bp upstream sequences of all genes of S. sclerotiorum Ss1980

954  (Derbyshire et al., 2017) and S. trifoliorum SwB9 were extracted using bedtools v2.25.0
955  (Quinlan and Hall, 2010). The MEME-Suite 5.1.1. at http://meme-suite.org (Bailey et al.,
956 2009, 2015) was used for motif discovery and enrichment (MEME, DREME), motif
957 scanning (FIMO), and motif comparison (TOMTOM) against the Saccharomyces
958 cerevisiae YEASTRACT_20130918.meme database. The S. cerevisiae motif-binding
959  proteins were queried against the S. sclerotiorum Ss1980 proteome via BLASTP to
960 identify the potential motif-binding orthologues DNA-binding proteins.

961
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962 Protein phylogenetic analysis

963 To identify Sclerotinia homologs of yeast Migl-3, Adrl and Rsf2, yeast protein
964 sequences were retrieved from UniprotKB and used in BlastP search against a local
965 database of Leotiomycete protein sequences. Best hits from Sclerotinia sp.,
966  Myriosclerotinia sulcatula and Botrytis cinerea species were then used in reciprocal
967 BlastP searches against the UniprotKB database. Multiple sequence alignments were
968 generated with Muscle and manually curated in Jalview to remove gaps and poor
969 alignment quality regions. This resulted in alignments of 28 sequences and 217
970 informative positions (Migl-3, Supplementary File 2) and 26 sequences and 129
971 informative positions (Adrl/Rsf2, Supplementary File 2). Maximum likelihood
972  phylogenies were generated in phylogeny.fr using PhyML and the WAG model for
973 amino acid substitutions using a discrete gamma model with 4 categories
974  (Supplementary File 2, Supplementary Figure 5).

975
976  Data analysis and plotting
977 R v.3.5.1 (R Core Team, 2018) was used for statistical analysis and generation

978 of plots. The ggplot function from the ggplot2 library (Wickham, 2009) was used to
979 generate the plots. Codes for data analysis are deposited at

980 https://github.com/stefankusch/sclerotinia_2020.
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1285 SUPPLEMENTARY MATERIAL

1286

1287  Supplementary Figure 1. Principal component analysis of S. sclerotiorum gene expression
1288  during the colonization of six plants, samples harvested at the edge of invasive colonies. PDA,
1289  Potato Dextrose Agar, Ath, Arabidopsis thaliana; Bvu, Beta vulgaris; Han, Helianthus annuus;
1290  Pvu, Phaseolus vulgaris; Rco, Ricinus communis; Sly, Solanum lycopersicum.

1291  Supplementary Figure 2. Complements to the phytoalexin in vitro sensitivity assay. The assay
1292  was performed as described in Figure 5, additional concentrations and phytoalexin solutions are
1293  presented here. ICA/I3A/RA is a mixture of Indole-3 carboxylic acid (in ethanol), Indole-3

1294  ylmethylamine (in DMSO) and raphanusamic acid (in water). Non-viable concentrations are
1295 labelled in red.
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1296  Supplementary Figure 3. Relative expression at 72 hours post inoculation for 3 S. sclerotiorum
1297  genes determined by quantitative reverse transcription PCR (Q RT-PCR) on A. thaliana wild
1298  type plants, cyp79b2/cyp79b3 and pad3 mutants. Values shown are for 6 independent biological
1299 replicates averaged over two technical replicates.

1300 Supplementary Figure 4. Phylogenetic distribution of the 70 S. sclerotiorum genes upregulated
1301  during A. thaliana infection and on camalexin. Conservation of S. sclerotiorum genes (columns)
1302  in 629 fungal species (rows) is shows as a brown box when a BlatsP hit with p-value < 1E-10
1303  was detected, as light grey boxes otherwise. Fungal species are organized following the species
1304  phylogeny retrieved from JGI Mycocosm, number in brackets indicate the number of species per
1305 lineage. The % of conserved genes bars show the proportion of genes detected in each

1306  species. The conservation % bars show the proportion of fungal species in which each gene
1307  was detected.

1308 Supplementary Figure 5. Supplementary Figure 5. Phylogenetic analysis of Sclerotinia

1309  orthologs of yeast Mig1-3 and Adrl/Rsf2 genes. (A, C) Maximum likelihood phylogenetic trees
1310  obtained with PhyML using the WAG model for amino acid substitutions. The trees were rooted
1311  on Schizosaccharomyces pombe closest homolog. Labels show branch support determined by
1312 an approximate likelihood ratio test. (B, D) Multiple sequence alignments of the zinc finger

1313  regions for S. sclerotiorum and Saccharomyces cereviseae homologs. Conserved residues are
1314  colored according to % conservation and residue type.

1315  Supplementary Figure 6. Blobtools analysis for S. trifoliorum genome assembly. The graph is
1316  showing nanopore read re-mapping coverage per contig on the Y-axis and GC content per
1317  contig on the X-axis. The size of the bubble indicates the size of the respective contig. Identity
1318  was determined via megablast against the NCBI nt database.

1319

1320  Supplementary File 1. Script, data and configuration files used for the generation of the Circos
1321 plot presented in Figure 2.

1322 Supplementary File 2. Multiple sequence alignments and newick tree files from the
1323  phylogenetic analysis of Sclerotinia orthologs of yeast Mig1-3 and Adrl/Rsf2 genes

1324

1325  Supplementary Table 1. Blast2GO and RepeatMasker updated annotations of the Sclerotinia
1326  sclerotiorum 1980 proteome

1327  Supplementary Table 2. FPKM values in the 45 RNA-seq libraries analyzed in this work for
1328 7,423 S. sclerotiorum genes with FPKM > 25 in at least one library

1329  Supplementary Table 3. Differential expression analysis on six host plants performed with

1330 limma-edgeR for 7423 S. sclerotiorum protein coding genes

1331  Supplementary Table 4. Number of S. sclerotiorum genes differentially expressed on each
1332 host

1333  Supplementary Table 5. Distribution of DEGs according to hosts in which they are differentially
1334  expressed

1335  Supplementary Table 6. Chi-squared analysis of Gene Ontologies enriched with upregulated
1336  genes

1337  Supplementary Table 7. Chi-squared analysis of PFAM domains enriched with upregulated
1338  genes
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Supplementary Table 8. Identification of host-response co-expression clusters using a sliding
window approach

Supplementary Table 9. Summary table of host-response co-expression clusters features
Supplementary Table 10. Chi-squared analysis of GOs and PFAMs enriched with genes in
host-response co-expression clusters

Supplementary Table 11. Blast2GO and RepeatMasker annotations of the Sclerotinia
trifoliorum SwB9 proteome

Supplementary Table 12. Identifiers of S. sclerotiorum, S. trifoliorum, B. cinerea and M.
sulcatula genes in orthogroups

Supplementary Table 13. S. sclerotiorum and S. trifoliorum RNA-seq mapping statistics
Supplementary Table 14. FPKM values and Differential expression analysis on camalexin for
7423 S. sclerotiorum protein coding genes and their S. trifoliorum orthologs

Supplementary Table 15. Expression and taxonomic conservation data for the 70 S.
sclerotiorum genes upregulated during A. thaliana colonization and growth on camalexin.
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Figure 1. Differential regulation of S. sclerotiorum transcriptome during the colonization of plants from six botanical
families. (A) Proportion of RNA-sequencing reads from colony edge samples (green) and colony center samples (brown) mapped
to a unique position in S. sclerotiorum genome (% of all reads). Results from samples collected in three independent biological
replicates are shown, grey dotted line shows average for all samples. Boxplots show 1st and 3rd quartiles (box), median (thick line)
and the most dispersed values within 1.5 times the interquartile range (whiskers). (B) Number of S. sclerotiorum genes expressed
differentially (DEGs) on each host compared to in vitro-grown colonies. Bubbles of the venn diagrams are sized proportionally to
the number of DEGs in each treatment, labels on the right and left side showing the corresponding number of genes. DEGs detect-
ed in colony edge are shown in green, those in colony center are shown in brown. The upper half of bubbles corresponds to genes
up-regulated, the lower half to genes down-regulated. The proportion of upregulated genes unique to edge samples is labelled on
diagrams and the corresponding sectors highlighted by dotted lines. (C) Hierarchical clustering of edge samples based on the
expression of 2,625 DEGs. Numbers in branch labels correspond to biological replicates. (D) Distribution of DEGs according to host
species. For each sector, the upper value correspond to up-regulated genes, the lower value to down-regulated genes. The central
dark grey hexagon shows DEGs detected on all six host, the light grey hexagon shows DEGs detected on 2 to 5 hosts. Ath, Arabidop-
sis thaliana; Bvu, Beta vulgaris; Han, Helianthus annuus; Pvu, Phaseolus vulgaris; Rco, Ricinus communis; Sly, Solanum lycopersicum.
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Figure 2. Distribution of S. sclerotiorum functional gene groups according to hosts in which they are transcriptionally
upregulated. (A) PFAM domains enriched with upregulated genes according to host. Domains enriched with genes upregulated
on one host only or five and six hosts are labelled on the figure, with font color corresponding to host species. (B) Hierarchical
clustering of log2 fold change of expression for 147 expressed genes encoding glycosyl hydrolases. Eleven hierarchical clusters
labelled a-k were delimited. (C) Hierarchical clustering of log2 fold change of expression for 59 expressed genes encoding
cytochrome p450. Eight hierarchical clusters labelled a-h were delimited. (D) Distribution of genes encoding predicted secreted
proteins according to host species in which they are upregulated. (E) Proportion of genes encoding predicted secreted proteins
among all expressed genes and genes upregulated in planta. Ath, Arabidopsis thaliana; Bvu, Beta vulgaris; Han, Helianthus annuus;
Pvu, Phaseolus vulgaris; Rco, Ricinus communis; Sly, Solanum lycopersicum.
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Figure 3. Genomic architecture of S. sclerotiorum infection transcriptome. (A) Distribution of gene expression information along the 16
chromosomes of S. sclerotiorum. From outermost to innermost track: S. sclerotiorum chromosomes with sequence length indicated in Mbp;
position of in planta induced genes represented by circles colored according to hosts in which the gene is induced; position of secondary metabo-
lite biosynthetic clusters identified by AntiSMASH; position of host-response co-expression (hrc) clusters identified in this work; local expression
correlation along chromosomes, highlighted in red in regions where >0.15; Inter host expression variance along chromosomes (log scale),
highlighted in blue in regions where >2.739. (B) Distribution of hrc clusters according to their average local expression correlation (X-axis) and
inter-host expression variance (log scale, Y-axis). Bubbles are sized according to the number of genes in hrc clusters, from 5 to 43, and colored
according to the chromosome they belong to (same color code as in A). (C) Expression of a subset of genes from the core hrc cluster 7.2. The
position and orientation of genes is indicated by arrowheads, labelled with gene names. The size of bubbles shows the average FPKM values for
each gene in six conditions. (D) Same as C for the host-specific hrc cluster 15.5. Ath, Arabidopsis thaliana; Bvu, Beta vulgaris; Han, Helianthus annuus;
Pvu, Phaseolus vulgaris; Rco, Ricinus communis; Sly, Solanum lycopersicum.
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Figure 4. The genome of S. trifoliorum resembles the genome of S. sclerotiorum. We generated a near-chromo-
some level assembly for S. trifoliorum SwB9. (A) The synteny of the two genomes was analyzed using MUMmer
(Kurtz et al., 2004). The circos plot (Zhang et al., 2013) shows the synteny between the chromosomes of S. sclerotio-
rum 1980 and the newly assembled contigs of S. trifoliorum SwB9. Chromosomes and contigs shown in B are
labelled with bold fonts. (B) Synteny of S. sclerotiorum chromosomes 6 and 12 against the S. trifoliorum assembled
contigs plotted by genoPlotR (Guy et al., 2010). (C) UpSetR plot (Conway et al., 2017) summarizing the results from
the Orthofinder analysis between the proteomes of S. sclerotiorum 1980 (Ss1980), S. trifoliorum SwB9 (SwB9), and
Botrytis cinerea B05.10 (B05.10). The bars indicate the number of orthogroups, the numbers next to the connector
dots indicate the number of genes represented by these orthogroups by species.
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Figure 5. S. trifoliorum is more sensitive than S. sclerotiorum to phytoalexins in vitro and in planta. (A)
Phytoalexin tolerance plate assay. S. sclerotiorum 1980 and S. trifoliorum SwB9 were cultivated on potato dextrose
agar (PDA) containing phytoalexins at different concentrations. The solvent used for each compound is indicated
between brackets. Additional concentrations and solvent only conditions are shown in Supplementary Figure X.
Photos were taken after seven days; the experiment was conducted three times with similar results. Scale bar: 1 cm.
(B) The Arabidopsis wild type Col 0 and the indole glucosinolate and camalexin deficient mutant cyp79b2 cyp7963
were infected with S. sclerotiorum 1980 and S. trifoliorum SwB9, respectively. Photos were taken three days after
inoculation. Arrowheads indicate agar plugs with S. sclerotiorum (red) or S. trifoliorum (yellow). Scale bar: 1 cm. The
bar chart indicates the proportion of inoculated leaves fully colonized by each fungus for n=9 or 10 leaves.
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Figure 6. Transcriptome reprogramming in response to camalexin in S. sclerotiorum and S. trifoliorum. (A)
FPKM expression values for differentially expressed genes during the colonization of A. thaliana (Ath, S. sclerotiorum
only) and upon camalexin treatment (Cam., S. sclerotiorum and S. trifoliorum). Expression of orthologs of DEGs from
the other Sclerotinia species are shown for comparison purposes. DMSO, dimethyl sulfoxide; PDA, potato dextrose
agar. (B) Venn diagram illustrating the number of DEGs in S. sclerotiorum during the colonization A. thaliana, S.
sclerotiorum growth on camalexin and orthologs of S. trifoliorum DEGs during growth on camalexin. Number
between brackets corresponds to complete gene sets. (C) Expression of a subset of genes from the SPREx cluster
15.5 in S. sclerotiorum and the syntenic region in S. trifoliorum genome. The position and orientation of genes is
indicated by arrowheads, labelled with gene names, empty arrowheads indicate absent genes. The size of bubbles
shows the average FPKM values for each gene in five conditions. (D) Relative expression at 72 hours post inocula-
tion for five S. sclerotiorum genes determined by quantitative reverse transcription PCR (Q RT-PCR) on A. thaliana
wild type plants, cypb2/cypb3 and pad3 mutants. Values shown are for 6 independent biological replicates
averaged over two technical replicates.
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Figure 7. Cis-regulatory variation in S. sclerotiorum genes induced by camalexin and during the colonization
of A. thaliana. (A) Top: sequence logo of the WWCCCCRC cis-regulatory element enriched in S. sclerotiorum genes
induced by camalexin and A. thaliana infection by comparison to their S. trifoliorum orthologs. Bottom: distribution
of the WWCCCCRC element in the 1Kbp upstream sequence of S. sclerotiorum genes induced by camalexin and A.
thaliana infection and their S. trifoliorum orthologs. (B) Domain structure of S. sclerotiorum orthologs of CreA and
Adr1 transcription factors known to bind the WWCCCCRC cis element in yeast. Length of the boxes is proportional
to number of amino acids. (C) Relative normalized expression of S. trifoliorum and S. sclerotiorum CreA and Adr1
transcription factors.
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