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Abstract

The Alternaria section alternaria (A. alternata species group) represents a diverse group of
saprotroph, human allergens and plant pathogens. Alternaria taxonomy has benefited from recent
phylogenetic revision but the basis of differentiation between major phylogenetic clades within the
group is not yet understood. Furthermore, genomic resources have been limited for the study of host-
specific pathotypes. We report near complete genomes of the apple and Asian pear pathotypes as
well as draft assemblies for a further 10 isolates representing Alternaria tenuissma and Alternaria
arborescens lineages. These assemblies provide the first insghts into differentiation of these taxa as
well as allowing the description of effector and non-effector profiles of apple and pear conditionally
dispensable chromosomes (CDCs). We define the phylogenetic relationship between the isolates
sequenced in this study and a further 23 Alternaria spp. based on available genomes. We determine
which of these genomes represent MAT1-1-1 or MAT1-2-1 idiomorphs and designate host-specific
pathotypes. We show for the first time that the apple pathotype is polyphyletic, present in both the A.
arborescens and A. tenuissma lineages. Furthermore, we profile a wider set of 89 isolates for both
mating type idiomorphs and toxin gene markers. Mating-type distribution indicated that gene flow
has occurred since the formation of A. tenuissma and A. arborescens lineages. We also developed
primers designed to AMT14, a gene from the apple pathotype toxin gene cluster with homologsin all
tested pathotypes. These primers allow identification and differentiation of apple, pear and
strawberry pathotypes, providing new tools for pathogen diagnostics.
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1 I ntroduction

Species within the genus Alternaria encompass a range of lifestyles, acting as saprotroph,
opportunistic pathogens and host-adapted plant pathogens (Thomma 2003). Large spored species
include A. solani, a mgor pathogen of potato, whereas small spored taxa include the Alternaria
alternata species group (Alternaria sect. alternaria), which are found ubiquitously in the
environment acting as saprotroph and opportunistic necrotrophs. This species group is responsible for
opportunistic human infections and arange of host adapted plant diseases.

Taxonomy within this presumed asexual genus has been subject to recent revision (Lawrence et al.
2013). Large spored species can be clearly resolved by standard phylogenetic markers such as ITS
and are supported by morphological characters. However, small spored species within the A.
alternata species group overlap in morphological characters, possess the same ITS haplotype
(Kusaba and Tsuge, 1995a) and show low variation in other commonly used barcoding markers
(Woudenberg et al. 2015; Lawrence et al. 2013; Armitage et al. 2015). Highly variable phylogenetic
markers have provided resolution between groups of isolates that possess morphological patterns
typical of descriptions for A. gaisen, A. tenuissma and A. arborescens (Armitage et al. 2015).
However, taxonomy of the species group is further complicated by designation of isolates as
pathotypes, each able to produce polyketide host-selective toxins (HST) adapted to apple, Asian pear,
tangerine, citrus, rough lemon or tomato (Tsuge et al. 2013). Genes involved in the production of
these HSTs are located on conditionally dispensable chromosomes (CDCs) (Hatta et al. 2002). CDCs
have been estimated to be 1.05 Mb in the strawberry pathotype (Hatta et al. 2002), 1.1 - 1.7 Mbin the
apple pathotype (Johnson et al. 2001), 1.1 - 1.9 Mb in the tangerine pathotype (M asunaka et al. 2000;
Masunaka et al. 2005) and 4.1 Mb in the pear pathotype (Tanaka et al. 1999; Tanaka and Tsuge
2000). These CDCs are understood to have been acquired through horizontal gene transfer and as

such, the evolutionary history of CDCs may be distinct from the core genome.

The polyketide synthase genes responsible for the production of the six HSTs are present in clusters.
Some genes within these clusters are conserved between pathotypes (Miyamoto et al. 2009; Hatta et
a. 2002), while genes are also present within these clusters that are unique to particular pathotypes
(Ajiro et al. 2010; Miyamoto et al. 2010). Thisis reflected in structural similarities between the pear
(AKT) and strawberry (AFT) and tangerine (ACTT) toxins with each containing a 9,10-epoxy-8-
hydroxy-9-methyl-decatrienoic acid moiety. In contrast, the toxin produced by the apple pathotype
(AMT) does not contain this moiety and is primarily cyclic in structure (Tsuge et al. 2013).
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Studies making use of bacterial artificial chromosomes (BAC) have led to the sequencing of toxin
gene cluster regions from three apple pathotype isolates (Genbank accessions. AB525198,
AB525199, AB525200; unpublished). These sequences are 100-130 Kb in size and contain 17 genes
that are considered to be involved in synthesis of the AMT apple toxin (Harimoto et al. 2007). AMT1,
AMT2, AMT3 and AMT4 have been demonstrated to be involved in AMT synthesis, as gene
disruption experiments have led to loss of toxin production and pathogenicity (Johnson et al. 2000;
Harimoto et al. 2007; Harimoto et al. 2008). However, experimental evidence has not been provided
to show that the remaining 13 AMT genes have a role in toxin production. Four genes present in the
CDC for the pear pathotype have been identified and have been named AKT1, AKT2, AKT3, AKTR-1
(Tanaka et al. 1999; Tanaka & Tsuge 2000; Tsuge et al. 2013) and a further two genes (AKT4,
AKTSL) have been reported (Tsuge et al. 2013).

The toxicity of a HST is not restricted to the designated host for that pathotype. All or some of the
derivatives of a toxin may induce necrosis on “non-target” host leaves. For example, AMT from the
apple pathotype can induce necrosis on the leaves of Asian pear (Kohmoto et al. 1976). Therefore

non-host resistance may be triggered by recognition of non-HST avirulence genes.

Alternaria spp. are of phytosanitary importance, with apple and pear pathotypes subject to quarantine
regulations in Europe under Annex IIAl of Directive 2000/29/EC as Alternaria alternata (non-
European pathogenic isolates). As such, rapid and accurate diagnostics are required for identification.
Where genes on essential chromosomes can be identified that phylogenetically resolve taxa, then
these can be used for identification of quarantine pathogens (Bonants et al. 2010; Quaedvlieg et al.
2012). Regulation and management strategies also need to consider the potential for genetic
exchange between species. The Alternaria sect. alternaria are presumed asexual but evidence has
been presented for either the presence of sexuality or a recent sexual past. Sexuality or parasexuality
provides a mechanism for reshuffling the core genome associated with CDCs of a pathotype. It is
currently unknown whether pathotype identification can be based on sequencing of phylogenetic loci,
or whether the use of CDC-specific primers is more appropriate. This is of particular importance for
the apple and Asian pear pathotypes due the phytosanitary risk posed by their potential establishment
and spread in Europe.

2 M ethods
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103  Twelve genomes were sequenced, selected from a collection of isolates whose phylogenetic identity
104 was determined in previous work (Armitage et al. 2015). These twelve isolates were three A.
105 arborescens clade isolates (FERA 675, RGR 97.0013 and RGR 97.0016), four A. tenuissma clade
106 isolates (FERA 648, FERA 1082, FERA 1164 and FERA 24350), three A. tenuissma clade apple
107  pathotype isolates (FERA 635, FERA 743, FERA 1166 and FERA 1177) and one A. gaisen clade pear
108  pathotypeisolate (FERA 650).

109 2.1 DNA and RNA extraction and sequencing

110  Apple pathotype isolate FERA 1166 and Asian pear pathotype isolate FERA 650 were sequenced
111  using both Illumina and nanopore MinlON sequencing technologies and the remaining ten isolates
112 were sequenced using Illumina sequencing technology. For both illumina and MinlON sequencing,
113 DNA extraction was performed on freeze dried mycelium grown in PDB for 14 days.

114  High molecular weight DNA was extracted for MinlON sequencing using the protocol of
115 Schwessinger & McDonald (2017), scaled down to a starting volume of 2 ml. This was followed by
116  phenol-chloroform purification and size selection to a minimum of 30 Kb using a Blue Pippin. The
117  resulting product was concentrated using ampure beads before library preparation was performed
118 using a Rapid Barcoding Sequencing Kit (SQK-RBK001) modified through exclusion of LLB beads.
119  Sequencing was performed on a Oxford Nanopore GridlION generating an additional 39 and 44 times
120 coverage of sequence datafor isolates FERA 1166 and FERA 650 respectively.

121  gDNA for illumina sequencing of isolate FERA 1166 was extracted using a modified CTAB protocol
122 (Li et al., 1994). gDNA for illumina sequencing of the eleven other isolates was extracted using a
123  Genelute Plant DNA Miniprep Kit (Sigma) using the manufacturers protocol with the following
124  modifications. the volume of lysis solutions (PartA and PartB) were doubled; an RNase digestion
125 step was performed as suggested in the manufacturer's protocol; twice the volume of precipitation
126  solution was added; elution was performed using elution buffer EB (Qiagen). A 200 bp genomic
127  library was prepared for isolate FERA 1166 using a TrueSeq protocol (TrueSeq Kit, Illumina) and
128  sequenced using 76 bp paired-end reads on an lllumina GA2 Genome Analyser. Genomic libraries
129  were prepared for the other eleven isolates using a Nextera Sample Preparation Kit (Illumina) and
130 libraries sequenced using a MiSeq Benchtop Analyser (Illumina) using 250 bp, paired end reads.

131 RNAseq was performed to aid training of gene models. mMRNA was extracted from isolates FERA
132 1166 and FERA 650 grown in full strength PDB, 1% PDB, Potato Carrot Broth (PCB) and V8 juice
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133  broth (V8B). The protocol for making PCB and V8B was as described in (Simmons, 2007)for
134  making Potato Carrot Agar and V8 juice agar, with the exception that agar was not added to the
135 recipe. Cultures were grown in conical flasks containing 250 mls of each liquid medium for 14 days.
136 mRNA extraction was performed on freeze dried mycelium using the RNeasy Plant RNA extraction
137  Kit (Qiagen). Concentration and quality of mRNA samples were assessed using a Bioanalyzer
138 (Agilent Technologies). mRNA from the sample grown in 1% PDB for isolate FERA 650 showed
139  evidence of degradation and was not used further. Samples were pooled from growth mediums for
140 eachisolate and 200 bp cDNA libraries prepared using a TrueSeq Kit (Illumina). These libraries were
141  sequenced in multiplex on aMiSeq (Illumina) using 200 bp paired end reads.

142 2.2 Genome assembly and annotation

143  De-novo genome assembly was performed for all 12 isolates. Assembly for isolate FERA 650 was
144  generated usng SMARTdenovo (https.//github.com/ruanjue/smartdenovo, February 26, 2017 github
145  commit), whereas assembly for isolate FERA 1166 was generated by merging a SMARTdenovo

146  assembly with a MinlON-Illumina hybrid SPAdes v3.9.0 assembly using quickmerge v0,2 (Antipov
147 et al. 2016, Chakraborty et al. 2016). Prior to assembly, adapters were removed from MinlON reads
148  using Porechop v0.1.0 and reads were further trimmed and corrected usng Canu v1.6 (Ruan 2016;
149 Koren et al. 2017). Following initial assembly, contigs were corrected using MinlON reads through
150 ten rounds of Racon (May 29, 2017 github commit) correction (Vaser et a. 2017)and one round of
151 correction usng MinlON signal information with nanopolish (v0.9.0) (Loman et al. 2015). Final
152  correction was performed through ten rounds of Pilon v1.17 (Walker et a. 2014) using Illumina
153  sequence data. Assemblies for the ten isolates with [llumina-only data were generated using SPAdes
154  v.3.9.0 (Bankevich et a. 2012). Assembly quality statistics were summarized using Quast v.4.5
155 (Gurevich et al. 2013). Single copy core Ascomycete genes were identified within the assembly using
156 BUSCO v3 and used to assess assembly completeness (Smédo et al. 2015). RepeatModder,
157 RepeatMasker and TransposonPSl were used to identify repetitive and low complexity regions
158  (http://www.repeatmasker.org, http://transposonpsi.sourceforge.net). Visualisation of whole genome
159  alignments between FERA 1166 and FERA 650 was performed using circos v0.6 (Krzywinski et al.
160 2009), following whole genome alignment using the nucmer tool as part of the MUMmer package
161 v4.0 (Marcaiset al. 2018).

162 Gene prediction was performed on softmasked genomes using Brakerl v.2 (Hoff et al. 2016), a
163 pipeline for automated training and gene prediction of AUGUSTUS 3.1 (Stanke & Morgenstern
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164  2005). Additional gene models were called in intergenic regions using CodingQuarry v.2 (Testa et al.
165 2015). Brakerl was run using the “fungal” flag and CodingQuarry was run using the “pathogen” flag.
166 RNAseq data generated from FERA 1166 and FERA 650 were aligned to each genome using STAR
167 v2.5.3a (Dobin et al. 2013), and used in the training of Brakerl and CodingQuarry gene models.
168 Orthology was identified between the 12 predicted proteomes using OrthoMCL v.2.0.9 (Li et al.
169 2003) with an inflation value of 5. Orthology was identified between the 12 predicted proteomes
170  using OrthoMCL v.2.0.9 (Li et al. 2003) with an inflation value of 5.

171  Draft functional genome annotations were determined for gene models using InterProScan-5.18-57.0
172 (Jones et a. 2014) and through identifying homology (BLASTP, E-value > 1x10"%) between
173  predicted proteins and those contained in the March 2018 release of the SwissProt database (Bairoch
174  and Apweiler 2000). Putative secreted proteins were identified through prediction of signal peptides
175 using SignalP v.4.1 and removing those predicted to contain transmembrane domains using
176 TMHMM v.2.0 (K&l et al. 2004; Krogh et a. 2001). Additional programs were used to provide
177  evidence of effectors and pathogenicity factors. EffectorP v1.0 was used to screen secreted proteins
178 for characteristics of length, net charge and amino acid content typical of fungal effectors
179  (Sperschneider et al. 2016). Secreted proteins were also screened for carbohydrate active enzymes
180 using HMMER3 (Mistry et a. 2013) and HMM models from the dbCAN database (Huang et al.
181 2018). DNA binding domains associated with transcription factors (Shelest 2017) were identified
182  aong with two additional fungal-specific transcription factors domains (IPR007219 and 1PR021858).
183  Annotated assemblies were submitted as Whole Genome Shotgun projects to DDBJENA/Genbank
184 (Tablel).

185 2.3 Phylogenetics

186 BUSCO hits of single copy core ascomycete genes to assemblies were extracted and retained if a
187  single hit was found in all of the 12 sequenced genomes and 23 publically available Alternaria spp.
188 genomes from the Alternaria genomes database (Dang et al. 2015). Sequences from the resulting hits
189  of 500 loci were aligned using MAFFT v6.864b (Katoh and Standley 2013), before alignments were
190 trimmed using trimAl v1.4.1 (Capella-Gutiérrez et al. 2009), and trees calculated for each locus using
191 RAXML v8.1.17 (Liu et al. 2011). The most parsmonious tree from each RAXML run was used to
192  determine a single consensus phylogeny of the 500 loci using ASTRAL v5.6.1 (Zhang et al. 2018).
193 Theresulting tree was visualised using the R package GGtreev1.12.4 (Yu et al. 2016).

194 2.4 CDC identification
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195 Contigs unique to apple and pear pathotypes were identified through read alignment to assembled
196  genomes. Read alignment was performed using Bowtie2 (Langmead and Salzberg 2012), returning a
197 single best alignment for each paired read. Read coverage was quantified from these alignments
198 using Samtools (Li et al. 2009).

199

200 25 Toxin-synthesisgenesin Alternaria genomes

201  Sequence data for 40 genes located in A. alternata HST gene clusters were downloaded from
202  Genbank. BLASTNn searches were performed for all 40 gene sequences against one another to
203  identify homology between these sequences. Genes were considered homologous where they had >
204 70 % identical sequences over the entire query length, and an e-value of 1x10%. tBLASTx was used

205  to search for the presence of these genesin assemblies.

206 2.6 Signaturesof genetic exchange

207 Mating type idiomorphs present in publicly available genomes were identified usng BLASTn
208  searches. A wider assessment within 89 characterised Alternaria isolates (Armitage et al. 2015) was
209 undertaken using specific PCR primers (Arie et a. 2000). PCR primes (AAM1-3: 5-
210 TCCCAAACTCGCAGTGGCAAG-3'; AAM1-3: 5-GATTACTCTTCTCCGCAGTG-3; M2F: 5'-
211 AAGGCTCCTCGACCGATGAA-3; M2R: 5-CTGGGAGTATACTTGTAGTC-3) were run in
212  multiplex with PCR reaction mixtures consisting of 10 ul redtaq (REDTag ReadyMix PCR Reaction
213  Mix, Sigma-Aldrich), 2 ul DNA, 1 ul of each primer (20 uM), and 4 pl purified water (Sigma-
214 Aldrich). PCR reaction conditions comprised of an initial 60 second denaturing step at 94°C followed
215 by 30 cycles of a melting step of 94°C for 30 seconds, an annealing step at 57°C for 30 seconds, and
216 an extension step at 72°C for 60 seconds, these cycles were followed by a final extension step at
217  72°C for 420 seconds. MAT1-1-1 or MAT1-2-1 idiomorphs were determined through presence of a
218 271 or 576 bp product following gel electrophoresis, respectively.

219 2.7 PCR screensfor appleand pear toxin-synthesis genes

220 A set of 90 previously characterised isolates was used to further investigate the distribution of
221  pathotypes throughout the A. alternata species group. PCR primers were designed for the
222  amplification of three genes (AMT4, AMT14, AKT3) located within CDC gene clusters involved in
223  toxin synthesis. Primers for AMT4 were designed to amplify apple pathotype isolates, AKT3 to
224  amplify pear pathotype isolates and AMT14 to identify both apple and pear pathotype isolates. These

8
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225  primers were then used to screen isolates for the presence of these genes in 30 cycles of PCR using
226  0.25 ul Dream taqg, 1 ul of 10x PCR buffer, 1 ul of dNTPs, 1 ul of gDNA, 1 ul of each primer (5
227 uM), and 4.75 ul purified water (Sigma-Aldrich). PCR products were visualised using gel
228  electrophoresis and amplicon identity confirmed through Sanger sequencing. Primers AMT4-EMR-F
229 (5'-CTCGACGACGGTTTGGAGAA-3) and AMT4-EMR-R (5'-TTCCTTCGCATCAATGCCCT-
230 3) were used for amplification of AMT4. Primers AKT3-EMR-F (5
231 GCAATGGACGCAGACGATTC-3) and AKT3-EMR-R (5 -CTTGGAAGCCAGGCCAACTA-3)
232  wereused for amplification of AKT3. Primers AMT14-EMR-F (5'-TTTCTGCAACGGCGKCGCTT-
233  3) and AMT14-EMR-R (5'-TGAGGAGTYAGACCRGRCGC-3) were used for amplification of
234  AMT14. PCR reaction conditions were the same as described above for mating type loci, but with
235 annedling performed at 66°C for al primer pairs.

236 2.8 Virulenceassay

237  Pathogenicity assays were performed on apple cv. Spartan and cv. Bramley’s seedling to determine
238 differences in isolate virulence between A. tenuissima isolates possessing the apple pathotype CDC
239 (FERA 635, FERA 743 or FERA 1166) and non-pathotype isolates lacking the CDC (FERA 648,
240 FERA 1082 or FERA 1164). Detailed pathogenicity assay methods are provided in supplementary
241  information 5. Briefly, leaves were inoculated with 10 ul of 1x10° spore suspensions at Six points
242 and the number of leaf spots counted at 14 days post inoculation. One isolate was infected per ledf,
243  with 10 replicates per cultivar. Binomial regression using a generalised linear modd (GLM) was

244 used to analyse the number of resulting lesions per |eaf.

245  Unfolded adult apple leaves, less than 10 cm in length were cut from young (less than 12 months old)
246  apple cv. Spartan trees or cv. Bramley's seedling trees. These were quality-checked to ensure that
247  they were healthy and free from disease. Leaves were grouped by similar size and age and organised
248 into ten experimental replicates of nine leaves. Leaves placed in clear plastic containers, with the
249  abaxia leaf surface facing upwards. The base of these boxes was lined with two sheets of paper
250 towel, and wetted with 50 mis of sterile distilled water (SDW). The cultivars were assessed in two
251  independent experiments.

252  Spore suspensions were made by growing A. alternata isolates on 1% PDA plates for four weeks at
253 23 °C before flooding the plate with 2 mls of SDW, scraping the plate with a disposable L-shaped
254  spreader. Each leaf was inoculated with 10 ml of 1x10° spores.ml™ A. alternata spore suspension or
255 10 ml of sterile-distilled water at six points on the abaxial leaf surface. Of the nine leaves in each

9
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256  box, three leaves were inoculated with a spore suspensions from isolates carrying apple pathotype
257 CDC, three leaves were inoculated with non-pathotype isolates lacking the CDC, and three leaves
258  were inoculated with SDW. Following inoculation, each container was sealed and placed in plastic

259  bagsto prevent moisture loss. Boxes were then kept at 23 °C with a 12 hr. light / 12 hr. dark cycle.
260
261 3 Results

262 3.1 Generation of near-complete genomesfor the apple and pear pathotype using MinlON
263 sequencing

264  Assemblies using nanopore long-read sequence data for the apple pathotype isolate FERA 1166, and
265 pear pathotype isolate FERA 650 were highly contiguous, with the former totaling 35.7 Mb in 22
266  contigs and the latter totaling 34.3 Mb in 27 contigs (Table 2). Whole genome alignments of these
267  assemblies to the 10 chromosomes of A. solani showed an overall macrosynteny between genomes
268 (Fig. 1), but with structural rearrangement of apple pathotype chromosomes in comparison to A.
269 solani chromosomes 1 and 10. The Asian pear pathotype had distinct structural rearrangements in
270  comparison to A. solani, chromosomes 1 and 2 (Fig. 1). Scaffolded contigs of FERA 1166 spanned
271  theentirelength of A. solani chromosomes 2, 3, 6, 8 and 9 and chromosomes 4, 5, 6 and 10 for FERA
272 650 (Fig. 1). Interestingly, sites of major structural rearrangements within A. solani chromosome 1
273  wereflanked by telomere-like TTAGGG sequences.

274  Genome assembly of 10 Illumina sequenced isolates yielded assemblies of a similar total size to
275  MinlON assemblies (33.9 - 36.1 Mb) but fragmented into 167-912 contigs. Assembled genomes were
276  repeat sparse, with 1.41 - 2.83 % of genomes repeat masked (Table 2). Genome assemblies of A.
277 arborescens isolates (33.8 - 33.9 Mb), were of similar total size to non-pathotype A. tenuissima
278  isolates and had smilar repetitive content (2.51 — 2.83 and 1.41 — 2.83 % respectively). Despite this,
279 identification of transposon families in both genomes showed expansion of DDE (Tsg = 5.36, P >

280 0.01) and gypsy (Tsg = 6.35, P> 0.01,) familiesin A. arborescens genomes (Fig. 2).

281 3.2 Phylogeny of sequenced isolates

282  The relationship between the 12 sequenced isolates and 23 Alternaria spp. with publically available
283  genomes was investigated through phylogenetic analysis of 500 shared core ascomycete genes. A.
284  pori and A. destruens genomes were excluded from the analysis due to low numbers of complete

285 single copy ascomycete genes being found in thelr assemblies (Supp. information 1). The 12

10
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286  sequenced isolates were distributed throughout A. gaisen, A. tenuissma and A. arborescens clades
287  (Fig. 3). Theresulting phylogeny (Fig. 3), formed the basis for later assessment of CDC presence and
288 mating type distribution among newly sequenced and publicly available genomes, as discussed
289  below.

290 3.3 Geneand effector identification

291 Gene prediction resulted in 12757 — 13733 genes from the our assemblies (Table 2), with
292  dignificantly more genes observed in the apple pathotype isolates than in A. tenuissima clade non-
293  pathotype isolates (P > 0.01, F, g = 51.19). BUSCO analysis identified that gene models included
294  over 97% of the single copy conserved ascomycete genes, indicating well trained gene models. Apple
295  pathotype isolates possessed greater numbers of secondary metabolite clusters (P > 0.01, Fogs =
296 8.96) and secreted genes (P > 0.01, Fysr = 44.21) than non-pathotype A. tenuissima isolates,
297 indicating that CDCs contain additional secreted effectors. Non-pathotype A. tenuissima clade
298 isolates were found to possess greater numbers of genes encoding secreted proteins than A.
299  arborescensisolates (P> 0.01, Fo g4 = 44.21), including secreted CAZY mes (P > 0.01, F, g4 = 9.83).
300 Thebasisof differentiation between these taxa was investigated further.

301 34 Genomic differencesbetween A. tenuissima and A. arborescens clades

302 Orthology analysis was performed upon the combined set of 158,280 total proteins from the 12
303  sequenced isolates. In total, 99.2 % of proteins clustered into 14,187 orthogroups. Of these, 10,669
304  orthogroups were shared between all isolates, with 10,016 consisting of a single gene from each
305 isolate. This analysis alowed the identification of 239 orthogroups that were either unique to A.
306 arborescensisolates or expanded in comparison to non-pathotype A. tenuissima isolates.

307 Expanded and unique genes to A. arborescens isolates was further investigated using FERA 675
308 (Supp. information 2). Genes involved in reproductive isolation were in this set, including 21 of the
309 148 heterokayon incompatibility (HET) loci from FERA 675. CAZymes were also identified within
310 thisset, three of which showed presence of chitin binding activity and the other three having roles in
311 xylan or pectin degradation. In total, 25 genes encoding secreted proteins were within this set,
312 secreted proteins with pathogenicity-associated functional annotations included a lipase, a
313 chloroperoxidase, an aerolysin-like toxin, a serine protease and an aspartic peptidase. A further six
314  secreted genes had an effector-like structure by EffectorP but no further functional annotations.
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315 Furthermore, one gene from this set was predicted to encode a fungal-specific transcription factor
316  uniqueto A. arborescens isolates.

317  Further to the identification of genes unique or expanded in A. arborescens, 220 orthogroups were
318 identified as unique or expanded in the A. tenuisssima. These orthogroups were further investigated
319 usingisolate FERA 648 (Supp. information 2). This set also contained genes involved in reproductive
320 isolation, including nine of the 153 from FERA 648. CAZymes within the set included two chitin
321 hbinding proteins, indicating a divergence of LysM effectors between A. tenuissma and A.
322  arborescens lineages. The five additional CAZymes in this set represented distinct families from
323  those expanded/unique in A. arborescens, including carboxylesterases, chitooligosaccharide oxidase
324 and sidlidase. In total, 18 proteins from this set were predicted as secreted, including proteins with
325 cupin protein domains, leucine rich-repeats, astacin family peptidase domains and with four predicted
326 to have effector-like structures but no further annotations. A. tenuissma isolates had their own
327  complement of transcription factors, represented by four genes within this set.

328 3.5 Identification of CDC contigs and assessment of copy number

329 Alignment of Illumina reads to the apple and Asian pear pathotype MinlON reference assemblies
330 identified variable presence of some contigs, identifying these as contigs representing CDCs (CDC
331 contigs). Six contigs totaling 1.87 Mb were designated as CDCs in the apple pathotype reference
332 (Table 3) and four contigs totaling 1.47 Mb designated as CDCs in the pear pathotype reference
333 (Table 4). Two A. tenuissima clade non-pathotype isolates (FERA 1082, FERA 1164) were noted to
334  possess apple pathotype CDC contigs 14 and 19 totaling 0.78 Mb (Table 3).

335 Read alignments showed that CDC contigs were present in multiple copies within A. alternata
336 pathotype isolates. FERA 1166 Illuminareads aligned to its own assembly showed two-fold coverage
337  over contigs 14, 15, 20 and 21 in comparison to core contigs (Table 3). This was more pronounced in
338 isolate FERA 1177 that had between two- and eight-fold coverage of these contigs. The same was
339 observed in pear pathotype CDC regions, with contigs 14 and 24 in isolate FERA 650 showing two-
340 fold coverage from Illuminareadsin comparison to core contigs (Table 4).

341 3.6 Toxingeneclustersare present on multiple CDC contigs

342 Homologs to 15 of the 17 AMT cluster genes were located on contigs 20 and 21 in the apple
343  pathotype reference genome (e-value < 1x10%°, > 70% query alignment), confirming them as CDC-
344  regions (Table 5). Of the remaining two genes, AMT11 had low-confidence BLAST homologs on
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345  contigs 18 and 21 (e-value < 1x10°*°) whereas the best BLAST hit of AMT15 was located on contig
346 18 (e-value < 1x10'®). Duplication of toxin gene regions was observed between CDC contigs, with
347  contig 20 carrying homologs to 16 toxin genes, but with contig 21 also carrying the AMT1 to AMT12
348  section of the cluster (Table 5). The three other apple pathotype isolates (FERA 635, FERA 743 and
349 FERA 1177) also showed presence of 15 of the 17 AMT genes (e-value < 1x10%, > 70% query
350 alignment), and with some AMT genes present in multiple copies within the genome indicating that
351 the AMT toxin region has also been duplicated in these i solates.

352

353 The Asian pear pathotype was also found to carry toxin gene clusters in multiple copies, with
354  homologs to the four AKT cluster genes present on contig 14 of the FERA 650 assembly (e-value <
355 1x10™*, > 70% query alignment), with three of these also present on contig 24 (e-value < 1x10°,
356 two with > 70% query alignment). BLAST hit results from AKT genes were supported by ther
357 homologs from strawberry and tangerine pathotypes also found in these regions (Table 5). The pear
358 pathotype genome was also found to contain additional homologs from apple (AMT14), strawberry
359 (AFT9-1, AFT10-1, AFT11-1 and AFT12-1) and citrus (ACTT5 and ACTT6) located on CDC contigs
360 14 and?24 (Tableb).

361 3.7 CDCscarry effectorsalongside secondary metabolites

362 A total of 624 proteins were encoded on the six contigs designated as CDCs in the reference apple
363 pathotype genome, with 502 proteins encoded on the four Asian pear pathotype CDC contigs (Supp.
364 information 3). We further investigated the gene complements of these regions.

365 Approximately a quarter of gene models on apple pathotype CDC contigs were involved in
366 secondary metabolism, with 153 genes present in six secondary metabolite gene clusters. This
367 included AMT toxin gene homologs on contigs 20 and 21, which were located within NRPS
368  secondary metabolite gene clusters. Three other secondary metabolite clusters were located on CDC
369 contigs with two of these involved in the production of T1PKS secondary metabolites and the third
370  with unknown function. A further two secondary metabolite clusters were located on contig 14
371  shared with two non-pathotype isolates, one of which isinvolved in the production of a TLIPKS. The
372  pear pathotype also carried 153 genes in secondary metabolite gene clusters. These 30 % of CDC
373  genes were located in four clusters, with the AKT toxin genes in T1PKS clusters of contigs 14 and
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374  24. A second cluster was present on contig 14 with unknown function and a T1PKS cluster was
375  present on contig 16.

376  Approximately 5 % of the genes on apple CDC contigs encoded secreted proteins, with 32 in isolate
377 FERA 1166 many of which had potential effector functions with six designated as CAZymes and 12
378  testing positive by EffectorP. Similarly, a total of 41 secreted proteins were predicted on the CDC
379 regions of the Asian pear pathotype, with eight of these designated as secreted CAZymes and 13
380 testing positive by EffectorP. Further investigation into the 32 secreted proteins from the apple
381 pathotype identified three CAZYmes from the chitin-active AA11 family, two from the cellulose-
382  active GH61 family and one cellulose-active GH3 family protein. Six of the 13 EffectorP proteins
383  also had domains identifiable by interproscan: four carried NTF2-like domains, which are envelope
384  proteins facilitating protein trangport into the nucleus; one was a fungal hydrophobin protein; one
385 was a member of an panther superfamily PTHR40845 that shares structural similarity with proteins
386 from the plant pathogens Phaeospharia nodorum, Sclerotinia sclerotiorum and Ustilago maydis. Of
387 the 38 secreted proteins identified from the pear pathotype, two CAZY mes were also identified from
388 the chitin-active AA11 family, two from the AA3 family with single proteins from GH5, CBM67 and
389 AA7 families. Ten of the twelve secreted EffectorP proteins had no functional information as
390 predicted by interproscan, with the other two identified as carrying WSC domains IPR002889, which
391 are cysteinerich domains involved carbohydrate binding. CDCs may also play important roles in
392 transcriptional regulation with 29 putative transcription factors identified in the apple pathotype CDC
393  contigs(4.6 % CDC genes) and 35 identified in pear pathotype CDC contigs (7.0 % CDC genes).

394 3.8 Polyphyletic distribution of apple and tangerine pathotypes

395 The evolutionary relationship between A. alternata pathotypes sequenced in this study and publicly
396 available genomes was analyzed by the core gene phylogeny (Fig. 2). We identified four isolates as
397  tangerine pathotypes (Z7, BMP2343, BMP2327, BMP3436) two as tomato pathotypes (BMP0308,
398 EGS39-128), one Asian pear pathotype (MBP2338), one rough-lemon (BMP2335) and two apple
399 pathotypes (BMP3063, BMP3064) through searches for genes from HST-gene clusters (Supp.
400 information 4). When plotted on the genome phylogeny, we found the apple and tangerine pathotypes
401 to be polyphyletic (Fig. 2). Five of the six sequenced apple pathotype isolates were located in the A.
402  tenuissima clade and onein the A. arborescens clade, whereas the tangerine pathotype was present in

403  both the A. tenuissima clade and in the A. tangelonis/ A. longipes clade.

404 3.9 Molecular toolsfor identification of apple, pear and strawberry pathotypes
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405 PCR primers for three loci (AMT4, AKT3 and AMT14) were designed to identify the distribution of
406 pathotypic isolates through the A. alternata species group and were screened against a set of 89
407  previously characterised isolates (Fig. 4). Fiveisolates tested positive for the presence of AMT4, each
408 of which was from the A. tenuissima clade (FERA 635, FERA 743, FERA 1166, FERA 1177). Five
409 isolates tested positive for the presence of AKT3, including the three isolates from Asian pear in the
410 A. gaisen clade and a further two isolates from the A. tenuissima clade that were from strawberry.
411  Sequencing of the AKT3 amplicons from the two isolates ex. strawberry identified them as the AFT3-
412 2 ortholog of AKT3, showing that these isolates were strawberry pathotypes rather than pear
413  pathotypes. Sequencing of PCR products from the other isolates confirmed them to be apple or pear
414  pathotypes as expected. All of the isolates testing positive for AMT4 or AKT3 also tested positive for
415 AMTI14, indicating its suitability as atarget gene for identification of arange of pathotypes.

416 Presence of apple pathotype CDCs was confirmed to be associated with pathogenicity through
417  detached apple leaf assays. Apple pathotype isolates showed significantly greater numbers of necrotic
418 lesions when inoculated onto cv. Spartan (F72¢ =100.64) and cv. Bramley’s Seedling (F72q =69.64)
419 leavesthan non-pathotype A. tenuissma isolates (Fig. 5).

420 3.10 Signatures of genetic exchange

421  Of the 12 sequenced isolates, BLAST searches identified five as carrying the MAT1-1-1 idiomorph
422  and seven as carrying MAT1-2-1. Both idiomorphs showed distribution throughout the A. alternata
423  genome phylogeny (Fig. 2). These results were supported by PCR assays identifying the mating type
424  of 89 previousy characterised isolates (Fig. 4). Idiomorphs did not deviate from a 1.1 ratio within A.
425 tenuissima (21 MAT1-1-1 : 23 MAT1-2-1; y2 = 0.09, 1df, P>0.05) or A. arborescens clades (18
426 MAT1-1-1: 24 MAT1-2-1; 2 = 0.86; 1df; P>0.05), as expected under a random mating population.
427  All three of the A. gaisen clade isolates carried the MAT1-2-1 idiomorph.

428
429 4 Discussion

430 This work builds upon the current genomic resources available for Alternaria, including the A.
431 brassicicola and A. solani genomes (Belmas et al. 2018; Wolters et al. 2018), A. alternata from onion
432  (Bihon et a. 2016) the additional 25 Alternaria spp. genomes available on the Alternaria Genomes
433 Database (Dang et al. 2015) as well as recent genomes for other pathotype and non-pathotype A.
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434  alternata (Hou et al. 2016; Wang et al. 2016; Nguyen et a. 2016). Of the previoudy sequenced
435 genomes, A. solani, the citrus pathotype and a non-pathotype A. alternata isolate have benefitted
436 from long read sequencing technology with each comprising less than 30 contigs (Wolters et al.
437  2018; Wang et al. 2016; Nguyen et al. 2016). Total genome sizes in this study (33-36 Mb) were in
438 line with previous estimates for A. alternata, with the tomato pathotype also previously assembled
439 into 34 Mb (Hu et a. 2012). Synteny analysis of our two reference genomes against the
440 chromosome-level A. solani genome revealed structural differences for chromosomes 1 and 10 in the
441  apple pathotype and for chromosomes 1 and 2 in the pear pathotype. These structural differences may
442  represent distinct traits between clades of the A. alternata species group, and may represent a barrier
443  to genetic exchange involved in the divergence of A. gaisen and A. tenuissma lineages. The number
444  of essential chromosomes in our reference genomes is in line with previous findings in A. alternata
445 (Kodamaet al. 1998), with 9-11 core.

446  Species designations within the species group have been subject to recent revision (Woudenberg et
447  a. 2015; Lawrence et a. 2013; Armitage et al. 2015) leading to potential confusion when selecting
448 isolates for study. For example, the available A. fragariae genome (Dang et al. 2015), did not
449  represent a strawberry pathotype isolate and was located in the A. gaisen clade. As such, the
450 phylogenetic context for sequenced Alternaria genomes described in this study, along with pathotype

451  identification provides a useful framework for isolate selection in future work.

452 4.1 Evidence of genetic exchange

453 A 1:1ratio of MAT loci was observed within A. arborescens and A. tenuissima clades. This supports
454  previous identification of both idiomorphs within A. alternata, A. brassicae and A. brassicicola
455  (Berbee et al. 2003). Furthermore, presence of both MAT idiomorphs within apple pathotype isolates
456 indicates that genetic exchange (sexuality or parasexuality) has occurred since the evolution of
457 CDCs, providing a mechanism of transfer of CDCs. Furthermore, we show that some recent or
458  historic genetic exchange has occurred between A. tenuissima and A. arborescens clades, with both

459  apple and tangerine pathotypes exhibiting a polyphyletic distribution throughout the phylogeny.

460 4.2 Duplication of toxin-gene contigs

461  Toxin genes have been proposed to be present in multiple copies within A. sect. alternaria pathotype
462  genomes with AMT2 proposed to be present in at least three copies in the apple pathotype CDC
463  (Harimoto et al. 2008), and multiple copies of AKTR and AKT3 in the pear pathotype (Tanaka et al.
464  1999; Tanaka and Tsuge 2000). Through read mapping we demonstrated that this is the case.
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465  Furthermore, we show that toxin gene clusters are present on multiple contigs, with differencesin the
466  gene complements between these clusters. At this stage, it is unclear whether these different clusters
467  areresponsible for the production of the variant R-groups previously characterised in AMT or AKT
468 toxins (Nakashima et al. 1985; Harimoto et al. 2007). Differences were also noted between non-
469 pathotype isolates from the A. tenuissima clade in the presence/absence of contigs 14 and 19,
470  representing atotal of 775 Kb. Chromosomal loss has been reported in the apple pathotype (Johnson
471 et a. 2001), and it is not clear if this represents chromosomal instability in culture or additional

472  dispensable chromosomes within A. tenuissima clade isolates.

473 4.3 PCR primersfor diagnostics

474 It isnow clear that genes on essential chromosomes do not provide reliable targets for identification
475  of different pathotypes and hence loci located directly on CDCs should be used. We found AMT14
476  homologs to be present in all pathotype genomes and designed primers to this region. These
477  demonstrated specificity to apple, pear and strawberry pathotypes within a set of 86 Alternaria
478  isolates. Furthermore, Sanger sequencing of these amplicons confirmed this to be a single locus that
479  can both identify and discriminate a range of pathotypes. Wider validation of this primer set is now
480 required to test its suitability across other pathotypes.

481 4.4 Divergenceof A. arborescensand A. tenuissima

482  The divergence of A. tenuissima and A. arborescens lineages was investigated through identification
483  of expanded and unique gene compliments. We identified HET loci unique to A. arborescens or A.
484  tenuissima lineages. HET loci may act as incompatibility barriers to common genetic exchange
485  between these taxa (Glass and Kaneko 2003). Taxa also showed divergence in effector profiles,
486 including chitin binding effectors, with A. arborescens isolates possessing unique Xxylan/pectin
487 degradation CAZymes, while A. tenuissima isolates possessed unique carboxylesterase,
488  chitooligosaccharide and sialidase CAZymes. Chitin binding proteins are important in preventing
489 MAMP triggered host recognition by plants and animals during infection, and may also aid
490 pesistence of resting bodies outsde of the host (Kombrink and Thomma 2013). Putative
491  transcription factors were also amongst the proteins specific to A. arborescens or A. tenuissima,
492 indicating that these taxa not only possess distinct gene complements but also differ in how they
493  respond to stimuli. Dispersed repeat sequences such as transposable €l ements have been shown to
494  serve as sites of recombination within and between fungal chromosomes (Zolan 1995) and we also

495  show distinct transposon profiles between A. arborescens and A. tenuissima. Transposons are known
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496 to aid host adaptation in plant pathogens (Faino et a. 2016; Gijzen 2009; Schmidt et al. 2013) and
497  have been a mechanism for differentiation of these taxa.

498 45 Effectorson CDC regions

499  Alternaria HSTs are capable of inducing necrosis on non-host leaves (Kohmoto et al. 1976), meaning
500 that non-host resistance must be associated with recognition of other avirulence genes. We
501 investigated the complements of other putative pathogenicity genes and effectors produced by the
502 apple and Asian pear pathotypes and identified additional CAZymes and secondary metabolite
503 profiles on CDC regions, distinct between pathotypes, suggesting additional host-adapted tools for
504  pathogenicity. Additional secondary metabolites clusters were present on both apple and pear
505 pathotype CDCs as well as unique complements of secreted CAZymes. CAZyme families AA3, AA7
506 and AA9 have previously been reported to be in greater numbers in the citrus pathotype in
507 comparison to non-pathotypes (Wang et al. 2016). Furthermore, putative transcription factor genes
508 were identified in CDCs indicating that these regions may have some level of transcriptional
509 autonomy from the core genome. This has been shown in Fusarium, where effector proteins are
510 regulated by the SGE transcription factor on the core genome but also by FTF and other transcription
511 factor families (TF1-9) located on lineage specific chromosomes (van der Does et al. 2016).

512 4.6 Conclusons

513 We report near-complete reference genomes for the apple and Asian pear pathotypes of A. sect.
514 alternaria and provide genomic resources for a further ten diverse isolates from this clade. For the
515 first time we show sequenced Alternaria genomes in a phylogenetic context alowing the
516 identification of both mating type idiomorphs present in A. arborescens and A. tenuissma, with a
517  distribution throughout subclades that was indicative of recent genetic exchange. The presence of the
518 apple CDC in isolates of both mating types supports gene flow between isolates. Furthermore, the
519 digribution of isolates from different pathotypes throughout the phylogeny indicated that apple and
520 tangerine pathotypes are polyphyletic. This means that gene flow is not limited to within, but has also
521  occurred between A. tenuissma and A. arborescens lineages. We also developed PCR primers to aid
522 identification of pathotypes, with those targeting the AMT14 locus identifying a range of pathotypes
523 dueto its conservation between CDCs. Despite evidence of genetic exchange between A. arborescens
524  and A. tenuissma clades, we show that these taxa are sufficiently isolated to have diverged, with
525  dignificant differencesin core effector profiles and transposon content.

526
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527 5 Figure Legends and Tables
528 Figurel

529  Genome alignment between the reference A. solani genome and long-read assemblies of A. alternata
530 apple (A) and Asian pear (B) pathotypes. Links are shown between aligned regions. Locations of
531 telomere repeat sequences are marked within assembled contigs. Contig order in reference to A.
532 solani chromosomes is summarized, with those contigs displaying evidence of structural
533 rearrangement marked with an asterisk.

534 Figure?2

535 Distinct DDE and gypsy family transposon families between genomes of A. arborescens (arb) and A.
536 tenuissima (ten) clade isolates. Numbers of identified transposons are also shown for hAT, TY1
537  copia, mariner, cacta, LINE, MuDR / Mu transposases, helitrons and the Ant1-like mariner elements.

538 Figure3

539 Phylogeny of sequenced and publicly available Alternaria spp. genomes. Maximum parsimony
540 consensus phylogeny of 500 conserved single copy loci. Dotted lines show branches with support
541 from < 80% of trees. Mating type idiomorphs MAT1-1-1 and MAT1-2-1 show distribution
542  throughout the phylogeny. Isolates pathotype is labelled following identification of genesinvolved in
543  synthesis of apple, pear, strawberry, tangerine, rough lemon and tomato toxins.

544  Figure4

545  Presence/absence of toxin and mating type genes for 89 Alternaria isolates. Results are plotted onto
546  the 5-gene phylogeny of Armitage (2015). MAT1-1-1 and MAT1-2-1 mating type idiomorphs are
547  designated.

548 Figure5

549  Number of Alternaria lesions per apple leaf at 14 dpi for treatments in virulence assays on cv.
550  Spartan or cv. Bramley’'s Seedling leaves. Apple pathotype isolates (FERA 635, FERA 743 and FERA
551 1166) cause significant disease symptoms in comparison to control leaves, in contrast to non-
552  pathotype isolates (FERA 648, FERA 1082 and FERA 1164). Number of lesions (xSE) are shown
553  with significanceat P < 0.05, as determined from a GLM at the isolate and pathotype level.

554 Tablel

555  NCBI biosample and genome accession numbers of data generated in this study.

Isolate BioSample Accession

FERA 675 SAMNO06205217 PDUP01000000
RGR 97.0013 SAMNO06205218 PDWY01000000
RGR 97.0016 SAMNO06205219 PEJP01000000
FERA 650 SAMNO06205220 PDWZ02000000
FERA 1082 SAMNOQ06205221 PDXA(01000000
FERA 1164 SAMNO06205222 PDXB01000000
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FERA 1166 SAMNO06205223  PDXC01000000
FERA 1177 SAMNO06205224  PDXD01000000
FERA 24350 SAMNO06205225 PDXE01000000
FERA 635 SAMNO06205226  PDXF01000000
FERA 648 SAMNO06205227 PDXG01000000
FERA 743 SAMNO06205228 PDXH01000000

556
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558

559
560
561
562

Table?2

Assembly and gene prediction statistics for genomes from three A. alternata species group lineages, including apple and Asian pear
pathotype isolates. Number of genes predicted to encode secreted proteins, secreted effectors (EffectorP) and secreted carbohydrate active
enzymes (CAZymes) are shown as well as the total number of secondary metabolite clusters in the genome. The percentage of 1315
conserved ascomycete genes that were identified as complete and present in a single copy within assemblies or gene models are shown.

Organism A. gaisen A. tenuissma A. arborescens
Pathotype pear | apple non-pathotype non-pathotype
Isolate FERA SFERA FERA FERA FERA FERA FERA FERA FERA FERA RGR  RGR
650 1166 635 743 1177 . 648 1082 1164 24350: 675 97.0013 97.0016
Assembly size (Mb) 343 357 361 359 356 | 335 339 347 330 339 338 338
Contigs 27 | 22 912 788 735 | 124 345 250 167 | 325 287 339 9
Largest contig (Mb) 626 | 390 143 383 461 | 350 172 204 190 | 209 161 1.06 S
N50 (Kb) 2110 | 1584 319 622 537 1341 547 709 608 | 862 685 528 &

Repeatmasked (Kb) 749 11268 953 869 865 | 658 628 983 466 | 853 955 784 g

Repeatmasked (%) 218 | 355 264 242 243 | 196 185 283 141 | 251 283 232 3
Conserved Ascomycete genes 987 | 990 988 989 988 : 990 986 988 990 : 986 986 987 %

in genome (%) : : : 2

Total genes 13169 | 13576 13733 13707 13580 12757 13028 13114 12806 ; 12896 12766 12820 §

Total proteins 13220 | 13633 13812 13776 13647 | 12798 13091 13169 12856 | 12936 12813 12863 &
Conserved Ascomycete genes 987 : 990 981 982 977 : 983 982 985 984 : 977 981 981

in gene models (%) : : :

Secreted proteins 1208 | 1251 1261 1247 1270 | 1228 1246 1235 1225 | 1199 1189 1185
Secreted EffectorP proteins 246 | 248 264 263 268 | 233 252 252 241 | 236 229 229
Secreted CAZY me proteins 383 380 397 390 397 | 392 401 38 391 | 375 372 382
Secondary metabolite clusters 30 34 36 36 30 | 28 30 29 26 | 28 28 30

610z ‘ST AN paisod uoisian siyl :5897£S/TOTT 0T/B10"10p//:sdny :10p 1undaid AixyoIq
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Table3

Identification of CDC regions in the A. alternata apple pathotype reference genome. Read depth is
shown from illumina reads against each contig, by isolate. Contigs showing reductions in coverage
from non-pathotype isolates were identified as regions of conditionally dispensable chromosomes
(CDCs).

A. gaisen A. tenuissma A. arborescens
pear | apple -
e o @ Faadagddad o}
contig (bp) 3 §§§ §§>>f}§§ 9 g
PP o B e o 5

1 3902980 32 149 26 40 60 |34 21 28 36:53 35 26

2 3781932 31 149 26 40 58 33 20 29 35:51 34 26

3 3000390 33 50 26 40 59 (34 21 28 36:53 35 26

4 2851745 32 149 27 41 59 {34 21 28 36:53 36 27

5 2693844 33 149 27 40 60 34 21 29 36:53 36 27

6 2583941 33 {50 27 40 60 {34 21 29 36:53 36 27

7 2502671 33 {49 26 40 59 {34 21 28 36:52 35 26

8 2455819 32 149 27 40 6033 21 29 35:52 35 26

9 2451092 32 149 26 40 59 {33 20 28 35:52 35 26
10 2402550 31 149 26 40 58 {32 21 28 35:51 34 25
11 2194253 32 149 26 40 59 (34 21 28 35:52 35 26
12 1303685 33 149 27 40 59 34 21 28 36:53 36 27
13 767820 23 148 24 36 47125 17 25 29 44 26 20
14 (CDC) 549494 0 8l 29 79 115: 0 23 33 0.0 0 O
15(CDC) 435297 62 {9 51 79 4070 0O O 0{0 O O
16 433285 23 48 26 40 53 {26 18 28 3351 27 20
17 391795 26 48 20 33 56 30 19 27 29 51 30 23
18(CDC) 368761 0 49 22 40 32:0 0 0O 0{0 O O
19(CDC) 225742 0 48 22 61 720 18 31 0,0 O O
20(CDC) 154051 O (69 20 45 214,10 0 0O 0. 0 O O
21(CDC) 143777 0 49 20 36 2190 0 0O 0:0 O O
22 109256 25 150 20 30 5026 14 22 30{35 27 22
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Table4

Identification of CDC regionsin the A. alternata Asian pear pathotype reference genome. Read depth
is shown from illumina reads against each contig, by isolate Contigs showing reductions in coverage
from non-pathotype isolates were identified as regions of conditionally dispensable chromosomes
(CDCs).

A. gaisen A. tenuissma A. arborescens
pear | apple -
w e g Fagdgddigdod
contig P 3 §§§§§§>>£E§ 9 g
PP v P e o 5

1 6257968 35 43 25 38 58 :33 20 28 3550 34 26

2 2925786 35 145 25 39 58 i34 20 28 35i51 35 26

3 2776589 35 44 26 39 58 34 20 28 3551 35 26

4 2321443 35 145 26 39 5834 20 28 35 51 35 27

5 2116911 35 146 26 40 59 i35 21 29 36 52 36 27

6 2110033 35 |44 25 39 58 33 20 28 35{51 35 26

7 1975041 35 (42 25 38 5633 19 27 3450 34 26

8 1822907 35 |43 25 39 5833 20 28 35 51 35 26

9 1811374 34 |42 25 38 57132 19 27 34,49 34 25
10 1696734 34 142 25 38 56132 19 27 3450 34 26
11 1617057 35 {43 25 38 57{33 19 27 3450 34 26
12 1416541 35 47 26 40 60 i35 21 29 3653 36 27
13 1110254 35 139 24 3 55{31 19 26 3348 32 24
14(CDC) 629968 68 149 21 41 202:0 0 0O 0,0 0 O
15 554254 3 |40 24 37 56 32 19 27 33{48 33 25
16 (CDC) 547262 34 8 13 18 228 5 14 11{20 8 6
17 522351 35 137 23 35 5531 18 26 3347 33 24
18 463030 34 130 22 33 4925 17 24 2944 28 21
19 353531 34 130 21 34 49 26 16 23 30 43 28 21
20 350965 34 120 18 27 45122 15 19 2640 20 18
21 313768 35 24 19 29 46 25 15 22 2738 28 19
22 288922 33 135 23 35 51128 21 24 31 44 30 22
23(CDC) 206183 3 {1 3 5 430 0 10 1:0 0 ©
24(CDC) 89891 70 {0 0 0 0. 0 O O O0O{O0 O O
25 25201 %6 ({0 0 O O0O;0 O O O!0 O O
26 23394 5 {0 0 0 0/0 O O 0 0 O O
27 19592 77 {0 0 O 0O:0 O O O:0 O O

23
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Table5b

Genomic location (contig number) of homologs to genes from apple, pear, strawberry, tangerine,
rough lemon, and tomato toxin gene clusters. Results from reference genome isolates FERA 1166 and
FERA 650 indicate toxin clusters are present in multiple copies within the genome. This is supported
by identification of multiple AMT1 homologs in FERA 635 and FERA 743. Homology between
guery sequences is shown (homolog groups), as determined from reciprocal BLAST searches
between queries. Homologs are identified by e-value < 1x10%, > 70% query aignment. * Marks
lower-confidence hits with < 70% query alignment.

Pathotype Gene N CB_I Group FERA FERA FERA FERA FERA
Accession 635 743 1166 1177 650
Apple AMT1 AB525198 201,224 146,160 20,21 8l
AMT2 AB525198 a 224 160 20,21 81l
AMT3 AB525198 224 160 21 81
AMT4 AB525198 178 140 20,21 81
AMT5 AB525198 178 140 20, 21 81
AMT6 AB525198 178 140 20, 21 81
AMT7 AB525198 178 140 20,21 81
AMTS8 AB525198 178 140 20,21 81
AMT9 AB525198 178 140 20, 21 81
AMT10 AB525198 178 143 20 81
AMT11 AB525198 199* 144* 21* 81*
AMT12 AB525198 199 144 20 129
AMT13 AB525198 200 129 20 128
AMT14 AB525198 200 129 20 128 14
AMT15 AB525198 18** 14*
AMT16 AB525198 200,12 129,13 20,7 128,21 12
AMTR1 AB525198 230 143 20 81 14
Pear AKT1 AB015351 b 14,24
AKT2 AB015352 c 14
AKT3 AB035492 d 14, 24
AKTR AB035491 e 14, 24
Strawberry AFT1-1 ABO070711 b 14,24
AFT3-1 AB070713 d 14,24
AFT3-2 AB179766 d 14,24
AFT9-1 AB179766 14, 24
AFT10-1 AB179766 14, 24
AFT11-1 AB179766 14,24
AFT12-1 AB179766 24
AFTS1 AB119280 a 224 160 20,21 81
AFTR-1 AB070712 e 14, 24
AFTR-2 AB179766 e 14, 24
Tangerine ACTT1 ABO034586 b 14,24

24
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ACTT2 AB432914 c 14
ACTT3 AB176941 d 14, 24
ACTTR AB176941 e 14, 24
ACTT5 ABA444613 24
ACTT6 AB444614 14

Rough Lemon ACRTS1 AB688098
ACRTS2 AB725683
Tomato ALT1 AB465676
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