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Highlights

» Ceratocystis albifundus has a two-speed genome.
» Its genome consists of core and accessory subgercmmpartments.
* Genetic variation is linked to the presence antviagbf transposable elements.

» Genome structure likely contributed to pathogewniaitd host specialization.
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Abstract

Comparative genomics provides a powerful tool teestigate processes that underlie the
biology of fungi over evolutionary time. Such steslirevealed that many pathogens have
“two-speed genomes”, comprising of fast- and slawhkang sub-genomic compartments.
The overall goal of this study was to determine tivbethe genome of an important plant
pathogen in AfricaCeratocystis albifundus, is structured into sub-genomic compartments,
and if so, to establish how these compartmentdistebuted across the genome. For this
purpose, the publicly available genomeCofalbifundus was complemented with the genome
sequences for four additional isolates using themiha HiSeq platform. In addition, a
reference genome for one of the individuals wasrabted using both PacBio and Illumina
HiSeq technologies. Our results showed a high @egfesynteny between the five genomes,
however several regions lacked detectable longeraggteny. These regions were associated
with the presence of accessory genes, lower gesigtitarity, variation in read-map depth,
as well as genes associated with host-pathogeraatiens (e.g. effectors and CAZymes).
The regions lacking detectable long-range syntemyewalso abundant in transposable
elements. The presence and activity of these elsmen commonly associated with
accelerated evolution of accessory subgenomic campats of fungal pathogens. Our
findings thus showed that the genomeCo#lbifundus is made-up of core and accessory sub-
genomic compartments, which represents an imporséep towards characterizing its
pangenome (i.e., the combined core and accessapnges). This study also highlights the
value of comparative genomics as a tool to increageunderstanding of the underlying

molecular mechanisms that may influence the biokgy evolution of important pathogens.

Keywords. Ceratocystis wilt, Transposable elements, Pathmgers, Adaptation, Host

jumps, Core and accessory genomes
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1. Introduction

Genome comparisons provide a wealth of knowledg¢herrelationship among organisms
and the mechanisms that shape their biology (Hamdi®003; Wittenberg et al. 2009;
Goodwin et al. 2011). From a fungal perspectivenogee comparisons have provided
insights into the molecular basis of speciation,stigpecificity and pathogenicity
mechanisms, as well as lineage-specific innovat{@®issonneau et al. 2017; Steenkamp et
al. 2018). For example, comparative genomic stuldée® revealed various genomic features
that are directly or indirectly responsible for sigs-specific lifestyle traits. These include
genome size and predicted gene products, the pgshaad processes encoded by the
genome, genome architecture, gain/loss of dispémsairomosomes, repetitive genomic
islands and genomic plasticity (Croll and McDon2@lL2; Ma et al. 2013; Grandaubert et al.
2014; Shi et al. 2018).

Comparative genomics has revealed that many fuangg Htwo-speed genomes” made-up of
fast and slow-evolving sub-genomic compartment®l{@nd McDonald 2012; Dong et al.
2015; Raffaele and Kamoun 2012). The slow-evolaompartment typically contains core
genes (i.e., those that are shared by all membierspecies), the products of which mediate
general physiology and housekeeping functionss lusually not very rich in repetitive
elements. This is in contrast to the fast-evol\dngipartment, which is typically repeat-rich,
architecturally dynamic and contains accessory géine, those that are absent from certain
members of a species). In pathogens, accessorg gem@ften enriched for those involved in
virulence and host interactions (Ma et al. 2013n&at al. 2016; Plissonneau et al. 2016,
2018). Structurally, the fast-evolving subgenonmampartment may be distributed across all
or most chromosomes of an individual and/or residespecific chromosomes that may be
conditionally dispensable (Ma et al. 2010, 2013p&win et al. 2011; Leclair et al. 1996;
Tzeng et al. 1992; Hatta et al. 2002; Plissonné¢aili 2018).

Previous genomic comparisons of diverse fungi renavn that transposable elements (TES)
play important roles in their evolution and adaptatGrandaubert et al. 2014; Gladieux et
al. 2014; Chiapello et al. 2015). TEs are mobile ADESegments capable of movement
("jumping") within a specific genome (Wicker et aD07; Amselem et al. 2015). This allows
for the insertion of novel sequences within or elés existing genes, which may result in
gene duplications, gene loss or gene inactivat@aboussi 1996; Amselem et al. 2015;

Biémont 2010). TEs are most prevalent in the fastwing subgenomic compartment (Dong
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et al. 2015), and their activity affects the sis&ucture and dynamics of the genomes
harbouring them (Kidwell and Lisch 2000; Bohne et2808). TE activity has been linked,
for instance, to accelerated evolution of gene®lired in fungal pathogenicity and host-
specificity (Fudal et al. 2009; Manning et al. 2R1Bhis is often due to the development of
gene repertoires implicated in niche expansion #@aserta and Santiago 2003) or whole
chromosomes enriched for TEs and genes associdtegathogenicity and virulence (Ma et
al. 2010; Goodwin et al. 2011).

In this study, we investigated the genomic substinecof Ceratocystis albifundus (Phylum:
Ascomycota; Order: Microascales; Family: Ceratadgsteae) (De Beer et al. 2014). This
fungus is an aggressive pathogen of exAtiacia mearnsii (Roux et al. 1999, 2001, 2005;
Heath et al. 2009) and commercially propagdeatea cynaroides in South Africa (Lee et
al. 2016; Aylward et al. 2017). It has also beesla®dfrom a wide range of native tree
species without causing obvious signs of diseasauXRet al. 2007). Even thougB.
albifundus is homothallic with much of its reproduction ocdgng through selfing,
populationsof this fungus have high levels of genetic diversityhwntermediate levels of
gene flow (Roux et al. 2001, 2007; Barnes et abd52Qee et al. 2016). This high diversity,
together with its wide host range and absence faiher continents, suggests that
albifundus is native in southern Africa (Roux et al. 2001020Barnes et al. 2005). Its
pathogenic niche on cultivated tree crops in S@ftica may have resulted from a recent

host jump and subsequent invasion (Roux et al. 2007

Despite the importance of. albifundus very little is known about the mechanisms
underlying its behaviour as an aggressive treeogatihn Knowledge regarding its genomic
make-up and substructure would inform our undedstan of the molecular basis of its
biology, diversity and evolution. The overall gadlthis study was, therefore, to determine
whether the genome @. albifundusis structured into core and accessory compartmants,

if so, to establish how these compartments areilglised across the genome. We compared
genes (especially those commonly associated withoganicity and interactions with the
plant host), TEs and repetitive elements, and aedlysynteny across five genomesQCof
albifundus from different hosts and geographic locations. Bos purpose, the publicly
available genome o€. albifundus (van der Nest et al. 2014a) was complemented with

sequenced genomes of four additional isolates fmowide geographic range and different
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hosts using lllumina HiSeq. In addition, a high-ijyareference genome for one of the

individuals was assembled using a combination eBRaand Illlumina HiSeq data.

2. Materialsand Methods

21. Genomeassembliesand annotation
Five isolates ofC. albifundus originating from geographically diverse regionsrevencluded
in this study (Table 1). Three of the isolates wenlected in South Africa (CMW 4068,
CMW 17274, CMW 17620), one in Zambia (CMW 13980)l ame in Kenya (CMW 24685).
Three of the isolates were from native trees (GMW 13980, CMW 17274 and CMW
17620) and two were frorA. mearnsii (i.e., CMW 4068 and CMW 24685). Cultures were
obtained from the CMW Culture Collection at the éxiry and Agricultural Biotechnology
Institute at the University of Pretoria and main& on 2 % malt extract agar (MEA, 20 gL-
1 Agar, 20 gL-1 malt extract) at 25 °C (Lee et24l15).

The genome of isolate CMW 17620 was previously seqed using the Illumiffaplatform
(van der Nest et al. 2014a). A total ofi§ of DNA was prepared for the remaining isolates
(CMW 4068, CMW 17274, CMW 13980 and CMW 17274) gsipreviously described
methods (Barnes et al. 2001) and sequenced usmdlltmina Genome Analyzer IIx
platform (Genome Centre, University of Californizavis, California, USA). CLC Genomics
Workbench v. 6.0.1 (CLC bio, Aarhus, Denmark) wascuto trim the lllumina reads of low
quality (P error limit of 0.05). The remaining reads were assled using the Velvate novo
assembler with an optimal k-mer as determined wWitdvetOptimiser (Zerbino 2010;
Zerbino and Birney 2008). Thereafter, the pre-asdiesiwere scaffolded using SSPACE v.
2.0 and gaps reduced using GapFiller v. 2.2.1 @we¢t al. 2011; Boetzer and Pirovano
2012). After assembly, the completeness of eachorgenwas evaluated through the
Benchmarking Universal Single-Copy Orthologs (BUSC©Ool (BUSCO v. 1.1bl) by
determining the percentage of the most highly caregefungal gene orthologs present in the
respective genomes (Siméo et al. 2015). The gemepam reading frames (ORFs) for each
assembly were predicted using tieenovo prediction software AUGUSTUS witRusarium
graminearum gene models (Stanke et al. 2004) and then andotsiag Blast2GO (Conesa
et al. 2005).

For isolate CMW 4068, we also assembled a highiyuaybrid reference genome using the
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PacBid’ RS Il and lllumina HiSed' sequencing platforms. A total of 3@y of genomic
DNA was prepared using the Qiagen DNeasy Plant NiinfQiagen, Valencia, CA, USA)
and sequenced by Macrogen (Seoul, Korea) using ifacBingle Molecule Real Time
(SMRT) sequencing technology. PacBio’'s SMRT Pdstal 2.0.0) was used for read
corrections with the original PacBio parametersgraivhich the genome was assembtied
novo with Canu v. 1.7 (Berlin et al. 2015). For thigaage of values for the master errorRate
parameter was evaluated and a final errorRate 0078. was used. Scaffolding was
performed using SSPACE-LongRead v. 1.1 (BoetzerRinavano 2014). By including the
quality-filtered Illumina data for isolate CMW 4068e assembly was polished using Pilon
v. 2 (Walker et al. 2014). For this hybrid assemislympleteness was estimated and ORFs

were predicted as before.

2.2. ldentification and analysis of core and accessory compartments
To determine whether the genome @f albifundus is separated into core and accessory
subgenomic compartments, nucleotide sequence amel gentent was compared. For the
gene content-based analysis, we used the recippoctdin Basic Local Alignment Search
Tool (BLASTp) to determine whether individual genesre included in all or only some of
the lllumina genome assemblies. For this purposeused all the genes predicted from the
five lllumina assemblies. Those occurring in alefiof the genomes were designated as "core
genes", while those predicted to be present onlsoime of the isolates were designated as
"accessory genes". The latter also included théguengenes” that were identified in only
one of the isolates examined. All reciprocal BLAS3garches were done using a custom
python script (available from the authors). Theipgcconsidered gene sequences with a
BLAST result Expect (E)-value cut-off &f0.00001 as shared between the pairs of genomes.
To control for annotation inconsistencies, indiatlutranslated nucleotide BLAST
(tBLASTN) searches (E-value cut-off §f0.00001) against the genomes were used to verify
that genes designated as accessory were indeeadt absame or more of the five assemblies
using BioEdit v. 7.2.5 (Hall 2011).

JSpecies (Richter and Rossell6-M6ra 2009; Gorad.62007) was used to compare genome-
wide (coding plus non-coding) nucleotide similaritgtween pairs of the five Illlumina
genome assemblies. For each pairwise analysis ci#Spartificially sectioned one of the

genomes into fragments ranging between 100 and hO2@otides in length, which were
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then compared using the BLAST algorithm against ttieer genome, and vice versa

(Altschul et al. 1997). In these comparisons, dhbse fragments that aligned over more than
70 % of their entire lengths and shared more th@n%3 identity were considered as

homologous (Goris et al. 2007). In addition to adtng the conserved fraction among the
genomes, this software was also used to determaaverage sequence similarity between
genome pairs (Richter and Rossell6-Mora 2009; Gairad. 2007).

2.3. Predicted pathways and processes for the core and accessory genes
The predicted proteins in the core and accessotgseis were mapped to the Kyoto
Encyclopedia of Genes and Genomes (KEGG) datalbassg the GhostKoala mapping tool
(Kanehisa et al. 2016). GhostKoala assigned KEGGKBR.OGY identifiers (K numbers)
to each gene, which were used to reconstruct pgthwven the KEGG web server
(http://www.genome.jp/kegg/). For the accessoryegset, ClustVis (Metsalu and Vilo 2015)
was used to construct a copy number-based heatmnagach of the KEGG ORTHOLOGY
identifiers in the five examine@. albifundus genomes. A Fisher’'s exact test (two-sided),
implemented in Blast2GO (Conesa et al. 2005), wasl@yed to detect Gene Ontology (GO)
terms that were significantly enriched (P < 0.0b)he accessory set using the whole genome
as reference. The REVIGO web server (Supek etCdl1Pwas used to summarize these
Blast2GO results.

The predicted proteins included in the core anckessmry sets were also examined for the
presence of those known to be involved in intecaa&iwith their host, as well as virulence
and pathogenicity related proteins (Ghannoum 2@@0is et al. 2003; Tanabe et al. 2011,
Ohm et al. 2012; Zerillo et al. 2013; Li et al. B)1These included Carbohydrate-Active
EnZymes (CAZymes), peptidases, catalases, superodisimutases, phospholipases and
effectors. Within the two datasets, we also idedifgenes whose products are potentially
involved in the movement and activity of TEs. Chuared tests were used to determine
whether the frequency of these genes differed fsigmitly (P < 0.05) between the core and
accessory gene sets (the null hypothesis wastibdréquencies did not differ between the

two sets).

Putative CAZymes were identified and annotated WMIMMER v. 3.0 (hmmer.org; Finn et
al. 2011) using the family-specific hidden Markowael profiles in the dbCAN database
(DataBase for automated Carbohydrate-active enAnmetation; Yin et al. 2012). Putative

7
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peptidases were identified using the MEROPS databad BLASTp searches (E-value cut-
off of <0.00001) (http://merops.sanger.ac.uk; Rawlings.€2016). A similar approach was
also used to compare genes across the five genomneékose in the Pathogen-Host
Interactions database (PHI-base) v. 4.2 (http://wpihid.phibase.org/), which includes a
collection of experimentally verified pathogenigityirulence and effector genes from fungi,
oomycetes and bacteria (Winnenburg et al. 2008)id€atify putative effectors, the two
datasets were first filtered for putative secrgieateins using SignalP v. 4.1 (Petersen et al.
2011), from which we then identified those withdéms, net charge and amino acid content
typical of fungal effectors using EffectorP v. 1(8Bperschneider et al. 2016). Putative
proteins involved in the movement and activity &sTwere identified by BLASTp searches
(E-value cut-off o< 0.00001) against 2636 known reference sequencestfie “Core” set

of the Gypsy DataBase (GyDB) v. 2.0 (Llorens ef@afl1).

In each of the five genomes, putative catalasgsersuide dismutases and phospholipases
were identified using BLASTp searches (E-value affitof < 0.00001) with previously
characterized protein sequences. These includeslasas CATA, CATB, KATG1 and
KATG2 (NCBI accession numbers MG100061, MG06442,RB89 and A4QUT2,
respectively), superoxide dismutases SOD1-5 (NCBtession numbers EFZ03762,
EFY99820, EFY99375, EFZ00595 and EFZ00365, respaygj)i and phospholipases PLA2,
PLB2 and PLC2 (NCBI accession numbers KEY75421, KEA0 and XP_011319931,
respectively). These sequences were aligned usigRWl v. 7 (Multiple Alignment using

Fast Fourier Transform; http://mafft.cbrc.jp/aligent/server/) and then subjected to

phylogenetic analysis using the distance-basedhheigjoining method in MEGA v. 7
(Molecular Evolutionary Genetic Analysis; http://mmmegasoftware.net).

All putative host-associated genes included in dloeessory gene set were subjected to
selection analysis with CODEML, as implemented AMR v. 4.9h (Phylogenetic Analysis
by Maximum Likelihood; Yang and Nielson 2002). Rars purpose, gene sequences from
isolate CMW 4068 were used in local tBLASTx seascliee., translated nucleotide BLAST
searches against a translated nucleotide databasdgntify homologs in the other four
isolates. The identified sequences were then aligvith MAFFT and the phylogenetic trees
required by CODEML were inferred with MEGA as ddised above. Positive selection was
evaluated in each dataset by calculating the r@tip of non-synonymous (dN) versus

synonymous (dS) substitution rates across all §itasg et al. 2000). To test for variation of

8
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selective pressures across the codons, goodndgswafs calculated for the different site-

specific models using likelihood ratio tests (Yaigl. 2000).

2.4. Genome conservation and synteny

We compared the lllumina assemblies for isolateSACI/620, CMW 17274, CMW 13980
and CMW 17274 against the PacBio-lllumina hybridessbly for CMW 4068 using the
LASTZ (Large-Scale Genome Alignment Tool) (Harri®0Z) and Mauve (Multiple
Alignment of Conserved Genomic Sequence With Ragaments) (Darling et al. 2004)
plugins implemented in Geneious v. 7 (Kearse e@l2). LASTZ aligned the lllumina
assemblies to the sequences of the 10 largestgsointithe hybrid assembly (contigs >1.1
Mb), by making use of “seed-and-extend” and “iteatrefinement” strategies to allow
alignment of both the conserved and more variaddgons (Harris 2007). LASTZ was also
used for calculating the similarity between segesndauve was used to plot sequence
similarity and to identify regions of local colliagty (Darling et al. 2004. The latter are
known as Locally Collinear Blocks (LCBs), which aglefined as homologous sequence
regions shared by the reference (i.e., the CMW 48&8id assembly) and query (i.e., one of
the lllumina assemblies), and that lack rearrangesneSynteny break points between the
reference and query genomes were further determisgd) SynChro (Drillon et al. 2014),
which employs Reciprocal Best-Hits (RBH) betweeding sequences to identify conserved
syntenic blocks. The pairwise alignments extrachenin LASTZ were annotated with
AUGUSTUS and used as input for the SynChro analymChro then computed RBH to
reconstruct synteny block backbones, after whichutiomatically completed these blocks

with non-RBH syntenic homologs.

CLC Genomics Workbench was used to determine theorgiE distribution of single

nucleotide polymorphisms (SNPs). The quality-fé@rllumina reads for each isolate were
mapped (using default parameters) to the sequdocdke 10 largest contigs in the CMW
4068 hybrid assembly. The R/Bioconductor package/é#otEr (Gel and Serra 2017) was
used to calculate and plot SNP distribution in 5600 non-overlapping intervals across the
sequence by expressing SNP content as the numl&MR$ per interval. This package was
also used to examine coverage or read depth usshdiag window of 5000 bp. The latter

was calculated following the removal of duplicagads (to avoid over-representation of
specific reads due to sample preparation artefasit) the maximum representation of a

minority sequence set to 20 %.
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25. Genomic distribution of host-associated and accessory genes in the CMW
4068 hybrid assembly

Synteny and sequence similarity were used to ifjeggenes in the CMW 4068 hybrid
assembly that potentially forms part of the accesgenome ofC. albifundus. For this
purpose, we aligned the individual lllumina assaeashto the hybrid genome assembly using
LASTZ (see above). In these alignments, genesweae missing in one or more of the
lllumina genome sequences were regarded as acgagsoes in the CMW 4068 assembly.
The locations of these accessory genes were plattess the 10 largest contigs in the hybrid
assembly using KaryoplotEr. Genes potentially imedl in host interactions (CAZymes,
peptidases and effectors) were identified as desdrbefore and their locations also plotted
with KaryoplotEr. Differences in distribution ofdbe accessory genes among the different

genomic regions were evaluated using Chi-squartd &s described above.

2.6. TE identification, annotation and distribution in the CMW 4068 hybrid
assembly

The TEdenovo and TEannot pipelines in the REPEX. ¥ package (Flutre et al. 2011) were
used to identify and annotate TEs in the CMW 40@&id assembly. TEs were detecidsl
novo with tBLASTx using E-value thresholds (E <) (Gish and States 1993), the
BLASTER suite using similarity thresholds (E =8 minimum identity = 90 %)
(Quesneville et al. 2003), and LTRHarvest usingstiacture (Ellinghaus et al. 2008). The
TEdenovo pipeline was then used to cluster thetiiilesh TES, and to reconstruct a consensus
for each group of matches using the programs PHdgar and Myers 2003), GROUPER
(Quesneville et al. 2003) and RECON (Bao and Ed0922 Cut-offs for clustering
individual TEs were set at 90 % identity over 95d¥the length (Flutre et al. 2011).
Consensus TE sequences were classified using thpbaBe Update database
(http://www.girinst.org/repbase/update/index.htent)d named according to the classification
proposed by Wickest al. (2007).

Genomic locations of the identified TEs were pldtteusing KaryoploteR

(https://bioconductor.org/packages/release/biod/kiryoploteR.html) across the 10 largest
contigs of the hybrid assembly. This software wiz® aised to plot the location of genes
potentially involved in the movement and activityTds in isolate CMW 4068, which were

identified using BLASTp searches against the “Cose$ of GyDB as described above. For

10
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the latter, differences in distribution among spieagenomic regions were evaluated with

Chi-squared tests.

3. Resaults

3.1. Genomeassembliesand annotation
After data filtering, we generated high-quality rédlumina sequence data f@. albifundus
isolate CMW 4068 (mean read length of 94.6 baseslgpte CMW 13980 (mean read length
of 95.7 bases), isolate CMW 17274 (mean read leoig88.8 bases) and isolate CMW 24685
(mean read length of 95.7 bases) (Supplementarie Tgb The filtered data were used to
generate four genome assemblies that consistetiBef2822 contigs and that were 26.7-27.2
Mb in size (Table 2), which is similar to the 2Mb-assembly published for isolate CMW
17620 (van der Nest, et al. 2014a). Based on th8@W results (Siméao et al. 2015), all five
of the genomes were more than 98.0 % complete (Sugmtary Table 2), which is
congruent with the general trend observed Geratocystis genomes (van der Nest et al.
2014a, 2014b, 2015; Wilken et al. 2013; Wingfidicle 2015, 2016a, 2016b).

A total of 443 868 quality-filtered PacBio sequemeads (with an average length of 8 317
bases) was generated for CMW 4068 (SupplementanleTH. Assembly, scaffolding and
polishing yielded 16 contigs larger than 200 008édsa spanning a total of 28.36 Mb and
containing 7 103 genes (Table 2 and SupplementaiteT3). Compared to the Illumina
assemblies, the hybrid assembly had a much higbérvdlue (2.31 Mb compared to 0.02-
0.07 Mb) and size for its largest contig (4.1 Mbmgared to 0.15-0.36 Mb). The hybrid
PacBio-lllumina assembly and the lllumina assensbhiere similar regarding gene density
(250 genes/Mb) and BUSCO completeness (98 %) (Takded Supplementary Table 2),

which allows for meaningful gene-based genomic canspns.

The CMW 4068 hybrid assembly was less fragmentad the lllumina assemblies (Table
2). This is because PacBio long-read sequenciloyvedl for the closing of gaps and
sequencing through repetitive regions (Yue et @L7). However, the assembly included an
additional 27 contigs, each of which consistedesis|than 200 000 bases. In total, the 27
small contigs spanned 1.36 Mb and contained 34kgjeof which a significantly large
portion (42 %; Chi-squared test, P > 0.05) showsdlarity to genes in the GyDB database

with a potential role in TE activity and movemehlofens et al. 2011). Another 21 % shared

11
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similarity to known genes, while the remaining ger{87 %) did not show similarity to

known genes in any public database.

3.2. ldentification and analysis of core and accessory compartments

The lllumina assemblies for the five isolatesfalbifundus were predicted to share 6 241
genes, which were included in the core set. Tihpsesented a large portion (92.4-95.4 %) of
the total number of genes predicted in each assefRlgure 1, Supplementary Table 4). The
accessory genes (i.e., those missing from one oe mbthe genomes) numbered between
300 (representing 4.6 % of the CMW 17620 genomd) &b genes (representing 7.6 % of
the CMW 24685 genome) (Supplementary Tables 5 and 6mall proportion of accessory
genes were identified in only a single isolate.(i"anique genes"). These ranged from 17
(0.3 % of the genes encoded on the genomes otesoeMW 4068 and CMW 24685) to 51
genes (0.8 % of genes encoded on the CMW 17274w@En@d-igure 1, Supplementary Table
6).

Genome-wide nucleotide comparisons of the 5 lllami@assemblies revealed that the
conserved fraction of the fiv@. albifundus genomes was very similar (Figure 2). Based on
the simple BLAST-based alignment strategy impler@énih JSpecies, the average sequence
similarity values for the various pairwise compans ranged from 96.00 % (for isolates
CMW 17620 and CMW 13980) to 98.63 % (for isolateddW 24685 and CMW 4068). The
non-conserved or variable regions (i.e., where d8&pdragments that did not align across 70
% or more of their lengths and that were not 30r%more similar) represented between 3.31
% and 14.96 % of the total genomes of these fuRgese variable regions may represent
parts of the genome that were either too repetitivée included in our assemblies with
Velvet and/or that represent parts of the genona¢ d@ine missing or variable among the

genomes compared.

3.3. Predicted pathways and processes for the core and accessory genes
Only a portion of core (46.1 %, Table 3, SuppleragniTable 7) and accessory (12-21 %;
Supplementary Table 8; Supplementary Figure Slegeould be assigned to specific
orthologs in the KEGG database. Among the varioi&k categories identified for the core
genes, some are likely involved in housekeepingctfans (e.g., “Transcription” and
“Replication and repair”). However, it is possilleat some categories are involved in

functions related to niche utilization or host-pagln interactions (e.g., “Biosynthesis of
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other secondary metabolites” and “Metabolism opeeoids and polyketides”). As was
expected, several of the accessory genes may kedliwith host-pathogen interactions. Of
the KEGG categories identified for the accessongege some are likely related to niche
utilization or host-pathogen interactions (e.g.atl®n metabolism", "Fructose and mannose
metabolism”, "Fatty acid metabolism”, "Histidine tadgolism", "MAPK signalling pathway",
"MmTOR signalling pathway", and "Ras signalling pedly") (Supplementary Table 8).

Fisher's exact test indicated that numerous GO desare overrepresented in the accessory
gene set (P < 0.05). These included GO terms agedawith processes potentially involved
in niche utilization and/or host-pathogen interaes (Supplementary Table 9;
Supplementary Figure S5). The enriched GO terms werolved in biological functions
(e.g., “Establishment or maintenance of actin dygteton polarity”, “Establishment or
maintenance of cell polarity”, “Establishment orimanance of cytoskeleton polarity”) and
cellular components associated with host penetrdea., “New growing cell tip” and “Old
growing cell tip”). We also found enrichment in G@®rms associated with secondary
metabolism (e.g., “Aromatic compound biosynthetimmgess” and “Cellular aromatic
compound metabolic process”), cellular transporg.(€Nitrogen compound transport” and

“Import into cell” and signalling (e.g., “Cdc42 gean signal transduction”).

Further detailed analyses showed that several efctite genes may be linked with host-
pathogen interactions. These included genes (1088)shared significant similarity with
previously characterized pathogenicity associatedeg in the PHI-database (e.g., "fungal
development, secondary metabolism and virulencetl dfungal development and
pathogenicity") (Supplementary Table 10), as wall genes (56) that encoded putative
effectors (Supplementary Table 4) that may modulagehost immune system and promote
infection (Stergiopoulos and De Wit 2009). Among tbore genes, the MEROPS-based
analyses identified various putative peptidase®)26volved in protein degradation and
modification (Supplementary Table 11). CAZymes (24®tentially involved in the
degradation of plant polysaccharide materials (8upentary Table 12) and phospholipases
potentially capable of hydrolysing plant phosphiol§ (Supplementary Figure S2) for
facilitating infection and/or gaining nutrition weeralso identified among the core genes
(Cantarel et al. 2009; Ghannoum 2000; Zhao et@l3p The core genes further included

putative catalases (Supplementary Figure S3) apeérexide dismutases (Supplementary
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Figure S4) that are known to scavenge reactive exygpecies to protect fungi from the host

defence responses (Tanabe et al. 2011; Li et 4b)20

Many accessory genes (222) also shared signifsiantarity with previously characterized
pathogenicity associated genes in the PHI-dataloadading genes predicted to be involved
in “Cell wall adhesion”, “Establishment of turgon iappressoria” and “Appressorial
penetration” (Supplementary Table 10). The accgsgene set also included those encoding
putative CAZymes (Supplementary Table 12). Thestuded enzymes that catalyse the
degradation of chitin (families CBM18 and GH18) (iiaet al. 2012) and lignin (family
AAT) (Levasseur et al. 2013), as well as putatiagbohydrate esterases responsible for
deacetylating plant polysaccharides (families CBd &H10) (Biely 2012). The accessory
gene set further contained genes encoding putatipgdases (Supplementary Table 11) with
possible roles in fungus-plant interactions (ewqg putative proteases in the sedolisin family
[Serine peptidase family S53], and eleven putasiubtilisin peptidases [Serine peptidase
family S08]) (Rawlings et al. 2016). Another 18 genencoded putative M13 peptidases
(Metallo peptidase family M13) that likely play ale in regulation of peptide signalling
(Bland et al. 2008). Even though, the core andatteessory compartments ©f albifundus
encoded significantly different gene repertoirebi{€juared test, P > 0.05), the frequency of
specific pathogenicity-related genes (i.e., pgse] CAZyme and PHI-base genes) did not
differ significantly between the core and accesgmmnye sets (Chi-squared test, P > 0.05).

The accessory gene set included a large numberenésgencoding putative effectors
(Supplementary Tables 5 and 6). These differectlgramong the isolates examined, ranging
from 11 putative effector genes in isolate CMW 1068 36 in isolate CMW 13890. The
frequency of these in the accessory gene set éiffsignificantly from that in the core set
(Chi-squared test, P-value < 0.05). Furthermoneumber of these genes also appeared to
evolve under diversifying selection (Supplementéaple 16), because CODEML indicated
that the positive-selection models (M5, M6 and M8)vided a better fit compared to those
that assume no positive selection (M1 and M7) (Yah@l. 2000). This was also true for
other host-associated genes present in the acgesstri.e., putative peptidases (M13
peptidases implicated in regulation of peptide ailgmy) and CAZymes (families CBM18
and GH18 involved in chitin degradation).
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A large number of core and accessory genes wenicped to encode proteins associated
with the activity of TEs. For the core gene segrekes against the reference sequences in
GyDB database, recovered 1009 putative genes iaglalv TE activity or their movement
(Supplementary Table 13). Likewise, the accessenegset included 36-80 sequences with
similarity to GyDB database genes (e.g., genesdngaeverse transcriptases, retroelement
integrases anag-like proteins involved in the replication and igtation of certain TES)
(Wilhelm and Wilhelm 2001; Novikova 2009; Llorensa. 2011). However, the frequency
of these genes differed significantly between tbee and accessory gene sets (Chi-squared
test, P < 0.05) for isolates CMW 4068, CMW 24688 a&tMW 13890. Also, Fisher’s exact
test indicated that the accessory gene set wadisamtly (P < 0.05) enriched in functions
related to DNA integration processes that are knawrplay a role in the insertion of
transposable elements in protein coding geness(@i?lireau et al. 2018).

3.4. Genome conservation and synteny

Alignments of the Illumina assemblies against tBdakgest contigs of the hybrid assembly
for isolate CMW 4068 showed interrupted stretchdsigh similarity. Similarity between the
lllumina assemblies and the hybrid assembly rarfgeh 96.2 % for contig 7 of CMW
13890 to 99.4 % for contig 1 of CMW 17620 (Suppletaey Table 14). On most of the
contigs, large stretches of similarity (i.e., LCBentified with Mauve) were interrupted by
areas that were unalignable. This was particukwlgent on contigs 1, 4 and 7 (Figure 3 and
Supplementary Figure S6). Also, a fraction of tha@ividual lllumina reads for CMW 13890
(1.9 %), CMW 17620 (1.1 %), CMW 17274 (2.9 %) and\@ 24685 (1.5 %) did not map to
the hybrid assembly for isolate CMW 4068 (SuppletagnTable S15). The proportion of
these “unmapped” fractions was generally somewbatei than those observed using
pairwise BLAST comparisons of the lllumina asseewl{Fig. 2). This may be because the
repetitive nature of the individual genomes infloest how many reads map to the reference
genome, although we also cannot exclude the pessiilence of differences in genome

completeness and genome size on these data.

Overall, a high level of synteny (Figure 4A) wassetved among the fiv€. albifundus

genomes based on the presence and order of ortusl@gnes using SynChro (Drillon et al.
2014). Despite this high level of gene order covesssn, numerous regions lacking
detectable long-range synteny were also obserdativiee to the 10 largest contigs of the
CMW 4068 hybrid assembly (Figures 3, 4 and Suppiearg Figure 2). SynChro detected
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synteny breaks (>11.1 kb on average) on contig¢,16, 7, 8 and 9 (Figure 3 and
Supplementary Figure S6). Additionally, SynChroedétd inversions between the hybrid
assembly and lllumina assemblies: three inversionCMW 17274, 7 inversions each for
CMW 17620 and CMW 13890, and 8 inversions for CM¥%@5.

The regions lacking detectable long-range synteftgnooccurred in SNP-dense regions
and/or regions with large variation in read degtlgre 3; Supplementary Figure S6). For
example, the three small synteny breaks (from jposit0.53 to 0.55 Mb, 0.63 to 0.67 Mb,
and 1.92 to 1.96 Mb in the hybrid assembly) and lange synteny break (positions 1.11 to
1.36 Mb in the hybrid assembly) on contig 7 welelaalized in areas characterized by a
higher number of SNPs in one or more of the contpbgemomes. The fact that these breaks
typically occurred in regions with highly variabiead depth (e.g., the read depth for the large
syntenic break on contig 7 ranged from 20 to 178d$6000 bases among the genomes
compared) suggests that the breaks were primaalsed by the presence of repetitive

sequences in these areas.

3.5. Genomic distribution of host-associated and accessory genes in the CMW
4068 hybrid assembly

Relative to the total number of genes encoded petig; the abundance of accessory genes
(i.e., those that were missing in one or more @ fbur lllumina assemblies) varied
substantially across the 10 largest contigs ohifiid assembly (Supplementary Figure S6).
For example, accessory genes were much more aluowdlantigs 6 (15.1 %) and 7 (19.2
%) than contigs 2 (8.9 %), 3 (5.4%) and 8 (8.9 %ylre 3 and Supplementary Figure S6).
Although the accessory genes were generally diggthacross contigs, they often appeared
to be localized in regions lacking detectable loaigge synteny and that SynChro identified
as syntenic breaks (e.g., positions 0.78 to 0.8%MNbontig 4, positions 0.13 to 0.50 Mb and
1.94 to 1.99 Mb on contig 6 and on contig 7 pos#id.92 to 1.96 Mb). Accordingly, Chi-
squared tests of independence rejected the nudogxiion that the frequency of accessory
genes located in regions lacking long-range synietlye same as in the rest of the contig (P-
value < 0.05).

The genes encoding products potentially involvetiast interactions and in the activity and
movement of TEs appeared to be randomly positiamethe 10 largest contigs of the hybrid

assembly. These included CAZymes, peptidases atatiymi effectors, as well as GyBD-
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identified genes involved in movement and actiatyTEs (Figure 3, Supplementary Figure
S6 and Supplementary Tables 11 - 13). Howeverntresyntenic regions appeared to be
enriched for putative effectors (contig 7), CAZyr(entigs 6 and 8) and TE-associated
(contigs 1, 4 and 6) genes (Figure 3 and SuppleangRigure S6).

3.6. TE identification, annotation and distribution in the CMW 4068 hybrid
assembly
Based on their predicted transposition mechanighes,transposable elements and repeat
sequences for the hybrid assembly were classiBedlass |, Class Il or “NoClass” for those
that could not be assigned into either of the twasses by REPET (Figure 4B;
Supplementary Table 17). Most of the annotated Téfmesented Class | transposons
(commonly referred to as retrotransposons), whitlizel a copy-and-paste mechanism for
transposition via an RNA intermediate (Wicker et28l07; Amselem et al. 2015). Those TEs
annotated as being Class Il transposons (commeféyred to as DNA transposons) likely
use a cut-and-paste mechanism involving transpssast DNA intermediates (Wicker et al.
2007; Amselem et al. 2015). The annotated Classll@ass Il TEs were further grouped
into orders (Wicker et al. 2007), based on thesertion mechanism, structure and encoded
proteins (Figure 4C; Supplementary Table 17). Theotated TEs were represented by 5
orders, namely LTR [Long Terminal Repeat], LINE figoInterspersed Nuclear Elements],
TIR [Terminal Inverted Repeats], DIRS-like elemefisctyostelium intermediate repeat

sequence] and PLE [Penelope-like elements].

A large portion (16.3 % for the 16 contigs > 2 Mib)the hybrid assemblig represented by
TEs. The occurrence and distribution of the varidks differed substantially among contigs
(Figures 3, 4B, 4C, Supplementary Table 17). Fstaimce, contig 7 contained a much higher
proportion of TEs (30 %) than contig 2 of whichpBl5 % were dedicated to TEs. The more
TE-dense regions also appeared to occur in arekindp detectable long-range synteny
(Figure 3A and Supplementary Figure 2). On contifp? example, all four of the syntenic
breaks co-localize with TE-dense regions (Figure.3A terms of TE distribution, we
observed some clustering (e.g., in syntenic breakiat the ends of the contigs), however,
many TEs also seemed to be spread out across £¢Rigure 3A and Supplementary Figure
2).
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The ends of almost all of the contigs in the CMV$&biybrid assembly were rich in TEs and
repeats. Chi-squared tests showed that the fregpseatthese elements within the terminal
20 000 bases of each contig were significantlyedéht from those outside these regions (P <
0.05). Furthermore, within the terminal 20 000 Isasee of the large contigs (i.e., 4, 5, 6, 12
and 14) contained 20-38 copies of the telomerieaep’ TTAGGG 3’ motif (Fulnékova et

al. 2013; van Wyk et al. 2018), but only at ondhair ends. It is therefore unlikely that any
of our contigs represent chromosome-sized scaffahdicating that the Pacbio long-reads
were not adequate for sequencing across the rgpetiegions and assembling to

chromosome level.

4. Discussion
The results of this study demonstrated that thegenofC. albifundus is comprised of core
and accessory subgenomic compartments. This is¢asitoiwhat has been observed in other
fungi (Croll and McDonald 2012; Gladieux et al. 20Ma et al. 2013; Dong et al. 2015;
Ohm et al. 2012 and may correspond to the eu- atefdchromatic DNAs of eukaryotes
(Vanrobays et al. 2018). In our study, this wasdenced by the stretches of individual
genomes that were highly variable and lacking synteind that were interspersed with
conserved regions of high sequence similarity. Canspns of our five lllumina assemblies
also revealed large proportions of genes commati feolates ofC. albifundus (viz. forming
part of the core subgenomic compartment), as vealemes (4.6—7.6 % of those predicted per
isolate) that were present in only some isolataz. (forming part of the accessory
subgenomic compartment). Such individual or lineggecific patterns of gene
presence/absence have also been reported fortgr®ti@momatic regions of other eukaryotes
(Fortna et al. 2004; Dopman and Hartl 2007). Oudtthus represents an important step
towards characterizing the pangenome (i.e., thebawed core and accessory genomesy.of
albifundus, as these subgenomic compartments have imponandiatinctly different roles

in the biology and evolution of a pathogen (Plissau et al. 2018).

The core and the accessory compartmentsCofalbifundus encoded different gene
repertoires, consistent with previous reports elmeau et al. 2016, 2018). Core genes were
predicted to mostly encode basal or housekeepingtiins (see Table 2), while accessory
genes encoded putative products required for aciegdant-derived nutrients (Lee and
Sheppard 2016; Ohm et al. 2012; Zhao et al. 201R8) host-pathogen interactions

(Desjardins and Hohn 1997; Mukherjee et al. 20T2)e accessory genes also encoded

18



O 00 N o U B~ W N B

W W W W W N N N NN NNNDNNN R R R R R B B B |
A W N P O O 00 N O 1 B W N P O O 00N O U M W N R O

putative products for signal transduction in segsend responding to environmental
conditions, thus enabling growth and survival ispacific biological niche (Braunsdorf et al.
2016). This knowledge provides a foundation foufatfunctional studies that aim to clarify
the roles of these proteins, and the possibilityn@nipulating them to improve disease

management.

Structural analyses of the. albifundus genomes suggested that the accessory subgenomic
regions are distributed throughout the genome rdtren located on specific chromosomes
(Ma et al. 2013; Goodwin et al. 2011; Leclair et H996; Tzeng et al. 1992; Hatta et al.
2002). The percentage and distribution of accesgenes in the genome is comparable to
what has been reported Zymoseptori tritici (Plissonneau et al. 2016, 2018). The accessory
subgenomic compartment 6f albifundus may contain 4.9-8.3 % of all the genes predicted
in an isolate (inZ. tritici 1.8-8.5 % of genes lack homologs in one or mordaies)
(Plissonneau et al. 2016, 2018). Likentritici, manyC. albifundus accessory genes also
co-occurred in areas lacking long-range syntenisgBhneau et al. 2016, 2018). However,
Ceratocystis differs from fungi such aBusarium, where isolate or lineage-specific genomic

regions are localized to specific chromosomes (V. €010, 2013).

The accessory subgenomic compartments in fungofe@ enriched for genes involved in
virulence and pathogenicity (Ma et al. 2013; Faehal. 2016; Plissonneau et al. 2016, 2018).
This may also be true fdaC. albifundus, since many non-syntenic regions contained genes
encoding putative CAZymes and effectors (Ohm eR@l.2; Dong et al. 2015; Fouché et al.
2018; Laurie et al. 2012; Faino et al. 2016). Bffeenes commonly reside in rapidly
evolving accessory compartments in genomes of éfgous plant pathogens (Laurie et al.
2012; Dong et al. 2015; Faino et al. 2016; Foudhal.e2018). As shown before, putative
effector genes were identified in the accessory paotment of C. albifundus. Also,
consistent with what has been observed for thesaocg genes in other fungal pathogens
(Raffaele and Kamoun 2012), some of the host-aagtifunctions (i.e., encoding effectors,
CAZymes and peptidases) encoded on the accessoof Gealbifundus also evolve under
diversifying selection. These data suggest thatesofithe accessory genesGnalbifundus
encode products that modulate host immune respomsesiote infection and effective
colonization of plant hosts and that allow adaptatf the fungus to changing environments
(Stergiopoulos and de Wit 2009).
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Our study suggests th&t albifundus has a two-speed-genome (Croll and McDonald 2012;
Dong et al. 2015). This is because the regionsceed with accessory genes in t@e
albifundus genome appeared to be co-localised with synteeglst and these breaks bear all
of the hallmarks of fast-evolving regions. They t@med unique sequences and genes,
displayed low sequence similarity and high SNP ienas well as vary greatly in lllumina
sequencing read depth. This is similar to what Ieesn observed iWerticillium dahliae
(Faino et al. 2016). Also, disruptions in long-rangynteny have been linked to the
divergence ofaccharomyces cerevisiae and its wild relativeS. paradoxus (Yue et al. 2017).

In C. albifundus, the presence of such a fast-evolving subgenoontpartment may help to
explain the host range and high levels of genatierdity reported in previous studies (Roux
et al. 2001, 2007; Barnes et al. 2005).

In fungal pathogens, the accelerated evolutionaayesr of accessory subgenomic
compartments are often linked to the presence af (TEoll and McDonald 2012; Raffaele
and Kamoun 2012; Vanheule et al. 2016; Faino e2@l6). Consistent with this view, the
accessory genes @. albifundus were overrepresented (38-65 %) for genes thatdenco
proteins involved in the movement or activity of STAIso, the genomic locations of synteny
breaks and TE density were clearly coordinated. TiBeontent ofC. albifundus (16.3 % for
the hybrid reference genome) was higher than wiastreported for many other fungi. These
include other necrotrophic pathogens suclBasytis cinerea (0.7-2.2 %),Sagonospora
nodorum (2.4 %),Alternaria brassicicola (5.6 %), as well as hemibiotrophs liRethistroma
septosporum (0.7 %), Cochliobolus sativus (5.4 %) andVlycosphaerella populorum (3.6 %)
(Grandaubert et al. 2014; Ohm et al. 2012; Amses&mal. 2011, 2015). In fact, the TE
content in theC. albifundus genome was similar to fungi in which large-scale ifivasions
have been reported. These include hemibiotrophl asteptosphaeria maculans (25 %)
andMycosphaerella graminicola (11.7 %), as well as ectomycorrhizal fungi suchascaria
bicolor (24 %) andTuber melanosporum (58 %) (Ohm et al. 2012; Labbe et al. 2012;
Raffaele and Kamoun 2012; Grandaubert et al. 2014).

The findings presented in this study suggest ttizd kely played a significant role in the
evolution ofC. albifundus. The genome of this fungus is relatively richhete elements and
some of the genetic diversity observediralbifundus might have been the product of varied
TE activities over time. Through their activity, $Eould have shaped the genomic landscape

of C. albifundus by causing chromosomal rearrangements, deletions duplications
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(Daboussi 1997; Daboussi and Capy 2003). In addittogene and genomic plasticity, TE
activity might also have caused phenotypic divgrgitough epigenetic mechanisms and/or
other changes in gene regulation (Daboussi and 2@p$). TEs and the dynamic accessory
subgenomic compartment in which they occur are like/ to have been important sources
of diversity and adaptive phenotypesGnalbifundus (Croll and McDonald 2012; Gladieux
et al. 2014; Ma et al. 2013; Dong et al. 2015).
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Figurelegends

Figure 1. The proportion of genes predicted to be encodethbyexaminedCeratocystis
albifundus genomes relative to the proportion of genes commooall five (i.e., the core
genes), as well as the genes unique to a spesdlaté and the genes absent from one or

more of the isolates (i.e., the accessory genes).

Figure 2. Average sequence similarity (%) values for the aasipairwise comparisons of
the five Ceratocystis albifundus genomes calculated using JSpecies (Richter andeRss
Mora 2009). The conserved proportions (%) of theogees used for these comparisons are
indicated in parentheses. JSpecies artificiallytiseed individual genomes into fragments
consisting of 100-1020 nucleotides, followed by rweée comparisons using BLAST.
Average sequence similarity was estimated onlyHose fragments that aligned over > 70 %

of their entire lengths and were > 30 % similar.

Figure 3. Visualization of single nucleotide polymorphismNf®) density, read depth,
distribution of genes associated with host intéoastand movement of TEs, as well as TEs
and repeat regions along contig 7 of @eeatocystis albifundus reference genome for isolate
CMW 4068. (A) The peaks at the top represent SNEiblution that was defined by non-
overlapping 5000 bp intervals across the sequendenzeasuring the SNP content as the
number of SNPs and read depth per interval usiagRitBioconductor package KaryoplotEr
(Gel and Serra 2017). The peaks at the bottomsepteead depth calculated using a sliding
window of 5000 bp. The positions of transposabé&ments and repeat regions are indicated
with dark brown vertical lines, putative CAZyme®idified using doCAN database (Yin et
al. 2012) are indicated with yellow lines, putatpeptidases identified using the MEROPS
(Rawlings et al. 2016) are indicated with purplees, putative effectors identified using
EffectorP v1.0 (Sperschneider et al. 2016) areceted with blue horizontal lines and genes
with significant similarity to those previously sho to be involved in the movement and
activity of TEs that are present in the Gypsy Daisd3(Llorens et al. 2011) are indicated with
green horizontal lines. Synteny breaks betweenréference and query genomes were
determined using SynChro (Drillon et al. 2014). (BRAUVE visualisation of synteny
between the fiveCeratocystis albifundus genomes. Pairwise alignments of genomes were
generated using the MAUVE plugin implemented in &eus v. 7 (Kearse et al. 2012).

Locally Collinear Blocks are marked with the saroar and connected by straight lines.
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Figure 4. (A) Genome organization of the the fiv@eratocystis albifundus genomes.
Conserved synteny blocks were defined between E@raombinations of the five genomes
using Synchro (options: 0 3; 0 for all pairwised&hfor delta of RBH genes) (Drillon et al.
2014). This program defined orthology relationstbpsveen genes from different isolates on
the basis of bidirectional hits in a BLASTp compan (reciprocal best hits). Different
colours are used to differentiate gene contendiffierent ancestraC. albifundus contigs.
The colour white indicated the absence of orthologshe other isolate. ClasseB)(and
orders C) of TEs identified in the fiv&Ceratocystis albifundus genomes examined based on
the classification scheme of Wicker et al. (200iMe various elements were denoted as
follows: TIR = Terminal Inverted Repeats; MITE =mature Inverted Repeat; LINE = Long
Interspersed Nuclear Elements; LTR = Long Termiriépeat; LARD = Large
retrotransposon derivatives; TRIM = Terminal repgeatsposons in miniature; SINE = Short
Interspersed Elements; and Unclassified = non-auwmaus retrotransposons. Those in Class
| included LTR, LINES, SINES, LARD and TRIM), Cla#isincluded TIR and MITE, while
the unclassified TEs formed part of NoClass.
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Supplementary Figures

Figure S1. Heatmap showing copy number and relationships gntlb@ genes included in
the non-shared set that had similarity to entmeshe Kyoto Encyclopaedia of Genes and
Genomes (KEGG) ORTHOLOGY database (Table S5). Kbars) KEGG definitions and
pathways associated with each entry are indicatedhe right. Gene copy numbers are
indicated according to the scale bar. For the haatrthe relationships among the genomes
were inferred from the gene copy number data ulinglidean Correlation distances and
average linkage between the taxa using ClustVistgMe and Vilo 2015). The data were
normalized using row centering and unit variancdisg (i.e., divides the values by standard

deviation so that each row has variance equal ¢9.on

Figure S2. PutativeCeratocystis albifundus phospholipases identified by BLASTp searches
(E-value cut-off of< 0.00001) against previously characterized phogphsts (PLAZ2,
KEY75421; PLB2, KEY77760; PLC2, XP_011319931). Tesquences were aligned using
MAFFT v. 7 (http://mafft.cbrc.jp/alignment/serverfpllowed by phylogenetic analysis with

a neighbor-joining method in the software MEGA \(hitp://www.megasoftware.net).

Figure S3. PutativeCeratocystis albifundus catalases and catalase-peroxidases identified by
BLASTp searches (E-value cut-off §f0.00001) against previously characterized catalase
(CATA, accession number MG100061; CATB, MGO06442)d anatalase-peroxidases
(KATG1, A4R5S9; KATG2, A4QUT2). These sequencesenaligned using MAFFT v. 7
(http://mafft.cbrc.jp/alignment/server/), followdsy phylogenetic analysis with a neighbor-
joining method in the software MEGA v. 7 (http://wammegasoftware.net).

Figure $4. PutativeCeratocystis albifundus superoxide dismutases identified by BLASTp
searches (E-value cut-off of 0.00001) against previously characterized supdeoxi
dismutases (SOD1, EFZ03762; SOD2, EFY99820; SOD¥,98375; SOD4, EFZ00595;
SOD5, EFZ00365). These sequences were aligned usMg§FFT v. 7
(http://mafft.cbrc.jp/alignment/server/), followdny phylogenetic analysis with a neighbor-

joining method in the software MEGA v. 7 (http://wwnegasoftware.net).

Figure S5. REVIGO (Supek et al. 2011) treemap summarizing KQi@logical process

categories enriched in the accessory set. GO temnchenent in the accessory set
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(Supplementary Table ®yas determined by performing a Fisher's exact(tesi-sided; P <
0.05) using Blast2GO (Conesa et al. 2005).

Figure S6. Visualization of single nucleotide polymorphismN@®) density, read depth,
distribution of genes associated with host intéoastand movement of TEs, as well as TEs
and repeat regions along the 10 largest contigth®fCeratocystis albifundus reference
genome for isolate CMW 4068. (A) The peaks at tgerepresent SNP distribution that was
defined by non-overlapping 5000 kb intervals acrb&s sequence and measuring the SNP
content as the number of SNPs and read depth fgevah using the R/Bioconductor package
KaryoplotEr (Gel and Serra 2017). The peaks atbthitom represent read depth calculated
using a sliding window of 5000 kb. Transposablenaets and repeat regions are indicated
with dark brown vertical lines, putative CAZyme®idified using doCAN database (Yin et
al. 2012) are indicated with yellow lines, putatpeptidases identified using the MEROPS
(Rawlings et al. 2016) are indicated with purplee$, putative effectors identified using
EffectorP v1.0 (Sperschneider et al. 2016) areceted with blue horizontal lines and genes
with significant similarity to those previously sho to be involved in the movement and
activity of TEs that are present in the Gypsy Daisd#3(Llorens et al. 2011) are indicated with
green horizontal lines. (B) MAUVE visualisation efnteny between the Geratocystis
albifundus genomes. Pairwise alignments of genomes were giedeusing MAUVE pluging
plugin implemented in Geneious v. 7 (Kearse eR@l2). Locally Collinear Blocks (LCBSs)

are marked with the same colour and connectedraighbt lines.
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Supplementary Tables

Supplementary Table 1. Sequence statistics for tleratocystis albifundus genomes.

Supplementary Table 2. BUSCO results for th€eratocystis albifundus genomes.

Supplementary Table 3. Inventory of the genes present in tleratocystis albifundus
reference genome (Isolate CMW 4068).

Supplementary Table 4. Inventory of the genes present in all of the f@eratocystis
albifundus genomes (referred to as the core genes set)ifiddnising reciprocal Basic Local

Alignment Search Tool (BLAST) searches.

Supplementary Table 5. Inventory of the genes predicted to be presetwmto four of the

five Ceratocystis albifundus genomes, identified using reciprocal BLASTp seasch

Supplementary Table 6. Inventory of the genes unique to a spedi&atocystis albifundus

assembly, identified using reciprocal BLASTp search

Supplementary Table 7. A list of the genes present in all of the fi@eratocystis albifundus
genomeghat were associated with pathways reconstructied) tise Kyoto Encyclopaedia of

Genes and Genomes (KEGG) databases (http://wwwigejwkegg/).

Supplementary Table 8. A list of the Ceratocystis albifundus accessory genes that had
significant similarity to entries in the Kyoto Eradgpaedia of Genes and Genomes (KEGG)

databases (http://www.genome.jp/kegg/).

Supplementary Table 9. GO terms significantly enriched in tieratocystis accessory set.

Supplementary Table 10. The genes listed in the Pathogen-Host Interaditi) database
(Winnenburg et al. 2008) predicted to be presettié&Ceratocystis albifundus assemblies.

Supplementary Table 11. PutativeCeratocystis albifundus peptidases identified using the
MEROPS database (http://merops.sanger.ac.uk; Rgswinal. 2016).
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Supplementary Table 12. Putative Ceratocystis albifundus Carbohydrate-active enzymes
(CAZymes) identified and annotated using the onlnesource dbCAN (DataBase for
automated Carbohydrate-active enzyme ANnotatiomm) €Y al. 2012).

Supplementary Table 13. Transposable elements identified in the fiGeratocystis
albifundus accessory gene set identified using BLASTp agdhesiGypsy Database (GyDB)
of mobile genetic elements: release 2.0 (Llorersd.€2011).

Supplementary Table 14. Mapping of Illlumina assemblies to the referenceoges (Isolate
CMW 4068) using the LASTZ (Large-Scale Genome Aimgmt Tool) plugin implemented
in Geneious v. 7 (Kearse et al. 2012).

Supplementary Table 15. Mapping results and single nucleotide polymorphi€aNP)
identified for each of isolates CMW 17620, CMW 142TMW 13980 and CMW 17274
using the reference genome (Isolate CMW 4068) drd Genomics Workbench v. 6.0.1.

Supplementary Table 16. Likelihood scores and parameter estimates for iteespecific

selection models (Yang et al. 2000) evaluatedismgtudy.
Supplementary Table 17. Transposable elements identified in tBeratocystis albifundus

reference genome (Isolate CMW 4068) identified andotated using TEdenovo and the
TEannot pipelines from the REPET package (Flutied.€2011).
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Table 1. Information about the Ceratocystis albifundus isolates used in this study®.

| solate number® Geographical origin Host Collector (s)
CMW 4068 KwaZulu Natal, RSA Acacia mearnsii (Fabaceae) J. Roux
CMW 24685 Kenya Acacia mearnsii (Fabaceae) R.N. Heath & J. Roux
CMW 13980 Zambia Parinari curatellifolia (Chrysobal anaceae) J. Roux
CMW 17274 Gawtteng, RSA Faurea saligna (Proteaceage) J. Roux
CMW 17620 Kruger National Perk, RSA Terminalia serecia (Combretaceae) J. Roux

*The genome assembly for isolate CMW17620 was available from a previous study (GenBank accession number: JSSUO0000000; van der Nest
et a. 2014), while those for the remaining isolates were determined here.
PCMW: Culture collection of the Forestry and Agricultural Biotechnology Institute (FABI), University of Pretoria



Table 2. Genome statistics for the five Ceratocystis albifundus isolates used in this study.

|solate number®  Size Nr. of large N50 N80 L argest contig Nr. of Gene

(Mp) contigs genes® density
(genes’/M b)

[llumina®

CMW 4068 27.05 1003 50 666 23438 224 223 6 695 248

CMW 24685 26.97 1072 48 267 21815 289 214 6710 249

CMW 13980 27.20 818 68 699 30671 357 115 6 759 249

CMW 17274 26.68 2122 23 089 9324 153 182 6 699 251

CMW 17620 27.33 939 42 183 18 306 274 425 6 544 239

PacBio*

CMW 4068 28.36 16 2308174 1271 756 4074 369 7103 250

4CMW: Culture collection of the Forestry and Agricultural Biotechnology Institute (FABI), University of Pretoria.

PThe genome assembly for isolate CMW17620 was available from a previous study (GenBank accession number: JSSU0O0000000; van der Nest
et a. 2014), while those for the remaining isolates were determined here.

‘A high-quality reference genome was produced for isolate CMW 4068 using the PacBio and Illumina HiSeq sequencing platforms. The
reference genome consisted of 16 contigs (> 200 000 bases).

4ORFs was predicted with the de novo gene prediction software AUGUSTUS, using the gene models of Fusarium graminearum (Stanke et al.
2004).



Table 3. KEGG functional classifications® for the core genes shared by the five Ceratocystis
albifundus isolates.

Number of shared genes

KEGG categories associated with pathway”

Metabolism

Carbohydrate metabolism 229
Energy metabolism 122
Lipid metabolism 128
Nucleotide metabolism 130
Amino acid metabolism 241
Glycan biosynthesis and metabolism 76
Metabolism of cofactors and vitamins 106
Metabolism of terpenoids and polyketides 27
Biosynthesis of other secondary metabolites 31
Xenobiotics biodegradation and metabolism 46

Genetic Information Processing

Transcription 130
Translation 298
Folding, sorting and degradation 226
Replication and repair 143

Environmental Information Processing
Membrane transport 5
Signal transduction 385

Cdlular Processes

Transport and catabolism 183
Cdll growth and death 230
Cellular community 45

®For these classifications, the predicted proteins were assigned to pathways using the Kyoto
Encyclopaedia of Genes and Genomes (KEGG; http://www.genome.jp/kegg/) database and
the GhostK oala mapping tool (Kanehisa et al. 2016).

®The analysis was done using the protein sequences for the 6241 genes shared by al five of

the examined isolates.
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