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ARTICLE INFO ABSTRACT

Some species of Ceratocystis display strong host specificity, such as C. fimbriata sensu stricto that is restricted to
sweet potato (Ipomoea batatas) as host. In contrast, the closely related C. manginecans, infects Acacia mangium
and Mangifera indica but is not pathogenic to I batatas. Despite the economic importance of these fungi,
knowledge regarding the genetic factors that influence their pathogenicity and host specificity is limited. A
recent inheritance study, based on an interspecific cross between C. fimbriata and C. manginecans and the re-
sultant 70 F; progeny, confirmed that traits such as mycelial growth rate, spore production and aggressiveness
on A. mangium and I batatas are regulated by multiple genes. In the present study, a quantitative trait locus
(QTL) analysis was performed to determine the genomic loci associated with these traits. All 70 progeny isolates
were genotyped with SNP markers and a linkage map was constructed. The map contained 467 SNPs, distributed
across nine linkage groups, with a total length of 1203 cm. Using the progeny genotypes and phenotypes, one
QTL was identified on the linkage map for mycelial growth rate, one for aggressiveness to A. mangium and two
for aggressiveness to I. batatas (P < 0.05). Two candidate genes, likely associated with mycelial growth rate,
were identified in the QTL region. The three QTLs associated with aggressiveness to different hosts contained
candidate genes involved in protein processing, detoxification and regions with effector genes and high trans-
posable element density. The results provide a foundation for studies considering the function of genes reg-
ulating various quantitative traits in Ceratocystis.
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1. Introduction

Fungal pathogens contribute significantly to yield loss in agriculture
and forestry (Dean et al., 2012; Wingfield et al., 2015). Some fungal
pathogens have broad host ranges and have the ability to expand their
host ranges while others remain highly host-specific. Disease manage-
ment of economically important plants requires an understanding of the
infection biology of fungal pathogens as well as the molecular pathways
that determine their host specificity (Gao et al., 2016; Vleeshouwers
and Oliver, 2014).

During the first stages of infection, fungi can encounter challenges
such as rigid physical barriers, difficulties in acquiring nutrients from
the host and the Pathogen-Associated Molecular Pattern (PAMP) im-
mune response (PTI), triggered by highly conserved fungal target mo-
lecules (Divon and Fluhr, 2007; Niks and Marcel, 2009; Schulze-Lefert
and Panstruga, 2011). Fungal pathogens can, as a protection response,
release small secreted effector proteins and secondary metabolites such
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as toxins which can induce an effector-triggered immune response (ETI)
in the host (Jones and Dangl, 2006). The host range of fungal pathogens
can be determined during the initial stages of host entry, or later,
during ETI (Buiate et al., 2017; Deng et al., 2017; Moller and
Stukenbrock, 2017).

Most life history traits that make fungi successful pathogens are
regulated by multiple genes and biochemical pathways and are thus
considered quantitative traits. Examples include melanisation
(Lendenmann et al., 2014), growth rate (de Vos et al., 2011;
Heinzelmann et al., 2017), fungicide sensitivity (Lendenmann et al.,
2015), spore production, aggressiveness to hosts (Lind et al., 2007;
Stewart et al., 2016) and host specificity (Borah et al., 2018; Cozijnsen
et al., 2000; Lind et al., 2007). The genes associated with a quantitative
trait can be positioned at multiple locations in a fungal genome, as in
the case of the effector gene compartments of Zymoseptoria tritici (Meile
et al., 2018; Moller and Stukenbrock, 2017). Alternatively, they can be
clustered and regulated coherently, such as pathogenicity genes on
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lineage specific chromosomes of Fusarium oxysporum species (Ma et al.,
2013). The genomic locations associated with quantitative traits can be
determined by investigating the inheritance of the trait, either in pro-
geny of controlled crosses or in sexually reproducing natural popula-
tions, and subsequently correlating the phenotypes to the genotypes of
the individuals (Borah et al., 2018; Plissonneau et al., 2017).

Quantitative studies, by means of inheritance studies, have identi-
fied candidate pathogenicity genes in fungal pathogens of agronomi-
cally valuable plants (Lendenmann et al., 2015; Mideros et al., 2017)
but ironically, few studies have focused on tree pathogens (Lind et al.,
2007); even less so on ascomycetes (de Vos et al., 2011). The asco-
mycete genus Ceratocystis includes 41 species (Barnes et al., 2018;
Holland et al., 2019; Liu et al., 2018; Marin-Felix et al., 2017) and most
species in the Latin American clade (LAC) of the genus are pathogens of
agronomic and tree crops. These species provide interesting models to
fill the knowledge gap on fungal tree pathogens.

Two closely related pathogenic species, C. fimbriata sensu stricto
(s.s.) and C. manginecans, are of particular interest when considering
infection biology and host specificity. Ceratocystis fimbriata sensu stricto
(s.s.), which has recently been informally designated as C. fimbriata f.
sp. ipomoea, only infects sweet potato (Ipomoea batatas) (Valdetaro
et al., 2019), whereas C. manginecans infects various tree species but not
L batatas (Baker et al., 2003; Fourie et al., 2018). Ceratocystis fimbriata
s.s. causes a post-harvest black rot disease which has had a great impact
for sweet potato growers (Harter and Weimer, 1929; Scruggs et al.,
2017). This clonal pathogen on sweet potato has likely been distributed
along with sweet potato tubers (Li et al., 2016) from the USA (Halsted,
1890) to New Zealand, Australia and numerous Asian countries (Harter
and Weimer, 1929; Li et al., 2016; Paul et al., 2018).

Ceratocystis manginecans is an aggressive pathogen of a broad range
of tree hosts including Acacia mangium (Tarigan et al., 2011), Mangifera
indica (Oliveira et al., 2015; van Wyk et al., 2007), Punica granatum
(Harrington et al., 2015; Huang et al., 2003), Eucalyptus spp. (Chen
et al., 2013) as well as other leguminous trees (Al Adawi et al., 2013). It
infects trees through open wounds to then occupy parenchymal cells
and xylem transport vessels (Araujo et al., 2014; Da Silva et al., 2018).
This reduces water transport that subsequently leads to leaf wilt and
eventually tree death (Al-Sadi et al., 2010; Araujo et al., 2014; Da Silva
et al., 2018). Ceratocystis manginecans (considered by some researchers
to be synonymous with C. eucalypticola (Harrington et al., 2014)), has
had huge impacts on the mango industry of Brazil, Oman and Pakistan;
causing up to 60% losses in some countries (Da Silva Galdino et al.,
2016). In South East Asia, C. manginecans infection has changed the face
of forestry where most of the A. mangium plantations have been re-
placed with Eucalyptus spp. (Harwood and Nambiar, 2014). Despite the
economic impact of C. fimbriata and C. manginecans, limited informa-
tion is available on the molecular factors and pathways involved in
determining the aggressiveness and host range of these fungal species.

An interspecific cross was recently performed between the species
C. fimbriata (CMW14799, NC, USA) and C. manginecans (CMW46461,
Malaysia) to investigate the inheritance of traits associated with host
specificity and aggressiveness in 70 F; progeny (Fourie et al., 2018).
Traits that displayed quantitative characteristics included lesion length
induced when the pathogen was inoculated onto A. mangium and L
batatas, growth rate on malt extract agar (MEA) and A. mangium extract
agar (AEA) and asexual spore production (Fourie et al., 2018). Based on
the inheritance results, it was evident that a small number of genes
likely regulate aggressiveness to distinct hosts and spore production and
that a greater number of genes are involved in fungal growth rate. The
genomic loci associated with these traits have, however, not been
identified.

The overall aim of this study was to determine the quantitative trait
loci associated with the phenotypic traits previously investigated in C.
fimbriata and C. manginecans. As a first step, a genetic linkage map was
constructed by genotyping the 70 progeny isolates obtained from the
interspecific cross. Subsequently, the linkage map and available
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phenotypic data were used to perform QTL analyses on the investigated
traits including aggressiveness on a specific host, mycelial growth rate
and spore production. The data were further used to investigate the
inheritance of nuclear and mitochondrial genomic material in the two
Ceratocystis species. The QTL loci identified in this study made it pos-
sible to identify candidate genes associated with aggressiveness to
distinct hosts in Ceratocystis species. These can then be targeted in fu-
ture functional studies to further an understanding of essential path-
ways in Ceratocystis infection.

2. Material and methods
2.1. Phenotyping of the F; progeny population

The mating experiment and phenotypic results for the parents and
70 progeny isolates were presented in detail in a previous study (Fourie
et al., 2018). Briefly, cultures representing MAT1 and MAT2 self-sterile
mating types were produced for both the C. fimbriata (CMW14799) and
C. manginecans (CMW46461) isolates and crosses were performed re-
ciprocally, using the one species as the MAT1 parent and the other
species as the MAT2 parent, and vice versa. Two to three ascospore
drops were collected from the apices of the ascomata formed in the
hybrid zone of both crosses and these were dispersed on an agar plate to
obtain single ascospores. Ascospores were randomly selected and 35
confirmed hybrids were chosen from each cross to make up the F;
population (70 in total).

The phenotypic traits investigated in the inheritance study included
mycelial growth rate on malt extract agar (MEA) and on A. mangium
extract agar (AEA), conidial spore production and lesion length induced
on A. mangium and on L batatas, after inoculation (Fourie et al., 2018).
Most of the progeny grew significantly faster than the C. manginecans
parent on both media types and faster than the C. fimbriata parent on
the AEA medium. Most of the progeny either produced the same
amount or fewer conidia than the parental isolates and only two pro-
duced more conidia than the parents. Sixteen of the progeny isolates
were pathogenic to I batatas, none were more aggressive than the C.
fimbriata parent but four of the isolates were as aggressive as the parent.
On A. mangium, none of the progeny isolates were as aggressive as the
C. manginecans parent but 11 produced a significant lesion and were
considered pathogenic. Three isolates were pathogenic on both I ba-
tatas and A. mangium. There were, however, no significant associations
found between aggressiveness, growth rate or mating type.

All the phenotypic data discussed above, and published by Fourie
et al. (2018), were used for QTL analyses in the present study. In the
current study however, analyses of lesion size on A. mangium were
conducted using the average lesion size per isolate (Fourie et al., 2018)
as well as using an average where outliers (values more than 1.5 times
smaller or larger than the inter-quartile range) were removed from the
data. This was found to improve the accuracy of the results.

2.2. Reference genomes of the parental isolates

The first version of the genome sequences of the two parental iso-
lates, C. fimbriata (CMW14799) and C. manginecans (CMW46461) were
generated using Illumina HiSeq technology. The annotated genome of
C. fimbriata was obtained from the National Center for Biotechnology
Information database (NCBI accession number APWKO03000000;
Wingfield et al., 2019) and the C. manginecans genome was generated in
this study. DNA was extracted using a phenol/chloroform method
(Goodwin et al., 1992). The DNA sequence libraries for Illumina se-
quencing of isolate CMW46461 consisted of a 300bp and 500 bp
paired-end and a 5 Kb mate-pair library. The Illumina sequence reads
were assembled using VelvetOptimiser v. 2.2.5 (Zerbino and Birney,
2008), SSPACE v.2 (Boetzer et al., 2011) and GapFiller v.1.10 (Boetzer
and Pirovano, 2012). These genomes served as a reference for SNP
genotyping in the progeny isolates.
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Gene prediction was performed using the MAKER annotation pi-
peline (Cantarel et al., 2008; Holt and Yandell, 2011), by including
gene models from the gene predictors SNAP (Korf, 2004), AUGUSTUS
(Stanke et al., 2004) and GeneMark (Besemer and Borodovsky, 2005) as
well as FgeneSH (Solovyev et al., 2006), optimised with Neurospora
crassa gene models. The C. fimbriata annotation, available at NCBI, was
performed with RNA evidence for the gene models (Wingfield et al.,
2019), thus its annotation was also included to train MAKER for the
annotation of C. manginecans. Functional annotation was performed
using BLASTp analysis against the Swissprot database. InterproScan v.
5.24 (Jones et al., 2014) was used to identify conserved protein do-
mains (Pfam) as well as secretion signals (SignalP v. 4.1 and Phobius v.
1.05). Effectors were classified based on a protein sequence length <
310 amino acids and > 1% cysteine content, the presence of a secretion
signal (SignalP) and the absence of transmembrane domains (Phobius)
(Sperschneider et al., 2015).

Additional genome sequences of both isolates, C. manginecans
(CMW46461) and C. fimbriata (CMW14799), became available during a
later stage of this study. This included MinION sequencing data (Oxford
Nanopore technologies), assembled in combination with the Illumina
HiSeq sequence reads, providing a reduced number of scaffolds with
high confidence base calls (Mendeley Data). The C. fimbriata genome
consisted of 16 scaffolds and the C. manginecans genome consisted of 26
scaffolds. The SNP sites and gene annotation from the Illumina genomes
were transferred to the MinION genomes, using Geneious Prime
(https://www.geneious.com; Kearse et al., 2012). These two genomes
were used for further downstream analyses. To determine the com-
pleteness of both the Illumina and MinION genome assemblies, the
presence of a conserved set of Ascomycete single-copy orthologs were
determined using the BUSCO pipeline (Benchmarking Universal Single-
Copy Orthologs; Simao et al., 2015).

To investigate repetitive elements in the QTL regions, transposable
elements (TEs) were predicted in both the C. fimbriata and C. mangi-
necans genomes using the REPET package (Flutre et al., 2011). Both the
TEdenovo and TEannot pipelines of the package were used. TE families
were first identified to obtain consensus sequences (TEdenovo) and
these were then used as the input for the final TE prediction and an-
notation (TEannot).

2.3. Whole genome re-sequencing of the progeny isolates

2.3.1. DNA extraction

In order to genotype all 70 progeny isolates (Fourie et al., 2018) a
low-coverage whole genome re-sequencing approach was used. To ob-
tain genomic DNA, isolates were grown at 22 °C on 2% malt extract
agar (MEA) medium, containing 150 mg/L streptomycin (Sigma-Al-
drich, Germany) and 1 mg/L thiamine (Sigma-Aldrich, Germany) with
autoclaved cellophane membrane (Bio-Rad Laboratories, Johannes-
burg, South Africa) placed on the agar surface. After 21 days, mycelium
was scraped from the surface of the cellophane sheets and freeze-dried.
Using metal beads, the material was macerated in a mixer mill type MM
301 Retsch® tissue grinder for 3 min at 30 oscillations/second (Retsch,
Germany). DNA extraction was performed using a phenol/chloroform
method (Barnes et al., 2001) with minor modifications. No initial
heating step was performed and an RNaseA treatment step, including
1 h incubation at 37 °C and 1 h at room temperature, was included after
DNA extraction. RNase was removed with an over-night ethanol pre-
cipitation step. The DNA pellet was re-suspended in distilled, auto-
claved water.

2.3.2. DNA quality control

DNA quality for the 70 progeny isolates was evaluated using a
Nanodrop ND_1000 (Nanodrop, Wilmington, DE) and quantity was
determined using a Qubit® 2.0 Fluorometer (ThermoFisher Scientific).
To confirm that all isolates were clean fungal cultures, the 5.8S rRNA
and internal transcribed spacer regions 1 and 2 was amplified using the
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ITS1 and ITS4 primers (White et al., 1990). Where isolates had the ITS
sequence of both parents, and thus mixed chromatogram peaks, two
additional gene regions were amplified to confirm that these isolates
are haploid homokaryons. These included Beta-tubulin 1 (ftla and
Btlb; Glass and Donaldson, 1995) and MS204 (MS204F.ceratoB and
MS204R.ceratoB; Fourie et al., 2014). Reaction and cycler conditions
were identical to those previously described (Fourie et al., 2014). The
sequences of the amplicons were determined with Sanger sequencing
using the ABI BigDye Terminator Cycle Sequencing Ready Reaction Kit
(Applied BioSystems, Thermo Fisher, California, USA). The sequence of
each isolate and each gene region was then aligned against previously
generated sequences of C. fimbriata and C. manginecans. As a standard
procedure, to confirm the absence of bacterial contamination, the 16S
rRNA region was PCR amplified using the DNA from the isolates and a
positive control bacterial sample, using primers 27F and 1492R (Beukes
et al., 2013; de Long, 1992). Where no band was observed, the sample
was considered free of bacteria.

2.3.3. DNA library preparation, whole genome sequencing and data
processing

The progeny isolates were sequenced with a low coverage whole
genome sequencing approach, using Ion Torrent sequencing tech-
nology. Library building for each DNA sample was done at the DNA Ion
Torrent sequencing facility, University of Pretoria, with the Ion Xpress™
Plus kit using the Ion Xpress™ Plus gDNA fragment library preparation
protocol (Thermo Fisher Scientific, Carlsbad, USA). Size selection was
done using a 2% E-gel (Invitrogen). Ion Express Barcode adaptors 1-19
(Thermo Fisher Scientific, Carlsbad, USA) were used to uniquely label
the DNA of each individual, multiplexed on a single chip. Template
amplification for the Ion Proton was done using the Ion OneTouch™ 2
System (OT2) Ion PI™ Hi-Q™ OT2 200 Kit (Thermo Fisher Scientific,
Carlsbad, USA). DNA sequencing was performed on the Ion Proton
apparatus, at the Central Analytical Facilities at the University of
Stellenbosch, using the Ion PI™ Hi-Q™ Sequencing 200 Kit (Thermo
Fisher Scientific, Carlsbad, USA) and the Ion PI™ Chip Kit v3. Up to 19
individuals were sequenced per chip.

Adapters were removed from the sequence reads and data were
separated, based on barcodes, by the Ion Torrent sequencing facility.
The quality of the sequence reads of each library was determined using
FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc).
Low quality reads (phred score < 20) and reads shorter than 80 bp were
removed from the data using Trimmomatic (Bolger et al., 2014). Some
samples displayed an overrepresented k-mer at the 3’ end of the reads
and 10-20 bp were trimmed from the 3’ edges using seqtk (https://
github.com/lh3/seqtk). After read trimming, reads were reanalysed,
using FastQC, to confirm the quality of the final reads.

2.4. SNP genotyping of parents and progeny isolates

The genome of C. manginecans isolate CMW46461, sequenced using
llumina technology, was used as the reference sequence for SNP
identification. The quality trimmed Illumina sequence reads of the C.
fimbriata s.s. parental isolate (CMW14799) and Ion Torrent reads of all
70 progeny isolates were separately mapped to the reference sequence
(creating a bam file), using bowtie v. 2.2.6 (Langmead and Salzberg,
2012). Read group information, indicating the sample identity and se-
quencing run of each sample, were added to the bam files, using Pi-
cardtools v. 2.6.0 (https://github.com/broadinstitute/picard). The
same software was used to mark duplicate reads, obtained from PCR
amplification bias, and to realign regions around indels in the mapping
file.

SNP identification was performed using Haplotypecaller in the
Genome Analysis ToolKit (GATK) v. 3.7.0 (van der Auwera et al.,
2013). A minimum base score of 20 was selected, a ploidy of 1 and a
maximum of 1 alternate alleles. SNPs were called using the BP_RESO-
LUTION option that provides data for every basepair in the progeny
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genome and not only the variable SNP sites. This provided confidence
in the progeny SNPs that were similar to the C. fimbriata alternate al-
leles as well as those that were identical to the reference genome alleles.
The individual SNP files of each isolate were combined to a single SNP
file, using the GenotypeGVCFs tool. SNPs and indels were separated and
only SNPs were used in downstream analyses. SNPs were filtered for
quality by removing those SNPs with a quality depth (QD) < 20.0, a
Fisher Strand bias (FS) > 40.0 and a mapping quality (MQ) < 40.0.
Vcftools v. 0.1.15 was used to remove novel SNPs identified in the
progeny but not present in the parents, by setting the parental SNP sites
as reference positions (Danecek et al., 2011). A final genotype filter was
applied to the data using maxNOCALLfraction in GATK, removing all
SNP sites absent in more than 10% of the population. Data were con-
verted to binary code using a custom python script (Mendeley Data).

The SNP calling were quality checked and, to help reduce the
number of SNP markers, some of those in high linkage disequilibrium
(LD) were filtered out. This was done in R v. 3.2.5 (http://www.r-
project.org/; R core team, 2016), using the Rqtl (Broman et al., 2003)
and qtltools (https://github.com/jtlovell/qtlTools) packages. SNPs
displaying variation in only one or two isolates were likely sequence
errors. Consequently, markers with strong segregation distortion were
identified, based on a P-value < 10~ %, and removed. Markers with a
segregation distortion between the P-value of < 0.05 and > 10~ 8 were
considered as true segregation distortion and these were retained for
further analyses and included in linkage map construction. SNP mar-
kers were considered to be in complete linkage if the recombination
frequency was lower than the minimum possible value of 0.014. One
representative SNP was thus selected, using the gtltools argument
DropSimilarMarkers, with a block size of 70 SNPs and a recombination
frequency < 0.014. Markers with strong segregation distortion or a
high number of missing data were considered as co-factors when se-
lecting SNPs for removal. The final set of SNPs was used for linkage map
construction.

2.5. Linkage map construction

The linkage map was constructed in JoinMap v. 4.1 (van Ooijen,
2006). Markers were assigned to linkage groups using an independence
LOD statistic, evaluating LOD thresholds between 2.0 and 10.0. This
approach is based on the G statistic for independence and is unaffected
by segregation distortion. Linkages were not considered where the re-
combination frequency between markers was > 0.6. The final grouping
of markers and linkage map construction was based on a LOD score of
6.0 or higher. Marker order and distances were determined using the
maximum likelihood mapping algorithm and the default parameters.
Recombination frequencies were estimated using Gibbs sampling, based
on a maximum likelihood multipoint estimation. Recombination fre-
quencies were converted to genetic distances (cM) based on the Hal-
dane mapping function.

After the first round of linkage map construction, markers that re-
sulted in an inflation in ¢cM distance were manually inspected for SNP
marker quality. Where the mapping quality was low, or if the SNP allele
was inconsistent with the linkage phase of numerous surrounding
markers, it was considered as a sequence error and removed from the
map. If a single individual displayed a SNP marker with inconsistent
linkage phase, the allele was changed to missing data for that in-
dividual. Markers that indicated a high fit/stress value, and likely an
incorrect placement in the map were also removed from the final map.
Based on the number of individuals included in the linkage map (70), if
a minimum of two individuals supported a recombination event, the
minimum reliable cM distance between two markers was calculated as
3 cm (2Recombinant 7gTotal x 100), The majority of markers with a dis-
tance of less than 3cm in the linkage map were removed and the
linkage map was reconstructed with the remaining markers to obtain a
final, more robust linkage map. The final illustration of the linkage map
was constructed using MapChart v. 2.3 (Voorrips, 2002).
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Recombination maps for each of the 70 progeny isolates were
constructed and visualised using GGT 2.0. This was done in order to
summarise the inheritance of parental genetic material in each isolate
and indicate the sites and number of recombination events. To de-
termine the relationship between the cM distance and the physical
distance in the genomes of both species, the average Kb per re-
combination unit (cM) was calculated for each linkage group by di-
viding the predicted super-contig size (MinION genomes) of a linkage
group by its cM length (de Vos et al., 2007).

The MinION sequenced genomes were used to validate the con-
struction and marker order of the linkage map. The linkage map could
also be used to support the joining of scaffolds in the genome to the
level of putative chromosomes for each species. LG1 of the linkage map
contained a large size inflation (23 cm) in the middle of the linkage map
and the MinION genomes of the two species were aligned, using LASTZ
Alignment v. 1.02 (Harris, 2007) in Geneious version 7.0.6. (https://
www.geneious.com; Kearse et al., 2012) to investigate genome synteny
between the two species in this region. Inversions and translocations
were visualised using the RCircos package (Zhang et al., 2013) in R v.
3.2.5 using BLASTn data as input.

2.6. Segregation of nuclear and mitochondrial genetic material

2.6.1. Nuclear genomic material

The segregation ratios of the final set of SNP markers used in the
linkage map construction were investigated in the progeny to determine
if there was any deviation from the expected 1:1 ratio of a haploid
cross. This was based on a Chi-squared test, at a-values of 0.05 and
0.001, performed in JoinMap v. 4.1 (van Ooijen, 2006). The position of
the SNP markers with significant transmission ratio distortion were
investigated to determine their distribution and whether they were
clustered in specific regions.

2.6.2. Mitochondrial genomic material

The inheritance of parental mitochondria was investigated in the
progeny genomes to determine whether recombination had occurred in
the mitochondria of the progeny and to confirm which mating type
(MAT1 or MAT2 self-sterile) served as the maternal parent. The mi-
tochondrial contigs in the C. fimbriata and C. manginecans parental
MinION-sequenced genomes were identified through a BLASTn ana-
lysis, using the C. cacaofunesta mitochondrial genome as reference
(NCBI accession number JX185564; Ambrosio et al., 2013). The gene
content of the mitochondria of the two species were compared to
identify genes/regions that differed between the species. Genes with
SNP or indel differences were used as markers to trace the inheritance
of mitochondrial genetic material in all 70 progeny isolates. The se-
quence data used for the progeny genomes were obtained by converting
the bam files (the progeny reads mapped to the parental genome) to
consensus sequences in CLC Genomics Workbench v. 6 (CLC bio,
www.clcbio.com).

2.7. QTL identification and identification of candidate genes underlying the
QTL

QTL mapping was performed using MapQTL v.6 (van Ooijen and
Kyazma, 2009) in order to identify QTLs associated with each of the
phenotypic traits investigated. The mean value for each phenotypic
trait and for each isolate was used for analyses. Putative QTLs were
identified using interval mapping, and the likelihood for a QTL was
calculated using a maximum likelihood mixture model. MQM mapping
(multiple-QTL model) was also performed for all phenotypes, to reduce
the interval size of the QTL, and was implemented downstream if it
improved the mapping. A permutation test with 1000 replicates was
performed with the data of each phenotypic trait to determine the
genome wide significance LOD score threshold for each trait at a a-
value of 0.05 (significant) and 0.001 (highly significant). Illustrations of
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the QTL results were constructed using MapChart v. 2.3 (Voorrips,
2002). The QTL analysis outputs also indicated what percentage of the
variation can be explained by the QTL interval. The overall phenotypic
effect of the C. manginecans and C. fimbriata alleles of the SNP markers
spanning each QTL region were calculated based on the average phe-
notypic score for the reference allele (C. manginecans) versus the al-
ternate allele (C. fimbriata) in the progeny, as performed by Mideros
et al. (2017).

The SNP markers flanking each QTL interval were correlated back to
the C. manginecans MinlON genome to identify the corresponding
genomic interval. The corresponding genome fragment was then
aligned to the C. fimbriata MinION genome, using LASTZ Alignment v.
1.02 (Harris, 2007) in Geneious, to identify the corresponding region in
C. fimbriata. The alignment was then investigated for regions that were
unique to either species or any orthologs that had amino acid differ-
ences between the species as these differences might influence the
function of the protein.

3. Results
3.1. Reference genomes of the parental isolates

The Illumina sequence data obtained for the C. manginecans
(CMW46461) genome consisted of 36.2Gb of data, including 20.6
million mate-pair reads and 102.2 million and 76.8 million paired end
reads for the 300 bp and 500 bp libraries, respectively, after quality
filtering. This resulted in a genome with a size of 32.05Mb and a GC
content of 47.86%. The genome was distributed among 231 contigs
with a 540 times average coverage and an N50 value of 593.7 Kb. In
total, 7260 genes were predicted in the genome. The genome sequence
was deposited at GenBank under the accession SGIO00000000, the
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Fig. 1. Genome synteny map of four linkage groups
of the C. fimbriata (blue lines) and C. manginecans
(brown lines) genomes displaying translocations.
This includes linkage group 1 (blue connector
lines), 2 (red connector lines), 6 (green connector
lines) and 9 (yellow connector lines). Scaffolds
(black lines) were joined, based on evidence from
the linkage map, to obtain full linkage groups. The
coloured lines indicate genome synteny, darker
blue and darker red lines are syntenic in the same
orientation and lighter lines are in inverted or-
ientation. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)

(48] elel—lqlll_lj )

version described in this paper is SGIO01000000. The BUSCO analyses
indicated a completeness score of 98% for both Illumina genomes and
98.3% and 97.4% for the C. manginecans and C. fimbriata MinION
genomes, respectively.

3.2. Whole genome re-sequencing of the progeny isolates

The Ion Torrent sequence analysis of the 70 progeny isolates pro-
duced an average of 16 Gb data (99 million reads) per Ion Proton chip.
Depending on the quality of the DNA and the number of isolates
combined per chip, the number of reads per individual, after quality
filtering and trimming ranged from 0.48 to 6.5 million reads, with an
average of 1.3 million reads per isolate. This resulted in a 19x average
genome coverage per isolate. The sequence data are available from the
NCBI Short Read Archive (NCBI accession SUB4871173).

3.3. SNP genotyping of parents and progeny isolates

Using the C. manginecans Illumina genome as reference, a total of
43,144 SNPs were identified from the combined data of C. fimbriata and
the 70 progeny isolates, after all quality filtering steps. The final
number of SNPs retained for analyses, that were present in > 90% of
the progeny isolates, were 38,512. The filtered set of 38,512 SNP
markers segregated in a ratio of 51.2 (C. manginecans) : 48.8 (C. fim-
briata) in the 70 progeny isolates, which did not differ significantly
from a 1:1 inheritance ratio (P = 0.05).

3.4. Linkage map construction

The 38,512 SNP markers identified in C. fimbriata and the 70 pro-
geny isolates were reduced to a smaller subset of 2300 SNPs, in Rqtl,
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which was then used for initial linkage map construction in JoinMap v.
4.1. After further manual filtering and removing redundant markers (no
recombination between the markers), 467 final SNP markers were used
to construct the linkage map. This initial linkage map consisted of eight
linkage groups.

A large expansion was present in the middle of LG1 and thus the
alignments of the MinION genomes of the two species were investigated
in this region. LG1 corresponded to four scaffolds of the C. manginecans
MinION genome (scaffold 3, 10, 13 and 17) and three scaffolds of the C.
fimbriata MinION genome (scaffold 29, 31 and 8). LASTZ genome
synteny alignments of the scaffolds from each species indicated re-
ciprocal translocations between the ends of scaffold 17 (C. manginecans)
and 29 (C. fimbriata) and between the ends of scaffold 10 (C. mangi-
necans) and 31 (C. fimbriata) (Fig. 1). This suggested that scaffolds 3 and
10 represent one linkage group and scaffolds 13 and 17 another in C.
manginecans and, in C. fimbriata, scaffolds 29 and 8 formed a separate
linkage group from 31. The split of the linkage group into two was
confirmed in the C. manginecans genome by the presence of eight
telomeric repeat sequences (TTAGGG)g and transposable elements at
the end of scaffold 17, suggesting a telomeric end. LG1 was thus split
into two smaller linkage groups (LGl and LG2), more likely re-
presenting the number of chromosomes in the species. Scaffolds were
joined, in silico, to represent the new linkage group 1 and 2 of each
species in a final genome synteny map (Fig. 1). The final linkage map
consisted of nine linkage groups with the largest linkage group being
386 cM (LG3) and the smallest 46 cM (LG8) resulting in a total length of
1203 cM (Fig. 2). The average spacing between markers was 2.55 cM
and the maximum spacing was 11.16 cM (Table 1).

By integrating the linkage map and MinION genome assemblies,
discrepancies could be identified and genome assemblies could also be
improved. The genome synteny alignments indicated a large inversion
near the end of LG1 in scaffold 8 of C. fimbriata and scaffold 3 of C.
manginecans, respectively (Fig. 1). The marker order in this region of
the linkage map represented that of the C. fimbriata genome. Another
reciprocal translocation was observed between LG6 (C. fimbriata scaf-
fold 33, C. manginecans scaffold 27 and 29) and LG9 (C. fimbriata
scaffold 17, C. manginecans scaffold 27, 30, 32) (Fig. 1), where the
marker order corresponded to the C. manginecans genome. The linkage
map was used to improve the C. manginecans genome assembly. The
linkage map indicated the split of C. manginecans scaffold 10 into two
fragments that could be assigned to LG1 and LG3, respectively (results
not shown). For both species, the linkage map supported the joining of
between two to four contigs into a linkage group, reducing the as-
semblies to nine super-contigs (> 1.1 Mb) each. Only 103.7Kb of
smaller contigs in C. manginecans and 147.7 Kb in C. fimbriata remained
unmapped (0.4%) and contained only TE annotation and no protein
coding genes.

The number of recombination events per isolate ranged from 5 to
22, with an average of 12.5 per isolate. Among all nine linkage groups,
and the 70 progeny isolates, a total of 803 recombination events were
observed with the most frequent events (147 crossovers) occurring in
LG3 (Table 1). LG8 had the lowest number of recombination events and
53 of the isolates displayed no recombination in this linkage group. The
average relationship between physical distance and recombination
units varied between the linkage groups and ranged from 15 to 52 Kb/
cm in the different groups (Table 1).

3.5. Segregation of nuclear and mitochondrial genetic material

3.5.1. Nuclear genetic material

The inheritance of parental genetic material was investigated in
each of the progeny isolates, based on the final set of SNP markers
included in the linkage map. Investigation of the progeny genotypes
confirmed that all progeny were recombinant and 42 of the isolates
inherited almost half (40 to 60%) of their genetic material from each
parent (Fig. 3). The inheritance ratio that was most skewed towards C.
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fimbriata in an isolate was 25:74 (C. manginecans: C. fimbriata) and the
ratio most skewed towards C. manginecans was 79:21 (C. manginecans:
C. fimbriata). Only 11% of the SNP markers in the linkage map dis-
played segregation distortion and these were clustered into distinct
regions in three of the linkage groups (Fig. 2). A region in LG1 (11 SNP
markers) and the one end of LG7 (26 SNP markers) displayed an in-
heritance skewed towards the C. manginecans parent and the one end of
LG3 (17 SNP markers) was skewed towards the C. fimbriata parent.
The region of segregation distortion in LG1 corresponded with a
1.64 Mb inversion observed between the scaffolds of the C. fimbriata
(scaffold 8 and 29, LG1) and C. manginecans (scaffold 3, LG1) genomes
(Fig. 1). This likely explains the limited recombination and skewed
inheritance of genetic material in this region. LG7 had a smaller
116,000 bp inversion in the region with segregation distortion, along-
side but not including the mating-type locus, but this inversion is less
likely to have interfered with recombination events due to its size.

3.5.2. Mitochondrial genomic material

From the comparison between the mitochondrial genomes of C.
fimbriata and C. manginecans, five genes with polymorphisms were
identified between the two species and these included rnl, cox2, nad5,
cox1 and rns. Each of the five genes differed in the presence/absence of
certain intron open reading frames (ORF). ORFs missing in C. mangi-
necans, in comparison to C. fimbriata, included oilrnl, oil_2nad5,
oibnad5, o0i8cox1 and oilrns. The progeny that originated from the C.
manginecans MAT1 X C. fimbriata MAT2 cross all inherited the C.
manginecans mitochondrion (reflecting the same variation in the five
mitochondrial genes). Similarly, those from the C. fimbriata MAT1 x C.
manginecans MAT2 cross inherited the C. fimbriata mitochondrion. No
recombination was observed in the mitochondrial genomes of the
progeny isolates.

3.6. QTL identification and investigation of candidate genes

Significant QTL regions could be identified for three of the pheno-
typic traits investigated. This included one highly significant QTL for
growth rate on MEA (p < 0.001), two significant QTLs for aggres-
siveness on I. batatas (p < 0.05) and one QTL for aggressiveness on A.
mangium (p < 0.05). The QTLs for each phenotype were located on a
different linkage group (Fig. 2).

3.6.1. Mycelial growth rate on malt extract agar

A highly significant QTL peak (p < 0.001) was present on linkage
group 5 (Fig. 4) that could explain 38% of the variation in growth rate
on MEA. The 95% confidence interval (LOD > 3.2) was 427 Kb long
and 247.6 Kb was above the 0.001 significance threshold (LOD > 5).
The region of high significance (p < 0.001) contained 60 genes of
which only one hypothetical protein was unique to C. manginecans
(Table S1). The region was very gene dense with few transposable
elements.

Of the 60 genes in the highly significant region, 17 genes differed
with more than one amino acid between the two species. The poly-
morphic genes included peptidyl-prolyl cis-trans isomerase, a ras
GTPase-activating-like protein (Ras-GAP), tRNA modification GTPase,
GTPase-activating protein (GYP7), CRAL-TRIO domain-containing
protein, protein SYG1 (SYGI), platelet-activating factor acetylhy-
drolase, glycoside hydrolase 18, DNA repair protein (crb2), micro-
fibrillar-associated like-protein 1, serine/threonine-protein phosphatase
2A (PP2A) regulatory subunit delta, 20S-pre-rRNA D-site endonuclease,
kynurenine/alpha-aminoadipate aminotransferase, MAU2 chromatid
cohesion factor and three hypothetical protein genes. Based on the RNA
sequence data used for the C. fimbriata genome annotation (Wingfield
et al., 2019), four of the hypothetical proteins had clear expression data
and one had only low levels.

In the previously performed phenotypic studies (Fourie et al., 2018),
C. fimbriata displayed more rapid growth than C. manginecans on MEA.
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Fig. 2. Linkage map generated from the interspecific cross between C. fimbriata and C. manginecans showing nine linkage groups. The SNP marker positions are scaled
on cM distance. SNP markers coloured in red displayed segregation distortion at significance levels of 0.05 (*) and 0.001 (**). The coloured boxes indicate the regions
with significant association with a quantitative trait, including lesion length on A. mangium (blue), on I batatas (green) and growth rate on MEA (brown). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The inheritance of the parental allelic variants in this QTL region cor-
responded with the observed growth phenotypes. The allelic effect of
the reference alleles (C. manginecans) was negative, with an average
growth rate of 8.31 mm/2 days versus an average of 10.23 mm/2 days
for the alternate allele (C. fimbriata). Thus, a slower growth rate was
associated with the reference alleles than with the alternate alleles
(Fig. 4). This was corroborated by the fact that the seven fastest
growing progeny isolates contained the C. fimbriata allelic variants.
Eight of the slowest growing isolates contained the C. manginecans al-
lelic variants throughout the QTL interval.

3.6.2. Pathogenicity on Ipomoea batatas

Two significant QTL peaks (p < 0.05, LOD > 2.9), associated with
aggressiveness on I. batatas, were mapped alongside each other on LG7
(Fig. 5). The two QTL peaks could explain 19% of the observed varia-
tion. This entire region displayed significant segregation distortion,
with 70% of the progeny displaying the C. manginecans genotype. The
first peak (Fig. 5A) had a 95% confidence interval of 370 Kb and con-
tained 46 genes (Table S2). Of these genes, 20 had more than two
amino acid differences between C. manginecans and C. fimbriata, four
genes were present only in C. manginecans and one gene was unique to
C. fimbriata. The four unique genes in C. manginecans were part of a
30 Kb region, also containing transposable elements, that were mostly
absent from C. fimbriata. The four unique C. manginecans genes included

a hypothetical protein, a putative effector protein, alpha-galactosidase
(GLA) (part of a complex that scavenge waste proteins) and a F-box
domain containing protein (modifies glycolipids and glycoproteins).
The unique C. fimbriata gene was also a putative effector. The other 17
candidate genes with amino acid differences included a cysteine de-
sulphurase, betaine aldehyde dehydrogenase 2 (BADH) (oxidative stress
response), a putative effector protein and hypothetical proteins (of
which 10 had RNA evidence for transcription). The allelic effect of the
reference allele (C. manginecans) was negative, with an average lesion
size of 7.78 mm versus the C. fimbriata allele with an average lesion
length of 15.16 mm.

The region between the two QTL peaks contained 30 genes which,
amongst other genes, included the mating type locus. The second QTL
peak (Fig. 5B) consisted of a 258 Kb region in the 95% confidence in-
terval and contained 31 genes of which seven had two or more amino
acid differences between the two species (Table S2). The genes included
a N-acetyltransferase (esol), Proteasome-associated protein and five
hypothetical proteins (all of which had RNA evidence for transcription).
Three consecutive genes were absent from C. fimbriata, a diacylglycerol
acyltransferase (DGAT), Proteasome-associated protein (ECM29) and a
hypothetical protein. Further downstream, C. manginecans also con-
tained a transposable element with an associated retrovirus Pol poly-
protein that aligned very differently to the C. fimbriata genome. Both
the three unique genes and the TE were inherited together in the
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Summary of the linkage map and cross-over events in the progeny of an interspecific cross between C. manginecans (Cm) and C. fimbriata (Cf).

Linkage Length (cM) Estimated actual length ~ No. of Avg. marker Max. marker Avg. Kb/ No. of cross-overs”
Group (bp) SNPs spacing (cM) spacing (cM) cM?
Non-rec. Non-rec. 1 2 3 4 5 6 Totalcross-
(Cm) (ch over events

1 205.3 5,434,539 (Cm), 66 3.16 5.7 25.03 4 3 21 19 16 5 1 1 138
5,489,302 (Cf) 26.74

2 157.9 3,534,763 (Cm), 53 3.04 6.07 24.19 10 5 22 19 10 3 1 0 107
3,848,799 (Cf) 24.37

3 216.6 4,945,956 (Cm), 73 3 4.48 22.83 3 5 18 22 9 9 2 2 147
4,957,660 (Cf) 22.89

4 94.5 3,636,574 (Cm), 60 1.6 2.9 38.48 9 14 31 14 2 0 0 0 65
3,623,386 (Cf) 38.34

5 162.4 3,989,000 (Cf), 54 3.06 6.07 24.56 7 6 23 20 12 0 1 1 110
3,904,000 (Cm) 24.04

6 88.7 2,897,836 (Cm), 58 1.26 29 32.67 15 12 27 14 2 0 0 0 61
2,858,265 (Cf) 24.19

7 119.6 3,484,299 (Cf), 41 2.99 7.7 29.13 14 4 32 12 7 1 0 0 81
3,657,993 (Cm) 30.59

8 46.5 2,459,000 (Cm), 34 1.4 2.9 52.88 24 29 4 11 2 0 0 0 32
2,339,819 (Cf) 50.32

9 92.3 1,443,314 28 3.42 11.16 15.64 14 14 23 181 0 0 0 62
(Cm),1,151,030 (Cf) 18.45

@ Average calculated based on contig size divided by cM size.

> The eight columns represent the number of cross-over events observed in the progeny for each linkage group, ranging from non-recombinants of the C. fimbriata
or C. manginecans genotype up to six cross-over events. The values in the columns indicate the number of individuals that displayed a specific number of cross-over

events.

majority of the progeny. This QTL region was also associated with a
negative allelic effect for the reference allele, where the average lesion
length for isolates with the C. fimbriata alleles (Fig. 5) was 6.33 mm
larger than for those with the C. manginecans allele.

3.6.3. Pathogenicity on Acacia mangium

One significant QTL (p < 0.05, LOD > 3.1) at the end of LG3 was
associated with aggressiveness on A. mangium (Fig. 6). This region
could explain 19% of the variation observed for the phenotype. This is a
putative sub-telomeric region of a chromosome, based on the presence
of five repeats of a telomeric sequence (CCCTAA), a high density of TEs

and the presence of a telomere capping protein coding gene in the last
120 Kb of the LG. The 95% confidence interval spanned a 281 Kb region
which contained 64 genes (Table S3). Sixteen of the genes had more
than one amino acid difference between the two species and four genes
were unique to C. manginecans; of which two unique hypothetical
proteins and a putative effector were near the sub-telomeric end.

The genes with amino acid differences included acetoacetyl-CoA
synthetase (AACS), enhancer of polycomb-like protein (EPL1), carbox-
ypeptidase (CP), DNA-directed RNA polymerase III subunit (RPC6),
protein TED1, protein disulphide isomerase (PDI), kinesin-like protein 6
(klp6), transcription activator protein (acu-15), D-isomer specific 2-
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Fig. 3. Segregation of parental genetic material in the progeny isolates. The x-axis represents the % range of parental material inherited (C. manginecans in blue and
C. fimbriata in red) and the y-axis indicates the number of progeny isolates displaying a specific segregation ratio. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 4. The QTL region associated with mycelial growth rate on MEA. The top part of the figure indicates the o = 0.05 (black dotted line) and a = 0.001 (red dotted
line) LOD thresholds for the QTL interval. Underneath the peak, comparisons of the genic (blue blocks) and TE content (red blocks) between C. manginecans (Cm) and
C. fimbriata (Cf) are presented, with grey lines indicating the sequence synteny between the regions. At the bottom, the inheritance of the parental alleles in the F;
progeny (C. fimbriata alleles in blue and C. manginecans in grey bars) are indicated, along with the frequency of the genotypes in the F; population. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

hydroxyacid dehydrogenase, aryl-alcohol dehydrogenase (AADI4),
peptide methionine sulfoxide reductase (Msr), diatom spindle kinesin
(DSK1) and two hypothetical protein genes (both with RNA evidence
for transcription). The region also contained another putative effector
with one amino acid difference between the species, flanked by trans-
posable elements. A pathogenicity-associated gene (PHI-database;
Urban et al., 2015), calcineurin, was also in this region but it was
identical in the two species. The reference allele had a negative effect,
where isolates with the C. manginecans allele (Fig. 6) produced an
average lesion length of 1.93 cm and those with the C. fimbriata allele,
3.58 cm.

4. Discussion

An interspecific cross produced between C. fimbriata sensu stricto
and C. manginecans made it possible to construct the first linkage map
for any species of Ceratocystis. The progeny-based linkage map resulted
in nine linkage groups, providing the first indication of the number of
chromosomes in the species. The phenotypic inheritance data, in con-
junction with the linkage map, facilitated the identification of one
genomic region associated with mycelial growth rate and three genomic
regions associated with aggressiveness to distinct hosts. The available
annotated genomes of both species made it possible to identify candi-
date genes in the QTL regions and provided a strong foundation for
future functional studies on the pathogenicity factors in Ceratocystis.

The recombination events observed in the interspecific cross be-
tween C. fimbriata and C. manginecans, and the relatively low levels of
segregation distortion, suggest that few pre-zygotic barriers exist during
sexual recombination. The number of recombination events observed
per isolate (12.5 avg) was similar to that of an interspecific cross of
Fusarium circinatum X F. temperatum (12 avg) (de Vos et al., 2007). This
also did not deviate far from the frequency observed in intraspecific

crosses such as F. graminearum (15.9 avg) (Laurent et al., 2018) and
Setosphaeria turcica (15 avg) (Mideros et al., 2017). Some linkage
groups in Ceratocystis, however, had significantly more recombination
events than others. For example, LG9 had more recombination (62
events, 15-18 Kb/cM) than LG 4 and 8, even though it was the smallest
linkage group (1.1-1.4 Mb). This could be a “hot spot” for recombina-
tion to occur, possibly due to transposable elements present in the
linkage group (Seidl and Thomma, 2017). LG8 had a high number of
non-recombinant individuals (75%). This could be due to a lack of re-
combination, since the genome alignments indicated inverted chro-
mosomal ends between the two species in LG8 (results not shown).
Alternatively, recombination in this region might have a lethal effect
and thus act as an additional post-zygotic barrier.

The overall inheritance of genomic material did not deviate from a
1:1 ratio in the progeny, but three distinct regions displayed segrega-
tion distortion (SD). SD can occur both in intra- and interspecific crosses
in fungi but is expected to be more prominent in the latter case (de Vos
et al., 2013). In a F. pseudograminearum intraspecific cross, five regions
showed SD and one explanation was the conservation of essential
virulence gene clusters (Gardiner et al., 2018). In the F. circinatum X F.
temperatum interspecific cross, more than 50% of the markers deviated
from the 1:1 ratio but they were not clustered in a specific region (de
Vos et al., 2013). In that case, the SD was ascribed to chromosomal
differences between the species (translocations or inversions) that in-
fluenced recombination and the viability of the progeny. New combi-
nations of genes, fixed independently in two species, can also lead to
nuclear incompatibility in the progeny (Dobzhansky-Muller hypoth-
esis), contributing to SD (Giraud et al., 2008).

In the Ceratocystis cross of the present study, the SD was less ex-
treme (11% skewed markers) than that observed in Fusarium (de Vos
et al., 2013). In LG1 the SD is likely associated with an inversion and in
LG7 the mating-type locus was inside the region of SD. The flanking
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Fig. 5. QTL1 (A) and QTL2 (B) associated with aggressiveness on I. batatas. The top part of the figure indicates the a = 0.05 LOD threshold (black dotted line) for the
QTL interval. Underneath the peak, comparisons of the gene (blue blocks) and TE content (red blocks) between C. manginecans and C. fimbriata are presented, with
grey lines indicating the sequence synteny between the regions. At the bottom, the inheritance of the parental alleles in the F; progeny (C. fimbriata alleles in blue and
C. manginecans in grey bars) are indicated, along with the frequency of the genotypes in the F, population. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

regions of the mating-type locus of C. fimbriata and C. manginecans group. However, other chromosomal differences such as size differences
contain regions that are non-syntenic between the two species (Simpson and deletions or unequal cross-over events could also be involved in the
et al., 2018), which could have contributed to the SD in this linkage SD of the linkage groups (Plissonneau et al., 2016).
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Full mitochondrial chromosome sequences were obtained for the
progeny produced in this study. Based on DNA fingerprint markers, the
inheritance of mitochondrial material in Ceratocystis has been asso-
ciated with the maternal (MAT1) mating type (Engelbrecht and
Harrington, 2005). The inheritance of the five polymorphic mitochon-
drial genes considered in the present study confirmed that the MAT1
parent donated the mitochondria to the progeny. Historical re-
combination events have been observed between the mitochondria in
different Fusarium species/formae speciales both in F. oxysporum
(Brankovics et al., 2017) and the F. fujikuroi (Fourie et al., 2013) species
complex. However, results of the present study showed that no re-
combination had occurred between the mitochondria of the two in-
vestigated Ceratocystis species during the mating event.

Linkage analysis of the 467 SNP markers resulted in nine linkage
groups, which is most likely a close reflection of the number of chro-
mosomes in Ceratocystis. In other Sordariomycetes, such as Fusarium,
the chromosome number can range between four (Gale et al., 2005) and
20 (Waalwijk et al., 2018). In numerous fungal species, the number of
linkage groups obtained from linkage analyses closely resembled the
actual number of chromosomes and assisted in joining contigs for im-
proved genome assemblies (Lee et al., 2008; Wittenberg et al., 2009;
Yuan et al., 2018). It is thus likely that C. fimbriata and C. manginecans
have nine chromosomes but that the sizes of some chromosomes would
differ between the two species, based on the current genome align-
ments. This knowledge will make it possible to detect dispensable
chromosomes in the genus and to investigate genome synteny between
species.

The Minlon-sequenced genomes corroborated the linkage map
constructed in this study and, in addition, the linkage map improved
the genome assemblies. The linkage map indicated the split of one C.
manginecans scaffold (scaffold 10) and could suggest the joining of
multiple scaffolds up to the potential chromosomal level in both
genome assemblies. The initial linkage map produced an abnormally
large LG1 with a size inflation in the middle. Reciprocal translocations
have been known to induce pseudo-linkage of genomic markers which
results in the terminal joining of two linkage groups (Farré et al., 2011).
The Minlon genome alignments of the two Ceratocystis species
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confirmed a reciprocal translocation between the ends of two scaffolds,
suggesting that LG1 belongs to two separate linkage groups. Since large
chromosomal rearrangements could influence gene variation and pa-
thogen adaptation and virulence (de Jonge et al., 2013; Wittenberg
et al., 2009), the biological significance of the translocations and in-
versions observed between the two species should be investigated.

Mycelial growth on MEA had a highly significant QTL interval on
LG5 which could explain 38% of the variation observed for the phe-
notype. This QTL explained more variation in mycelial growth rate than
what was observed for individual QTLs in other ascomycetes such as F.
circinatum, F. temperatum (6-32% per QTL; de Vos et al., 2011) and Z.
tritici (7-18%; Lendenmann et al., 2016) but it was similar to that of
Setosphaeria turcica (6-38%; Mideros et al., 2017). However, in most of
these studies between two and seven QTLs were identified and the
combined data could explain more of the variation observed. The re-
sults from the present study confirmed that mycelial growth rate is a
quantitative trait in Ceratocystis and additional QTLs are expected to be
involved in this trait.

Of the 60 genes present in the QTL for mycelial growth rate, 17
differed in amino acid sequence between the parental isolates. Two of
the candidate genes were of specific interest because they have been
associated with mycelial growth in other fungi. For example, the Ras-
GAP gene has been implicated in hyphal growth, specifically actin cy-
toskeleton organisation and conidiophore development, in Aspergillus
nidulans and other fungi (Harispe et al., 2008). The PP2A regulatory
sub-unit delta forms part of the protein phosphatase 2A holoenzyme
that is involved in regulation of cell division during mitosis as well as
cell signalling (Janssens and Goris, 2001). This was one of the genes
with the highest statistical support, as it was in the centre of the QTL
peak. For both of these genes, the C. fimbriata SNPs were present in all
the fastest growing progeny isolates and the C. manginecans SNPs were
present in the slowest growing isolates. The results further support the
likelihood of this QTL region as an essential regulator of mycelial
growth rate in Ceratocystis.

Three QTLs could be identified in Ceratocystis relating to aggres-
siveness to distinct hosts; one QTL for aggressiveness on A. mangium
and two QTLs for aggressiveness on I. batatas. However, the QTL for A.
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mangium had a negative correlation to aggressiveness. The QTL regions
could explain 19% of the variation observed for aggressiveness on each
of the respective hosts. Aggressiveness on a specific host is expected to
be a quantitative trait in Ceratocystis (Fourie et al., 2018), and this is
also true for virulence/aggressiveness in other fungal pathogens
(Koladia et al., 2017; Lind et al., 2007; Stewart et al., 2016). This
suggests that additional QTLs could be involved in host specificity but
were not detected in this study. The inability to detect such QTLs could
be due to the low population size and, specifically, the small number of
pathogenic isolates compared to the number of non-pathogenic progeny
isolates (Fourie et al., 2018).

Two overlapping QTLs were associated with aggressiveness on I
batatas. One candidate gene of interest in the first (left) QTL peak was
betaine aldehyde dehydrogenase, which had 2 amino acid differences
between C. fimbriata and C. manginecans. It is associated with oxidative
stress response that could be involved in mitigating host stress re-
sponses (Singh et al., 2013). In addition, five putative effector proteins
were identified throughout the two QTL regions. One of these was
unique to each pathogenic species and two differed in amino acid se-
quence, that might influence their functionality. Because effectors have
been shown to influence the virulence and host adaptation in numerous
fungal pathogens (Dracatos et al., 2018; Sanchez-Vallet et al., 2018;
Stewart et al., 2016), it is highly likely that they also play an important
role in host adaptation in Ceratocystis. The effector that was absent from
C. fimbriata might also enhance its ability to infect I. batatas since it
would avoid host detection, as observed for avr genes in Pyricularia
oryzae (syn. Magnaporthe oryzae) (Inoue et al., 2017) and for an effector
in Z. tritici (Hartmann et al., 2017).

Both QTL regions for aggressiveness on I batatas had a high TE
density but the distribution of the TEs differed significantly between the
two species of Ceratocystis, which could influence the variation and
expression of genes. Some effectors were specifically within TE dense
regions. This has often been observed in fungal pathogens and it has
been suggested that the TEs induce sequence variations and influence
the expression of the effectors (Meile et al., 2018; Moller and
Stukenbrock, 2017). The other protein coding genes located amongst
the TEs could also be affected by the TE distribution, specifically if the
promoter region is disrupted by the presence of the TE (Krishnan et al.,
2018). Hence, although the gene content between the two species was
similar, we hypothesise that the activation and regulation of the genes
could differ between them and requires further in planta gene expres-
sion analysis.

The QTL for aggressiveness on A. mangium was located at the sub-
telomeric end of LG3. The two species of Ceratocystis had significant
dissimilarities toward the end of the scaffold. This could primarily be
attributed to the density and distribution of transposable elements in
this region. The content and organisation of genes at the telomeric ends
of chromosomes have been implicated in virulence and host adaptation
in pathogens such as Fusarium graminearum (Gardiner et al., 2012) and
Pyricularia oryzae (syn. M. oryzae) (Orbach et al., 2000). This especially
since telomeres are associated with higher sequence variation and re-
arrangements (Cuomo et al., 2007; Orbach et al., 2000). The TE dense
region in this QTL could thus likely serve as a mutational “hotspot” that
influences the aggressiveness of Ceratocystis pathogens.

Other genes of interest in the A. mangium QTL, that differed in two
or more amino acids between the two host-specific species of
Ceratocystis, included those associated with transcriptional regulation
(EPL1, RPC6, acu-15), protein processing or modification (UCHLI, CP,
PDI) and detoxification (AAD14, Msr) (Yang et al., 2018). These pro-
cesses could be associated with adaptation to a specific nutritional
environment by processing metabolites or regulating the transcription
of genes essential in the infection process. This limited number of
candidate genes could serve as high priority targets for gene knock-outs
in future studies.

The fact that most of the isolates aggressive to A. mangium contained
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the C. fimbriata genotype in the A. mangium QTL region was un-
expected. One explanation could be that these isolates also inherited
genetic material from C. manginecans in other genomic regions and that
protein products from those regions had positive epistatic interactions
with the QTL region, providing the strong signal for the QTL. This
would relate to the Dobzansky-Muller effect where the rest of the
genome content, inherited from the alternate parent, influences the
phenotypic effect of an allele (Stukenbrock, 2013). For example, a
transcription factor or a repressor protein of C. manginecans, present in
a different region of the progeny genome, might upregulate or suppress
transcription in the QTL region. A prominent example is the calci-
neurin-responsive transcription factor moCRZ1 in Pyricularia oryzae
which regulates the expression of six other genes that influence the host
penetration and pathogenicity of the fungal pathogen (Choi et al.,
2009).

Even though only a single QTL was significantly associated with
aggressiveness on A. mangium, other potential QTLs were detected
below the significance threshold. The inclusion of more isolates in fu-
ture studies can most likely improve the detection of additional QTLs
having minor effects (Lendenmann et al., 2016). For example, the one
QTL peak was located at the exact same interval on LG7 where the L
batatas QTL was located. This suggests that the genomic interval is
likely involved in adaptation to both hosts and should be a region of
interest for further functional studies.

Identifying specific genes associated with growth rate and aggres-
siveness on A. mangium and I batatas, could enhance resistance
breeding of the related hosts. This would also facilitate the development
of genetically modified plants (Fan et al., 2015) with high levels of
tolerance against Ceratocystis infection. This has been prominently il-
lustrated in the wheat - Stagnospora nodorum pathosystem where
knowledge of the fungal pathogenicity and host resistance factors en-
abled researchers to assess the aggressiveness of infecting populations
and improve screening for resistant wheat cultivars (Oliver et al.,
2012).

The inheritance study presented here provided the first linkage map
and QTL mapping for a Ceratocystis species. This made it possible to
identify genomic regions associated with in vitro mycelial growth rate
and aggressiveness on A. mangium and L. batatas. A number of candidate
genes were identified, either genes with amino acid variation or unique
genes, that could be involved in growth rate and aggressiveness on a
particular host. To confirm the significance of these genes, the variants
can be screened in natural populations of both species (Hartmann et al.,
2017; Stewart et al., 2016) or tested by means of gene knock-out studies
(Meile et al., 2018); a system that still needs to be optimised for Cer-
atocystis. In addition, the linkage map and improved genome assembly
produced from this study, provides a useful tool for further quantitative
studies in C. fimbriata and C. manginecans and will greatly facilitate the
assembly of additional Ceratocystis genomes in future.
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