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A B S T R A C T

Ceratocystis fimbriata is a host specific fungal pathogen of sweet potato (Ipomoea batatas). The closely related
species, C. manginecans, is an important pathogen of trees (e.g. Acacia mangium and Mangifera indica) but has
never been isolated from tuber crops. The genetic factors that determine the host range and host specificity of
these species have not been determined. The aim of this study was to compare the genomes of C. fimbriata and C.
manginecans in order to identify species-specific genetic differences that could be associated with host specificity.
This included whole-genome alignments as well as comparisons of gene content and transposable elements
(TEs). The genomes of the two species were found to be very similar, sharing similar catalogues of CAZymes,
peptidases and lipases. However, the genomes of the two species also varied, harbouring species-specific genes
(e.g. small secreted effectors, nutrient processing proteins and stress response proteins). A portion of the TEs
identified (17%) had a unique distribution in each species. Transposable elements appeared to have played a
prominent role in the divergence of the two species because they were strongly associated with chromosomal
translocations and inversions as well as with unique genomic regions containing species-specific genes. Two
large effector clusters, with unique TEs in each species, were identified. These effectors displayed non-synon-
ymous mutations and deletions, conserved within a species, and could serve as mutational hot-spots for the
development of host specificity in the two species.

1. Introduction

Speciation in fungal plant pathogens is commonly associated with
host jumps or host range expansions, followed by subsequent re-
productive isolation (Restrepo et al. 2014; Stukenbrock 2013). The host
range of a fungal species can be determined at different levels of pa-
thogen-host interaction such as host penetration, nutrient acquisition
and resistance to host immune defence responses (Borah et al. 2018;
Dracatos et al. 2018). For example, the production of different sec-
ondary metabolites such as toxins (Walkowiak et al. 2016) or different
transporter proteins that detoxify host defence products (Buiate et al.
2017) could determine host specificity.

Carbohydrate active enzymes (CAZymes), peptidases and lipases
play a significant role in nutrient acquisition of fungal species.
CAZymes are essential in plant cell wall degradation where they target
cellulose, hemicellulose, lignin and pectin (Amselem et al. 2011; King
et al. 2011). Differences in CAZymes in different fungal pathogens

influence their ability to penetrate cell walls and obtain nutrients from
a specific plant host (Buiate et al. 2017; King et al. 2011; Shirke et al.
2016). Peptidases hydrolyse protein peptide bonds and can provide
amino acids as nutrients, break down signalling proteins or break down
host products produced during defence response (Rawlings and Morton
2008). Lipases break down triglycerides into glycerol and fatty acids
(Singh and Mukhopadhyay 2012), and they also form or break down
ester bonds for lipid metabolism (Widmann and Pleiss 2016). Differ-
ences in these enzyme repertoires could influence the host range of
different pathogens.

The interactions between fungal and plant immune systems are
likely to play the most prominent role in host specificity. Host defence
responses can either be activated when conserved pathogen-associated
molecular patterns are detected (PAMP-triggered immunity) or when
receptors in the host detect fungal secreted proteins in the apoplastic or
cytoplasmic environment (effector-triggered immunity) (Jones and
Dangl 2006; Presti et al. 2015). The differences in the presence/absence
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of small secreted effector proteins or variation in their amino acid se-
quences can influence the ability of a fungus to infect a plant host.
Effectors allow a pathogen to avoid detection, to protect itself against
host defence reactions and to interfere with host cellular processes
(Inoue et al. 2017; Sánchez-Vallet et al. 2018; van Dam et al. 2016).
Mutation or deletion of effectors and other host specific genes mostly
occur in highly dynamic genomic compartments, such as transposable
element (TE) dense regions (Shirke et al. 2016; Yoshida et al. 2016) and
these regions are often being targeted by Repeat Induced Point muta-
tions (RIP) (Grandaubert et al. 2014).

Ceratocystis species are important fungal pathogens of a wide range
of woody plants (Barnes et al., 2018; Harrington, 2004; van Wyk et al.,
2013; Roux et al., 2020). A few species are post-harvest agricultural
pathogens that cause rot on tuber crops (Halsted and Fairchild 1891; Li
et al. 2016; Liu et al. 2018). Ceratocystis species require wounds or
natural openings to infect their hosts after which they move through the
parenchymal cells to the xylem where spores are released and rapidly
disseminated (Araujo et al. 2014). The fungal mycelia, in combination
with tyloses and phenolics produced as host defence responses, block
water transport in the xylem that can result in wilting and eventually,
tree death (Araujo et al. 2014; Da Silva et al. 2018; Trang et al. 2018).

Ceratocystis fimbriata and Ceratocystis manginecans are important
pathogens of root and tree crops, respectively. Ceratocystis fimbriata
causes black rot on Ipomoea batatas (sweet potato). Large disease out-
breaks have recently re-emerged in the USA (Scruggs et al. 2017) and
infections have also been reported in China (Li et al. 2016), Japan (Paul
et al. 2018) and other Asian countries (Fourie et al. 2018; Paul et al.
2018). In this study C. fimbriata refers to the I. batatas-specific species,
recently epitypified by Marincowitz et al., 2020, and also referred to by
some researchers as C. fimbriata f. sp. ipomoea (Valdetaro et al. 2019).
Ceratocystis manginecans has resulted in up to 60% losses in mango
orchards in the Middle East (Da Silva Galdino et al. 2016) and has
contributed to an almost 50% yield loss in A. mangium plantations in
South East Asian countries (Hardie et al. 2018; Harwood and Nambiar
2014). This species is also pathogenic to Punica granatum (pome-
granate) (Harrington et al. 2014a; Harrington et al. 2014b; Huang et al.
2003), the leguminous trees Prosopis cineraria and Dalbergia sissoo (Al
Adawi et al. 2013) and some Eucalyptus species (Chen et al. 2013).
Ceratocystis manginecans has been referred to as C. fimbriata based on a
biological species concept (Harrington et al. 2014b), but in this study,
based on a phylogenetic species concept (Fourie et al. 2014), we con-
sider it a distinct species.

Ceratocystis fimbriata and C. manginecans are closely related and can
be induced to mate under laboratory conditions (Fourie et al. 2018;
Oliveira et al. 2015). However, inoculations with each of these species
onto I. batatas and different tree species have shown that C. fimbriata is
highly specific to I. batatas while C. manginecans can infect several tree
species but is not pathogenic to I. batatas (Baker et al. 2003; Fourie et al.
2018). Nothing is known regarding the genetic factors that determine
the distinctly different host ranges of the two species; whether this is
determined by their ability to penetrate the host cells, nutrient avail-
ability, or the PAMP- and effector-triggered immune interactions.

A small number of genomic studies on Ceratocystis species have
focused on their pathogenicity and host specificity (Fourie et al. 2019;
Molano et al. 2018). A recent study on an interspecific cross between C.
fimbriata and C. manginecans investigated the inheritance of patho-
genicity and host specificity traits (Fourie et al. 2019). This shed some
light on the genetic factors associated with these traits. One QTL region
was identified to be associated with aggressiveness on A. mangium and
two QTLs for aggressiveness on I. batatas. Candidate genes in these
regions included genes involved in oxidative stress response, protein
processing and putative effector proteins that were often in regions with
a high transposable element content (Fourie et al. 2019). These QTLs
could explain roughly 20% of the variation observed in the phenotype,
suggesting that additional genomic regions are involved in determining
host specificity.

A recent genomic study, considering a small number of Ceratocystis
species, identified several candidate genes involved in their patho-
genicity, but not necessarily host specificity (Molano et al. 2018). This
was mainly based on a comparative genomic study between the cacao
(Theobroma cacao) pathogen, Ceratocystis cacaofunesta, and C. fimbriata
from sweet potato. Pathogenicity factors included an expanded phos-
phatidylinositol-specific phospholipase-C (PI-PLC) gene family, CA-
Zymes and candidate effector proteins. Both C. cacaofunesta and C.
fimbriata had numerous unique genes, possibly associated with their
host specificity. Unique protein families were also identified in C.
manginecans, but these were not further investigated. It should be noted
that the C. fimbriata and C. manginecans genome assemblies used in the
Molano et al. (2018) study were versions that consisted of numerous
contigs, and results would likely improve with the more recent and
improved assemblies now available (Fourie et al. 2019; Wingfield et al.
2019).

The factors that influence host specificity of fungal pathogens can
often be detected at a genomic level, based on differences in gene
content and sequence variation (Borah et al. 2018). The aim of the
present study was to consider genomic differences between C. fimbriata
and C. manginecans that might underpin their host specificity. The
genome sequences of three C. manginecans isolates from P. cineraria and
A. mangium, from three different countries (Fourie et al. 2019; van der
Nest et al. 2014), and one C. fimbriata isolate from I. batatas from the
USA (Wingfield et al. 2019), are available in public databases and
genome comparisons could thus be performed between and within
species. This study provides one of few comparative genomic studies
between a pathogen of woody trees versus a pathogen of a herbaceous
plant, which could provide novel insights into the genetic adaptations
of two closely related species to highly divergent host plants.

2. Materials and methods

2.1. Genome sequences utilised

Three C. manginecans isolates obtained from diseased A. mangium
(CMW22563 from Indonesia, CMW46461 from Malaysia) and P. ciner-
aria (CMW17570 from Oman) and one C. fimbriata isolate from infected
I. batatas (CMW14799 from USA) were used for genome comparisons
(Table 1). Since C. fimbriata from I. batatas (C. fimbriata f. sp. ipomoea) is
globally a clonal population with minimal variation between isolates
(Li et al. 2016), a single genome would be sufficient to represent this
species. Three genomes were used for C. manginecans because the spe-
cies has been shown to have high genetic diversity (Fourie et al. 2016)
and also a relatively wide host range (Al Adawi et al. 2013; Tarigan
et al. 2011).

The genomes of the C. manginecans (CMW46461) and C. fimbriata
(CMW14799) isolates were sequenced previously using Illumina se-
quence technologies (Fourie et al. 2019; Wingfield et al. 2019) and
were obtained, along with two additional C. manginecans genomes,
from the GenBank database at the National Center for Biotechnology
Information (NCBI) (CMW17570 (JJRZ00000000), CMW22563
(VIFZ01000000), CMW46461 (SGIO00000000), CMW14799
(APWK03000000)). Improved genome assemblies, consisting of sig-
nificantly fewer contigs and a higher sequence quality (Table 1), were
available for C. fimbriata (CMW14799) and C. manginecans
(CMW46461) (https://doi.org/10.17632/v6txk25v58.1; Fourie et al.
2019). These genomes consisted of Illumina, as well as Oxford Nano-
pore, sequence data and the contigs were concatenated in silico, based
on synteny alignments and linkage map data, to represent putative
chromosomes (Fourie et al. 2019). The putative chromosomes represent
99.6% of the respective genome sequences and the unincorporated
shorter contigs (0.4%) only contain a few TEs but no protein coding
genes. The two genomes assembled with Nanopore data were used in all
genome comparison analyses. Because the sequencing technology can
influence the prediction of genome size and repetitive elements
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(Thomma et al. 2016), the Illumina-sequenced genomes for isolates
CMW14799 and CMW46461 were included only for comparisons be-
tween sequencing technologies in some of the analyses (e.g. TEs and
RIP). The completeness of the four Illumina and the two Nanopore
genome assemblies was determined with the BUSCO (Benchmarking
Universal Single-Copy Orthologs) pipeline using the Ascomycota data
set (Simão et al. 2015).

The presence of the telomeric repeat sequence (TTAGGG/CCCTAA)
was counted in 10 kb “windows” across the genome using BEDtools
count analysis (Quinlan and Hall 2010). The distribution of the repeats
was investigated throughout the supercontigs in order to determine
whether the ends of the Nanopore supercontigs represent telomeric
ends (van Wyk et al. 2018). Because the genomic sequence in the
centromere also contains various repetitive sequences (Grady et al.
1992; Okumura-Finato et al. 2000), a high density of the telomeric
repeat sequence in the middle of a contig was considered indicative of
putative centromeric regions. Where a higher number of repeats was
observed in the last 100 kb of a contig, relative to the rest of the contig,
this was considered as a putative telomere. A high density of transpo-
sable element repeat sequences at the ends of supercontigs were also
investigated to confirm the presence of putative telomeres (see section
2.6).

2.2. Gene prediction and functional annotation

Gene prediction for the genomes of all four isolates was performed
with the MAKER genome annotation pipeline (Cantarel et al. 2008).
The C. fimbriata (CMW14799) and C. manginecans (CMW46461) Illu-
mina genomes had been annotated previously and these annotations
have also been transferred to the Nanopore genomes (Fourie et al.
2019; Wingfield et al. 2019). Since the C. fimbriata predicted gene
models were supported by RNA-seq data, this annotation was used to
train the gene prediction software in MAKER for the annotation of the
two additional C. manginecans genomes using the parameters described
previously (Wingfield et al. 2019). All predicted genes and proteins are
available publicly (https://doi.org/10.17632/v6txk25v58.1). The GFF3
annotation files obtained were quality checked using GenomeTools v.
1.5.9 (Gremme et al. 2013), which also produced general statistics on
the gene and sequence content for each genome. The genome-wide
distribution of the genes in the C. fimbriata (CMW14799) and C. man-
ginecans (CMW46461) Nanopore genomes were determined by
counting the number of genes per 5 Kb “window”, using BEDtools count
(Quinlan and Hall 2010). These data were visualised, along with other
genomic data, as described in section 2.6.

The functional annotation of the predicted genes was performed for
both additional C. manginecans genomes in a manner similar to that for
the C. fimbriata genome (Fourie et al. 2019; Wingfield et al. 2019).
Predicted proteins were compared to the NCBI curated protein database
(Swissprot, March 2017), using a tera-BLASTp analysis on Decypher® v.
2 with an E-value cut-off of 1e-5 and, to increase the stringency, a
percent identity threshold of 50% was used, rather than the suggested
30%. Protein family domains were also predicted from the Pfam data-
base using InterProScan v. 5.24 (Jones et al. 2014). The functional
predictions of the proteins were incorporated in the GFF3 files using
ANNIE (Tate et al. 2014) and GAG (Hall et al. 2014). In addition, the
proteins were compared to the pathogen host-interaction (PHI) data-
base (Urban et al. 2015) using a BLASTp analysis. Both polyketide
synthase and non-ribosomal peptide synthase secondary metabolite
gene clusters have previously been investigated in Ceratocystis species
(Sayari et al. 2019; Sayari et al. 2018). To determine whether C. fim-
briata and C. manginecans have the capacity to produce any other sec-
ondary metabolites, all secondary metabolite gene clusters were pre-
dicted using the Fungal AntiSMASH server (Weber et al. 2015).
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2.3. Gene content comparisons

The protein differences between C. fimbriata and C. manginecans
were identified by clustering homologous proteins into orthogroups,
with the program OrthoFinder (Emms and Kelly 2015), using diamond
for similarity searches and an MCL inflation parameter of 1. This pro-
gram was chosen rather than a normal BLAST similarity approach,
because BLAST scores are sensitive to the length of the proteins being
searched (Emms and Kelly 2015). OrthoFinder transforms BLAST scores
to take protein length into account and considers reciprocal best BLAST
hits before constructing orthogroups. Orthogroups unique to one of the
two species or orthogroups with higher copy numbers in one species
were identified and further investigated.

An alternative approach to identify genes unique to a Ceratocystis
species was performed by mapping the filtered sequence reads of C.
fimbriata (CMW14799) to the genome of C. manginecans (CMW46461)
and vice versa. Sequence data were mapped to the genome using Bowtie
v.2 (Langmead and Salzberg 2012). The GFF3 annotation file and the
mapping data were overlapped in BEDtools (Quinlan and Hall 2010)
and genes with<10% read coverage were identified as unique in the
genome. The genomic regions surrounding unique genes were also in-
vestigated to determine the potential involvement of transposable ele-
ments or other mutational events.

2.4. Prediction of the secretome and the effector repertoire

The proteomes of all four isolates, obtained by the MAKER anno-
tation, were used to identify different protein families involved in nu-
trient acquisition; including carbohydrate active enzymes (CAZymes),
peptidases and lipases. The CAZymes, peptidases and lipases were
predicted from the full proteome and the secretion signals of the pro-
teins were also investigated.

CAZymes were predicted using dbCANv2 (Zhang et al. 2018). In
dbCANv2, HMMER 6.0 is used to search against the dbCAN HMM
(Hidden Markov Models) database (E-value < 1e-15,> 35% cov-
erage), Diamond BLASTp analysis is performed against the CAZy da-
tabase (E-value < 1e-201) and Hotpep (Homology to Peptide Pattern)
is used to search for short conserved motifs in the PPR (Peptide Pattern
Recognition) library (> 6 hits,> 2.6 frequency). Peptidases were pre-
dicted from the MEROPS v.11 database (Rawlings and Morton 2008)
using a BLASTp search with an E-value threshold of < 1e-5. The lipase
HMM database was searched using HMMER 3.1 to identify lipases
present in the proteome.

The presence of a secretion signal in each protein was predicted
using InterProScan v. 5.24–63 (Jones et al. 2014), including the Pho-
bius v. 1.05 (Käll et al. 2004), and SignalP v. 4.1 algorithms (Petersen
et al. 2011). Phobius considers both signal peptides and transmembrane
domain predictions to provide an accurate prediction of true trans-
membrane domains (Käll et al. 2007). Secreted proteins were confirmed
based on the presence of a secretion signal, predicted by SignalP, and
with no transmembrane domain predicted by Phobius.

Candidate small secreted effector proteins were predicted from the
secretome, based on a protein length < 310 amino acids (based on
sizes summarised by Sperschneider et al. (2015)) and rich in cysteine
(> 1%). However, not all effector proteins have a high cysteine content
(Sperschneider et al. 2015) and therefore, an extensive prediction in-
cluding all small secreted proteins was performed, irrespective of their
cysteine content. All proteins with a functional prediction from the
CAZy database were excluded as candidate effector proteins.

The abundance of effector proteins was investigated in each of the
supercontigs of the Nanopore genomes to determine if some super-
contigs have a higher/lower representation of effectors, relative to its
overall gene content and relative to the rest of the genome. A one-tailed
Fisher’s exact test was performed in this regard (α = 0.05). The dis-
tribution of effectors was also investigated in each supercontig in order
to identify potential effector clusters, since it has been suggested that

such a cluster could facilitate rapid modification or concerted expres-
sion of the clustered genes (Frantzeskakis et al. 2018; Meile et al. 2018).
Clusters were classified as regions with two or more consecutive ef-
fector genes or if the effectors were separated by no more than one
other gene. The genome-wide distribution of all effectors was de-
termined by counting the number of effectors per 2 Kb “window”, using
BEDtools count (Quinlan and Hall 2010), and visualised in combination
with other genomic data as described in section 2.6.

2.5. Genome synteny comparisons and identification of structural variations

To determine the overall genome synteny of the two Ceratocystis
species, the Nanopore supercontigs for C. fimbriata (CMW14799) and C.
manginecans (CMW46461) were aligned using the Nucmer package of
MUMmer v. 3.23 (Kurtz et al. 2004) and average nucleotide identity
was determined using Mash (Ondov et al. 2016). The resultant output
was used to visualise genome synteny, using the RCircos package
(Zhang et al. 2013) in R v. 3.2.5 (R Core Team 2016). The gene, TE and
RIP distribution data, obtained from the BEDtools analyses, were also
included in this figure (see section 2.2 and 2.6). Large chromosomal
rearrangements, identified from the genome synteny maps, were fur-
ther investigated in Geneious® v 7.0.6 (Biomatters Ltd.) for any genes
and transposable elements that flank the chromosomal breakpoints. The
chromosomal rearrangements were confirmed by aligning the as-
sembled C. manginecans Illumina contigs to the C. fimbriata Nanopore
genome; if a single contig was fragmented, it confirmed a dissimilarity
in sequence order. Additionally, the raw paired-end sequence reads
were mapped to the reference genome and the regions were in-
vestigated for read coverage and whether paired reads were disrupted
or trimmed at these sites.

To obtain a more detailed, global view of all structural variations in
the genomes, the Nanopore sequence reads of one species was aligned
to the Nanopore genome of the other species, reciprocally. Alignments
were performed using the long-read aligner NGMLR (Sedlazeck et al.
2018) and all the smaller inversions, translocations, insertions and
deletions were identified, based on sequence alignment or split reads,
using Sniffles (Sedlazeck et al. 2018). The distribution of the structural
variations were determined by counting the number of occurrences of a
specific structural variant per 2 Kb “window” (insertions and deletions)
or 5 Kb “window” (inversions and translocations) across the genome,
using BEDtools count (Quinlan and Hall 2010). The distribution was
visualised, along with the TE distribution (as described in section 2.6),
using Gviz (Hahne and Ivanek 2016) in R v. 3.2.5. The co-occurrence of
the structural variants with TEs was further investigated by identifying
all variants within a 1.5 Kb distance of a TE. This was determined using
BEDtools flank and BEDtools intersect (Quinlan and Hall 2010).

2.6. Transposable elements and Repeat Induced Point (RIP) mutations

All four genomes sequenced with Illumina technology and the two
Nanopore genomes (CMW14799, CMW46461), were analysed for re-
petitive content. The repetitive elements were identified using the
REPET package v 2.2 (Flutre et al. 2011). The TEdenovo pipeline was
used to predict and to classify transposable element families and con-
sensus sequences. The consensus sequences were used as input TEs in
the TEannot pipeline to annotate transposable elements in the genomes.

The repetitive content (excluding microsatellite repeats) was com-
pared between the Illumina-sequenced genomes of all four isolates as
well as between the two genomes of a single isolate where two different
sequencing technologies had been used, as in the case of isolates
CMW14799 and CMW46461. This made it possible to indicate whether
the different sequencing technologies had influenced the detection of
repetitive elements. Due to the fragmented assembly for isolates
CMW17570 and CMW22563, the TE distribution and potential TE
‘hotspots’ on a chromosome level were only considered for the two
Nanopore genomes.
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Uniquely distributed TEs in each of the two Nanopore genomes
were identified using BEDtools coverage analysis. The Nucmer align-
ment of the two genomes was overlapped with the TE annotation GFF
file of one genome, and TE regions lacking alignment were identified.
This was done reciprocally, in order to also consider non-syntenic re-
gions. In addition, the genome-wide TE distribution was determined by
dividing the genomes into 5 Kb “windows” and calculating the TE
coverage per “window”, using BEDtools (Quinlan and Hall 2010). The
figures produced from these data could provide an indication as to
whether the genome contains TE dense and TE sparse regions and also
how this corresponds to the distribution of protein coding genes.

To confirm that the genome contained TE dense and TE sparse re-
gions and that TEs were not randomly distributed, the inter-TE dis-
tances in each chromosome was compared with that of a randomly
generated set of TEs (rTEs) equal to the number of actual TEs present in
the genome. A Wilcoxon rank sum test was performed in R v. 3.2.5 (R
Core Team 2016) to determine if the median of the inter-TE distances
were significantly smaller than that of the inter-rTE distances. TE dense
regions were further identified by means of a hypergeometric test in R
v. 3.2.5 (R Core Team 2016). The genome was divided into 20 Kb
windows with a 5 Kb sliding window and the TE and gene counts per
window were compared to the TE and gene count outside the window.
The p-values obtained per window were corrected for multiple testing,
using the p.adjust function, to obtain adjusted p-values. Adjusted p-
values < 0.05 confirmed TE enrichment in a specific window.

The Repeat Induced Point (RIP) profiles of all four Illumina and two
Nanopore genomes were determined by analysing the genome se-
quences with the online web tool ‘The RIPper’ (http://theripper.hawk.
rocks; van Wyk et al. 2019a). Large RIP-targeted regions (LRTR) are of
specific interest in terms of genome evolution, hence the distribution of
RIP-targeted regions> 4 Kb were investigated (Rouxel et al. 2011). The
distributions of the RIP regions throughout the genomes were corre-
lated with TE and gene distribution by incorporating it in the BEDtools
analyses, based on percentage coverage per 5 Kb “window”. The dis-
tribution of all genomic features (genes, effectors, TEs and RIP) was
visualised using Gviz (Hahne and Ivanek 2016) in R v. 3.2.5.

In addition to The RIPper software, which uses an index-based ap-
proach to predict RIP regions, an alignment-based RIP analysis was
performed on a few randomly selected TE families in both C. fimbriata
and C. manginecans. This was to determine if RIP was active in TE re-
gions not detected with the index-based approach. The genome-wide TE
copies from each selected family were aligned using MAFFT online
(Katoh et al. 2005) and analysed in RIPCAL (Hane 2015), using the
alignment-based mode and the majority consensus comparative model.

3. Results

3.1. Genome sequences utilised

The GenBank NCBI genome sequences, constructed from Illumina
sequence data, were similar in size in all three C. manginecans genomes
( 32 Mb) and approximately 2 Mb larger than the C. fimbriata genome
( 30 Mb) (Table 1). However, the genome size for a single isolate
differed between the two sequencing technologies (Table 1). The Na-
nopore genome of C. fimbriata (CMW14799) was larger (32.08 Mb)
than the Illumina genome (30.15 Mb) for the same isolate and differed
by only 60 Kb from the C. manginecans (CMW46461) Nanopore
genome. The Nanopore sequence data improved the genome assem-
blies, as the number of contigs were drastically reduced and resulted in
a 20 × increase in the N50 value of CMW14799 and a 3 × increase in
CMW46461 (Table 1). All four Illumina-sequenced and two Nanopore
genomes were 97.4–98.3% complete, based on BUSCO analyses using
the Ascomycota single-copy orthologs (Table 1).

Putative telomeric ends could be confirmed, based on the density of
the telomeric repeat sequence, for either one or both sides of five su-
percontigs in the C. manginecans Nanopore genome (Fig. S1) and for

seven of the C. fimbriata Nanopore supercontigs (Fig. S2). Although
both telomeric ends were not identified in all supercontigs for both
species, genome synteny alignments (section 3.6) suggested that the
end of the supercontig in one species corresponded to the telomeric end
of the other species. Thus, the last fragment of the telomeric repeat was
likely lost during sequence assembly procedures. All nine of the su-
percontigs contained a high density of the repeat sequence in the
middle or off-centre of the contig, which we predict to represent the
centromeric region (Grady et al. 1992; Okumura-Finato et al. 2000).
Collectively, these data support the assumption that each supercontig
represents a separate chromosome. The high density of TEs at the ends
of the contigs further supported the view that the supercontig ends
represent telomeres (see section 3.7 and related figures).

3.2. Gene prediction and functional annotation

Gene prediction from the MAKER analyses identified around 7,200
genes in all four isolates, ranging from 7,210 – 7,337 (Table 1). The
Illumina genome annotations that were transferred to the Nanopore
genome assemblies differed slightly in gene number from that of the
Illumina genomes, most likely due to the elimination of incomplete
gene fragments present in the Illumina genomes. Approximately 62%
(4,500) of the genes per species had a functional prediction. The pre-
dicted secretome ranged from 418 to 481 proteins among the four
Ceratocystis isolates (Table 1). There was no significant difference in the
number of genes or secreted proteins between C. fimbriata and C.
manginecans and minor intraspecific variation was observed in C.
manginecans.

3.3. Gene content comparisons

The OrthoFinder analysis identified between 6,808 and 6,965 or-
thogroups in C. manginecans (6,683 conserved in the species), and 6,926
in C. fimbriata (Fig. 1). The majority were conserved in both species
(6,518) but 2.5% of the C. manginecans orthogroups were unique to the
species and 5% of the C. fimbriata orthogroups were unique. The unique
groups in C. manginecans and C. fimbriata were mostly single-copy genes
and nearly 85% were hypothetical proteins (Table S1, S2). Of the
functionally annotated unique genes, many aligned fully to the genome
sequence (Nucmer analyses) of the other Ceratocystis species and dif-
ferences were likely due to miss-annotation of the genes. These align-
ments did, however, confirm four unique genes with known functions
in C. fimbriata (Table S1) and nine in C. manginecans (Table S2) as well
as some hypothetical proteins. Some of the unique genes observed in
both species also included effector proteins (reported in section 3.5.4).
Although a large number of unique orthogroups (183) were present in
isolate CMW22563 of C. manginecans the majority had no functional
annotation. Fifty-two of these were smaller than 70 amino acids in size
and the majority were at the end of small contigs, suggesting frag-
mented genes.

Two orthogroups had a very high copy number, as observed in a
previous genome comparison study (Molano et al. 2018), which in-
cluded the genome sequences of C. cacaofunesta and older assemblies of
C. fimbriata and C. manginecans. These groups represent a family of
vegetative incompatibility (HET-E) proteins and a family of 1-phos-
phatidylinositol phosphodiesterase (PI-PLC) proteins, respectively
(Table S3). Other groups with high copy number included an effector
protein family (located on supercontig 9 in C. manginecans and super-
contig 6 and 9 in C. fimbriata) and a serine-threonine kinase, amongst
others (Table S3). Some orthogroups were present in both species but
had a higher copy number in one species. This was observed for 14
groups in C. manginecans including amongst others, two hypothetical
protein families, four effector families and a putative amidase. In C.
fimbriata, groups with higher copy numbers included: a calcium
permeable stress-gated cation channel, two effector families, a tran-
scriptional repressor and a serine/threonine kinase domain containing
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protein. Seven of the calcium permeable stress-gated cation channel
genes were in close proximity on supercontig 7 amongst TE dense re-
gions. Three of these did not fully align with the C. manginecans genome
and are likely unique to C. fimbriata.

Sequence read mapping was used as an alternative approach to
identify species-specific genes (genes with no read mapping from the
alternate species). Based on the high overall genome similarity between
the two species (section 2.5 and 3.6), unmapped regions in the re-
ference genome could be truly missing from the other genome and not
simply due to multiple polymorphisms and bad read mapping. In C.
manginecans (CMW46461), 72 genes had no C. fimbriata read mapping
(< 10% coverage) and, of these genes, 56 were conserved in all three C.
manginecans genomes. This confirmed many of the unique orthogroups
observed in C. manginecans. The unique genes were clustered to 22
unique genomic segments, ranging from 12 Kb to 291 Kb, distributed
across all nine supercontigs (Table S4). No unique genes were observed
in C. fimbriata using this approach. All the unique regions in the C.
manginecans genome had a high density of transposable elements. Two-
thirds of the unique genes could also be identified in the genomes of
other Ceratocystis species, such as C. eucalypticola (GCA_001513815.1),
C. platani (GCA_000978885.1) and C. cacaofunesta (GCA_002776505.1),
suggesting these genes have been lost in the C. fimbriata genome (Table
S4).

Of the 72 genes unique to C. manginecans, 32 had functional an-
notations or conserved functional domains. The unique genes included
13 putative effectors (8 conserved in all three C. manginecans genomes),
28 hypothetical proteins, neprilysin-11 peptidase (peptidase M13

family), putative sterigmatocystin biosynthesis peroxidase (stcC),
DEAD/DEAH box helicase protein, NmrA-like family protein, an addi-
tional proteasome-associated protein (ECM29), Rio1 serine kinase, PKS-
NRPS hybrid synthetase gene and multiple additional 1-phosphatidy-
linositol phosphodiesterase and HET-E (Vegetative incompatibility)
genes. Five of the unique genes were also identified with the
OrthoFinder analysis (SRSF protein kinase 3, indole-3-pyruvate mono-
oxygenase, Ankyrin-2 protein, Ankyrin repeat-domain containing pro-
tein 50, diacylglycerol acyltransferase). The ankyrin repeat-domain is
often associated with effector proteins (Mesarich et al. 2015). Several of
the unique genomic intervals were at the putative sub-telomeric ends of
the supercontigs (chromosomes). These regions had a high density of
transposable elements and seven of the unique effectors were in these
regions.

3.4. Secondary metabolites

The antiSMASH analyses allowed for the identification of nine
secondary metabolite clusters in both C. fimbriata and C. manginecans
(Table S5). The same nine clusters occurred in both species, which in-
cluded two Type I and one Type III polyketide synthase (PKS) clusters,
two non-ribosomal peptide synthase (NRPS) clusters, two clusters for
terpene synthesis and two undefined clusters. The PKS and NRPS
clusters corresponded with those previously identified for the two
Ceratocystis species (Sayari et al. 2019; Sayari et al. 2018).

With the exceptions of one of the NRPS clusters (supercontig 1 of C.
manginecans), all of the secondary metabolite clusters had identical
gene content and order in C. fimbriata and C. manginecans. The NRPS
cluster on supercontig 1 of C. manginecans was part of a 600 Kb sub-
telomeric fragment that was reciprocally translocated to supercontig 2
in C. fimbriata (see Section 3.6, Table S5, Fig. 2). The furthest end of this
fragment had a high TE density and contained unique genes in C.
manginecans. Two of these were part of the NRPS cluster, however these
were not identified as core regulatory genes (Fig. 3). To determine
whether these two unique genes are essential in the NRPS cluster, a
search for homologues in other fungal secondary metabolite clusters
was conducted using BLASTp analysis against the Minimum Informa-
tion about a Biosynthetic Gene cluster (MIBiG) database. No matches
were found to this database. One of the Type I PKS clusters was also
part of a 650 Kb translocated fragment moved from C. manginecans
supercontig 9 to C. fimbriata supercontig 6. Such translocations could
influence the expression and regulation of a gene cluster, especially if it
was associated with nearby transcription factors.

3.5. Prediction of the secretome and the effector repertoire

3.5.1. Carbohydrate active enzymes
The carbohydrate active enzyme content was very similar in C.

fimbriata and C. manginecans. A total of 211 – 216 enzymes (Table 2) in
81 different CAZyme families were identified but no unique or sig-
nificantly expanded families were observed in either of the two species.
Some CAZyme families have been associated with targeting specific
substrates in plant and fungal cell wall components (Amselem et al.
2011) and CAZymes were categorised according to this annotation for
comparison purposes (Table 2). Eight families of auxiliary activity en-
zymes (AA), known to be involved in the degradation of lignocellulose
material (Morales-Cruz et al. 2015) were identified, of which AA3 and
AA7 were the most abundant. The most abundant classes of CAZymes in
the genomes were glycosyl hydrolases (GH) (38 families) and glycosyl
transferases (GT) (26 families). The two most abundant GH and GT
families were GH16 and GH18 and GT8. Three GH genes (GH13, 15,
72) also contained a carbohydrate binding module (CBM) which could
facilitate their substrate specificity. The first two glycosyl hydrolases
were associated with energy release and the last with fungal cell wall
degradation, likely for protection against other invasive fungal species
in a shared environment. The most prominent CAZy families in C.

Fig. 1. Genome similarities between C. manginecans and C. fimbriata. A) Venn
diagram illustrating the number of orthogroups (n) identified in the genomes of
C. fimbriata and three C. manginecans isolates. The black circles indicate the
number of unique orthogroups conserved in C. fimbriata and C. manginecans
respectively. B) Average nucleotide identity between the four genomes used in
this study, showing a higher similarity between the C. manginecans genomes,
compared to the C. fimbriata genome.
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fimbriata and C. manginecans were those families targeting plant
hemicellulose and pectin (23 predicted families) and 43 families asso-
ciated with fungal cell wall components.

3.5.2. Peptidases
The clades and families of peptidases identified in C. fimbriata and

C. manginecans were very similar (Table S6). The peptidases identified
represented 25 clans which contained between one and 12 families per
clan. A total of 225–229 peptidases were identified per species (Fig. 4),
five genes were present only in the C. manginecans isolates: a minor
extracellular protease (S8, subtilisin family), ubiquitin carboxyl-term-
inal hydrolase creB (C19, ubiquitin peptidase family) and three pepti-
dases from the M13 neprilysin family - a Neprilysin-11, Endothelin-

converting enzyme 2 and Membrane metallo-endopeptidase-like 1.
Ceratocystis fimbriata also contained a unique Neprilysin-11 peptidase.
Proteins in the M13 neprilysin family are hypothesised to be involved in
nutrient processing in bacteria; a similar function might be associated
with these proteins in fungi (MEROPS; https://www.ebi.ac.uk/merops/
cgi-bin/famsum?family = M13).

3.5.3. Lipases
Ceratocystis fimbriata and C. manginecans contained 57 and 58 li-

pases, respectively, that could be assigned to three super-families of the
GGGX class, 12 of the GX class and one of the Y class (Table 3; Fig. 4).
These classes differed in the signatures of their active sites, which is
known to influence substrate specificity and are explained in more

Fig. 2. Genomic inversions and translo-
cations between the supercontigs (SC) of
the C. fimbriata and C. manginecans
Nanopore genomes. Corresponding su-
percontig numbers are syntenic in the
two species and if two supercontigs were
entirely syntenic, no alignment data was
plotted. The coloured lines indicate re-
gions of inversions and reciprocal trans-
locations and each colour represents a
different supercontig/chromosome.
Supercontig 4, 7 and 8 each contained
inverted sequences. A reciprocal translo-
cation was observed between supercontig
1 and 2 as well as between supercontig 6
and 9 and for these contigs the full
alignment is displayed for clarity pur-
poses. The lighter blue and red colours
represent inverted sequences in these
contigs. The outer circles display the
distribution of repeat induced point mu-
tations (RIP) (outer track), transposable
elements (TE’s) (middle track) and genes
(inner track). The locations of the two
secondary metabolite clusters that were
part of translocations (green and red),
and the two large effector clusters (blue)
are indicated in colour in the gene track.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this ar-
ticle.)

Fig. 3. A NRPS gene cluster with gene differences between C. manginecans and C. fimbriata. The sub-telomeric end of C. manginecans supercontig 1 (top) and C.
fimbriata supercontig 2 (bottom) were aligned. The grey lines in the middle indicate genome synteny between the two species. The NRPS gene cluster (black arrows)
as well as surrounding genes (blue) and repetitive elements (red) in this region are indicated at the top and bottom. The stars indicate two additional genes that are
part of the C. manginecans NRPS cluster but absent in C. fimbriata. (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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depth by Borrelli and Trono (2015) and Widmann and Pleiss (2016).
The lipases identified in all four genomes belonged to the same super-
families and the same number of genes were present in each super-
family except one; Ceratocystis fimbriata contained one less gene in the
abH03 superfamily, encoding a probable indole-3-pyruvate mono-
oxygenase which is involved in auxin biosynthesis.

3.5.4. Effectors
The number of putative effectors identified in the four Ceratocystis

isolates ranged from 179 to 209 (98 to 106 with > 1% cysteine con-
tent) (Fig. 4). A total of 152 effectors (83 with > 1% cysteine content)
were conserved in both species, 21 (15 with > 1% cysteine) were
unique to C. manginecans (conserved in at least two isolates) and 20 (14
with > 1% cysteine) were unique to C. fimbriata (Table S7a-d).

Some of the effectors (30 effectors, 20 with > 1% cysteine) had
functional annotations or contained conserved Pfam domains (Table
S7). Several effectors were also functionally annotated as extracellular
serine-rich proteins. Effectors that are unique to a specific species were
of particular interest because these could determine the host specificity
of the pathogen. In C. manginecans, 21 effectors were unique, of which
two had functional annotations - an altered inheritance of mitochondria
protein 6 and an allergen 1. Most of the effectors unique in C. fimbriata
had unknown functions and two proteins had functional domains – an
alginate lyase 2 and a CVNH domain (CyanoVirin-N Homology do-
main). In bacteria, alginate is considered a virulence factor involved in
biofilm formation, aiding bacterial fitness in stressful conditions such as
desiccation. Alginate lyases in Pseudomonas syringae pv. syringae, have
been implicated in virulence via their enzymatic activity on alginate
(Preston et al. 2000). The role of alginate lyase domains in fungi is not
yet known. The CVNH domain has also been observed in LysM domain-
containing effectors of other fungi, although a specific role in fungal
virulence hasn’t been demonstrated to date (de Jonge and Thomma
2009).

The distribution of the effectors was investigated on a larger chro-
mosomal scale in the two Nanopore genomes to identify supercontigs
with a high representation of effectors and to identify potential effector
clusters. All nine of the supercontigs in both species contained effectors
(Table S7a-b; Fig. 5; Fig. S3). A significantly higher number of effectors
was observed in supercontigs 6 (C. fimbriata only), 7 (both) and 9 (C.
manginecans only) while supercontigs 3, 4 and 8 had a significantly
lower number of effectors compared to the overall genome distribution
(Fisher’s exact; p < 0.05; Fig. S3). With regards to the genomic loca-
tion of the effectors, nine effectors in C. manginecans and 13 in C. fim-
briata were specifically near putative sub-telomeric ends (< 100 Kb
from the end); these regions had a high TE density (Supplementary file
1). Six of these sub-telomeric effectors were unique in C. manginecans
and three were unique to C. fimbriata. Of all the effectors in the C.
manginecans and C. fimbriata Nanopore genomes 88 out of 185 and 103
out of 197, respectively, were near TEs (within 1.5 Kb) either on one
side or flaked by TEs. Of specific interest is that half of the unique ef-
fectors, both in C. manginecans and C. fimbriata, were associated with
TE’s (Table S7a-b).

Effector clusters (≥ 2 consecutive genes) were observed in six of the
C. fimbriata supercontigs and five of C. manginecans (Table S7). On
average, clusters consisted of two to three effector genes. One large
cluster was present on supercontig 2 consisting of 15 genes in C. fim-
briata and 11 in C. manginecans (Fig. 6a). Five of the effectors in this
cluster were extracellular serine-rich proteins. Another cluster was
present on supercontig 5, with nine genes in C. fimbriata and five in C.
manginecans. However, more candidate effectors were detected where
the effector filters were less stringent (i.e. having a protein size between
310 and 350 aa or a secretion signal only detected by Phobius but not
SignalP). If these additional, candidate effectors were included, C.
fimbriata contained 15 effectors and C. manginecans 13 in this cluster
(Fig. 6b, grey bars). The effectors in this cluster were all hypothetical
proteins. Both cluster regions were in TE dense regions (hypergeometricTa
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test P < 0.05; Supplementary file 1) and contained many TEs that
were only present in one of the species, and were most likely younger,
active TE families. Sequence alignment of these effector proteins in-
dicated numerous non-synonymous mutations between the two species
(ranging from two to 50 amino acid differences), but high conservation
within C. manginecans. The effectors on supercontig 5 were more vari-
able than those on supercontig 2 and some of the effector proteins had
no secretion signal in one of the two species.

3.6. Genome synteny comparisons and identification of structural variations

Based on the Nucmer alignments, the C. manginecans genomes were
very similar to each other with a lower level of similarity to the C.
fimbriata genome. Using the C. manginecans (CMW46461) Illumina
genome as reference, the genomes of the other two isolates
(CMW17570 and CMW22563) of the species matched at a level of 98%

and 98.5%, respectively, to the nucleotide sequence in the reference
genome. The C. fimbriata (CMW14799) genome matched to only 93% of
the C. manginecans reference genome. In a reciprocal search, the
genome of isolate CMW46461 of C. manginecans matched at a level of
96% of the C. fimbriata reference genome. Reciprocal comparisons of
the C. fimbriata and C. manginecans Nanopore genomes indicated an
alignment that matched at a level of 93% to the respective genome of
the other species. This similarity was also illustrated in the analysis of
the average nucleotide identity, using Mash (Fig. 1B).

As a focus of this study, the effect of large structural variations on
species differences were investigated in more detail. The genome syn-
teny analysis between the two Nanopore genomes indicated a large
terminal reciprocal translocation between supercontigs 1 and 2 and
another between supercontigs 6 and 9 (Fig. 2). Both terminal ends of
supercontig 8 were translocated to the opposite ends in C. fimbriata,
compared to C. manginecans. A large inversion was present in

Fig. 4. Comparison of different families of secreted proteins in three C. manginecans and one C. fimbriata isolate. The numbers next to the bar indicate the number of
proteins observed in a species and the number in brackets indicate those with secretion signals. For the effectors, the number indicates the total number of effectors
and the number of effectors with > 1% cysteine content in brackets.

Table 3
Summary of lipase families present in the one C. fimbriata and three C. manginecans genomes investigated in this study.

Classa Super-family Superfamily description CMW 14799b CMW 46461b CMW 22563b CMW 17570b

GGGX abH01 Carboxylesterases 1 1 1 1
GGGX abH03 Candida rugosa lipase like 4 (1) 4 (1) 4 (1) 4 (1)
GGGX abH04 Moraxella lipase 2 like 9 10 10 10
GX abH07 Moraxella lipase 3 like 3 3 3 3
GX abH08 Cytosolic hydrolases 9 (1) 9 (1) 9 (1) 9 (1)
GX abH09 Microsomal Hydrolases 13 13 13 13
GX abH13 Bacterial esterases 1 (1) 1 (1) 1 (1) 1 (1)
GX abH14 Gastric lipases 2 2 2 2
GX abH15 Burkholderia lipases 1 1 1 1
GX abH19 Thioesterases 1 (1) 1 (1) 1 (1) 1 (1)
GX abH22 Lysophospholispase 3 3 3 3
GX abH23 Filamentous fungi lipases 3 3 3 3
Y abH27 Dipeptidyl peptidase IV like 2 2 2 2
GX abH31 Dienlactone hydrolases 1 1 1 1
GX abH32 Xyalanase esterases 1 (1) 1 (1) 1 (1) 1 (1)
GX abH34 Lysosomal protective protein 3 (1) 3 (1) 3 (1) 3 (1)

Total 57 58 58 58

a Lipases are categorised into three classes based on the content of the oxyanion hole. Families in the GX class differ in the amino acid following the conserved
glycine in the oxyanion hole, the GGGX class has a conserved hydrophobic residue following the glycine and in the Y class this residue is a tyrosine (Borrelli and
Trono 2015).
b The total number of lipases are indicated with the number of secreted lipases in brackets. Numbers in bold indicate differences observed between the isolates.
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supercontig 1 (1.7 Mb) and smaller inversions on supercontigs 4
(400 Kb) and 7 (90 Kb) (Table S8; Fig. 2). Most of the genomic re-
arrangements were conserved in all three C. manginecans genomes
(Table S8). The three translocations and most of the inversions had TEs
at the breakpoints. Based on alignment comparisons, all of these

breakpoints contained a large proportion of unique TEs that were not
present in the other species at that breakpoint (Table S8). These repeat-
rich regions likely facilitated chromosomal rearrangements; especially
sites that contained unique TEs that could represent younger TE inva-
sions.

Fig. 5. Density distribution of the total gene content (bottom bar), effectors (second from bottom), transposable element content (second from top) and large RIP
targeted regions (top) across two of the syntenic C. manginecans and C. fimbriata Nanopore supercontigs, SC 1 (A) and SC 7 (B). A LASTZ alignment is displayed
between two supercontigs to show sequence similarity between the two species. This figure illustrates, among other things, the difference in TE density between
supercontigs 1 (top two) and 7 (bottom two).

Fig. 6. TE dense effector clusters in the C. fimbriata and C. manginecans genomes. The alignment of the effector clusters between C. fimbriata (top) and C. manginecans
(bottom) in (a) supercontig 2 and (b) supercontig 5 are displayed. Transposable elements are indicated in red blocks, effectors in black and other conserved genes in
blue. Some genes did not pass all effector selection filters (secretion signals by SignalP and amino acid length 〈310) but are considered as potential effectors based on
other characteristics (grey). (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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The genomic regions flanking the translocation and inversion
breakpoints were compared between the two species to determine gene
synteny around these regions. For most structural differences, the genes
flanking these breakpoints were conserved in both species, but some
unique genes were observed (Table S8). In both supercontigs 1 and 9,
the translocation was alongside an effector protein (Table S8). In su-
percontig 6, C. fimbriata contained an additional unique effector, close
to the breakpoint and another two conserved effector proteins were
found further downstream. The latter were translocated to supercontig
9 of C. manginecans. These translocations could influence the regulation
and expression of the effector proteins. In supercontig 6 of C. mangi-
necans the TE dense region, next to the translocation breakpoint, con-
tained two additional hypothetical proteins (with a metallo-beta-lac-
tamase and NmrA-like domain) that were lost in C. fimbriata, possibly
due to the translocation event.

Supercontig 4 contained an inversion that consisted of two con-
secutive regions, each inverted. The inversion site was alongside the
NRPS secondary metabolite cluster, relocating all adjacent genes fur-
ther downstream in the chromosome. The second (downstream)
breakpoint of the inversion disrupted the coding region of a conserved
hypothetical gene (containing a SPX superfamily domain) resulting in a
protein that is 30 amino acids shorter in C. fimbriata. A 5.7-Kb trans-
posable element was present at this site and could also have contributed
to the mutation. The full-length protein was conserved in all three C.
manginecans isolates.

A small inversion was present in supercontig 7. This inversion was
TE dense and contained only 6–7 genes in each species. Of these genes,
C. manginecans contained two unique hypothetical protein genes and C.
fimbriata contained one unique effector. The effector was alongside the
inversion breakpoint and was likely lost in C. manginecans during the
inversion event. Supercontig 8 also contained an inversion but the gene
content was conserved between the two species.

Systematic genome-wide analysis of all structural variants (inser-
tions, deletions, inversions and translocations) was conducted to obtain
an overview of all smaller and larger genomic differences. Most inser-
tion events were observed in the C. manginecans genome (765) and,
correspondingly, most deletion events in C. fimbriata (400) (Table S9).
This corresponds with the slightly larger genome of C. manginecans.
Significantly more translocation events were detected in C. manginecans
(1148 vs 258), however, based on synteny alignments, many of these
were short translocated fragments that corresponded to TE annotations.
They most likely represent TEs that have relocated in C. fimbriata or
occur in additional locations/chromosomes in C. manginecans. Insertion
and deletion events were spread throughout the genome and did not
appear to cluster at any specific sites. However, between 60 and 70% of
insertions and> 85% of deletions were associated with TEs (within
1.5 Kb distance) (Figure S4). Importantly, most of the inversions and
translocations were associated with TEs. This corroborates the in-
volvement of TEs in the modification of the genomic landscape of both
species, as has been observed in Leptosphaeria species (Grandaubert
et al., 2014).

3.7. Transposable elements and Repeat Induced Point (RIP) mutations

The TE content of the four isolates (six genomes) ranged between 13
and 20% and was very similar in both C. fimbriata and C. manginecans.
Differences were observed mostly between data for the different se-
quencing technologies. Repetitive regions of the genome are commonly
miss-assembled/collapsed when short read sequencing technologies are
used, compared to longer reads that can flank the entire repetitive re-
gion (Thomma et al. 2016). This was observed in the Illumina-se-
quenced C. fimbriata genome that was 1.93 Mb smaller in size and
contained 7.5% less repetitive elements compared to the Nanopore
genome (Table 4). Nonetheless, based on the Nanopore sequence data,
20% the C. fimbriata and C. manginecans (CMW46461) genomes con-
sisted of TEs (Table 4) but not all regions were identical. Based on

Nucmer alignments and BEDtools coverage analysis of Nanopore gen-
omes, 17% of the TEs in each of the two species had a unique dis-
tribution and were thus absent in the corresponding genomic region of
the other species. Of specific interest was that all the C. manginecans
telomeric ends (last 16–66 Kb) and more than half of C. fimbriata
telomeric ends (last 15–59 Kb) primarily consisted of these unique TEs.
As mentioned previously, large structural variations and the two large
effector clusters also had a strong representation of unique TEs.

In both C. fimbriata and C. manginecans, the majority of TEs were
Class I (retrotransposons) transposable elements. These primarily con-
sisted of large retrotransposon derivatives and a small number of
terminal repeat retrotransposons in miniature and LINE retro-
transposons (Table 4). Only about 1% of the TEs were Class II (DNA
transposons) and these primarily consisted of terminal inverted repeat
transposons and small numbers of miniature inverted repeats. Another
3% of transposable elements were unclassified.

The Nanopore genomes were further analysed for the distribution of
TEs across the putative chromosomes. The TE density clearly varied
between supercontigs (Fig. S3). In both species, supercontig 1 had the
lowest percentage of repetitive elements (9% in C. manginecans and
12% in C. fimbriata) and supercontig 7 had the highest percentage (38%
and 37%; Fig. 5). Ceratocystis manginecans had a lower TE content than
C. fimbriata in supercontigs 1, 2, 3, 5 and 9 and a higher content in
supercontig 6 and 8. The TEs were also not evenly distributed
throughout the genomes (Wilcoxon rank sum test, p < 0.05) but dis-
played TE dense, gene sparse regions as well as regions with low TE
density (hypergeometric test, p < 0.05; Fig. S3; Supplementary file 1).

RIP analysis using The RIPper indicated a slightly higher percentage
of RIP targeted regions in all three C. manginecans isolates (2.6–3%)
than in C. fimbriata (2.15%) (Table S10). Large RIP-targeted regions
(LRTR) were also larger, on average, in C. manginecans (7,300 –
9,400 bp) than in C. fimbriata (6,500 bp), suggesting lower RIP activity
in the latter genome. The more fragmented, Illumina sequenced gen-
omes tended to display less LRTR’s. In the Nanopore genomes, C.
manginecans had 771 Kb of LRTR’s in total and C. fimbriata only 388 Kb.

At a supercontig/chromosome level, only large TE dense regions
were RIP targeted in the genomes based on The RIPper analysis. A few
smaller sites were RIP targeted but only a single cluster of LRTRs was
present in each supercontig (Fig. 5; Fig. S3). These LRTRs were 118 Kb,
on average, in C. manginecans and 102 Kb in C. fimbriata. Because the
RIP process can have a ‘leaky’ effect and target regions outside, adjacent
to the repetitive regions, the sequence similarity of effectors near RIP
targeted regions (based on RIPper analysis) were compared between
the two species. The smallest distance between effectors and RIP tar-
geted regions ranged from 36 Kb to 200 Kb and effector modifications
were limited. In supercontig 1, a unique C. manginecans and C. fimbriata
effector was within 100 Kb of a TE dense RIP targeted region.

The RIPCAL analysis suggested that the TE regions investigated are
targeted by RIP, although these sites were not detected using the RIPper
tool. Both the investigated TE families in C. fimbriata and one of the two
investigated TE families in C. manginecans displayed RIP activity. This
suggests that RIP machinery is active in both species and therefore,
repetitive regions as well as their neighbouring regions could be af-
fected by these types of mutations.

4. Discussion

Genome comparisons for C. fimbriata, which is specific to sweet
potato, and C. manginecans, which has a broader host range, showed
that the two species have very similar genome sequences and gene
content, even though they are pathogens of different hosts. We, how-
ever, identified multiple unique genomic segments in the C. mangine-
cans genome and various unique genes in each of the two species, in-
cluding several effector proteins, and various effectors with
polymorphisms between the species. Large structural rearrangements
were also evident in the genomes of both species and these included
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reciprocal translocations between different chromosomes and inver-
sions within chromosomes. The telomeric ends of the chromosomes
were of particular interest because they commonly included unique
genomic regions and protein coding genes. The genomes of both species
had a high content of transposable elements and these appeared to have
played a prominent role in the insertions/deletions of the unique
genomic segments, the modification of effectors and the structural re-
arrangements of the chromosomes.

The repertoire of CAZymes, peptidases and lipases was very similar
in C. fimbriata and C. manginecans. This suggests similar capabilities for
cell wall degradation and nutrient processing. Minor differences in-
cluded genes in three families of peptidases (S8, M13 and C19) and one
lipase superfamily (abH04). The function of the unique genes in the S8
and M13 families have rarely been investigated in fungi and the ubi-
quitin carboxyl-terminal hydrolase (C19) is involved in the utilisation
of carbon sources and plays a role during carbon starvation (https://
www.uniprot.org). The additional C19 gene in C. manginecans could
thus contribute to nutrient utilisation in its host environment.

Only one lipase (indole-3-pyruvate monooxygenase) was unique to
C. manginecans. This protein forms part of the YUC pathway for the
biosynthesis of the plant hormone auxin (Sardar and Kempken 2018),
which induces growth and inhibits tannin biosynthesis (Hemingway
and Laks, 1992). Plant hormones produced by fungi can play a role in
virulence and fungal-host interactions (Chanclud and Morel 2016;
Stringlis et al. 2018). The absence of any one of the genes in the auxin
production pathway can impair the production of this hormone, as seen
in four Fusarium species, where only F. proliferatum contained the fully
functional genes to produce auxin (Tsavkelova et al. 2012). Similarly,
in C. fimbriata, the loss of the indole-3-pyruvate monooxygenase could
have de-activated a potentially functional pathway for auxin produc-
tion in Ceratocystis. The functionality of this pathway can be confirmed
with RNA expression data of the other genes involved in this pathway.

Unique genomic segments were identified in the C. manginecans
genome, each encoding between one and seven species-specific genes.
Transposable elements likely facilitated the insertion/deletion and se-
quence variation of these segments since the genes in each of the unique
segments were interspersed with a high density of TEs. The role of TEs
in the evolution of unique genomic regions has been confirmed in the L.
maculans ‘brassicae’ genome, which contained AT-rich isochores with
species-specific genes and it had a high TE density (Grandaubert et al.
2014). Similarly, in Aspergillus fumigatus and related species, the un-
ique, species-specific, genomic clusters also had a high TE-density
(Fedorova et al. 2008). The unique genes in each of the Ceratocystis
species could be involved in their host specificity.

Fifty percent of the unique genomic regions in C. manginecans were
located at sub-telomeric ends. Telomeres are considered dynamic re-
gions with high frequencies of recombination and gene modification

(Cuomo et al. 2007; Seidl and Thomma 2017) and they have con-
tributed to species-specific diversity in a number of fungal species
(Fedorova et al. 2008; Plissonneau et al. 2016). Since telomeres serve as
mutational sites for gene addition and modification (Farman 2007;
Walkowiak et al. 2016), we hypothesise that this is also the case for the
two Ceratocystis species considered in the present study and that dy-
namic telomeres could play a role in its host adaptation.

Various species-specific genes were identified from the genome
comparisons in this study. Nearly 33% of these have no known biolo-
gical function (hypothetical proteins) and could be unique to
Ceratocystis. However, some functionally annotated genes of interest
were associated with metabolic processes, which could influence nu-
trient processing in the host environment and thus contribute to host
specificity. In C. manginecans, for example, this included an additional
copy of a phospholipid:diacylglycerol acyltransferase that is involved in
the synthesis of triacylglycerol for fatty acid accumulation (Dahlqvist
et al. 2000), and additional amidase proteins that hydrolyse amides,
acting on carbon–nitrogen bonds (Fournand and Arnaud 2001). In C.
fimbriata, this included additional copies of the quinic acid utilization
activator that catabolises quinic acid as a carbon source, and glyco-
syltransferase HI involved in polysaccharide synthesis (https://www.
uniprot.org). In addition, the high number of genes in the calcium
permeable stress-gated cation channel family in C. fimbriata is of in-
terest, as these channels can assist in the adaption of a fungus to en-
vironmental stress conditions, especially osmotic stress (Hou et al.
2014).

The effector repertoires predicted in C. fimbriata and C. manginecans
varied both within and between species, but nearly 10% were species-
specific. The species-specific effectors could be an important con-
tributor to the host specificity of these species as the presence/absence
of a single effector can determine if a pathogen is detected and if it can
protect itself against host defences (de Jonge et al. 2012; Dracatos et al.
2018; Meile et al. 2018; Yuan et al. 2018). Unique effectors have been
found to influence host specificity in different forma speciales (f. sp.) of
other fungal pathogens. In Fusarium oxysporum, all cucurbit-infecting f.
sp. contain unique effectors, as does the tomato infecting f. sp. (van
Dam et al. 2016). The specificity of Leptosphaeria maculans ‘lepidii’ to
Lepidium weeds, as opposed to Brassica plants, was attributed to an
expanded set of effector proteins (Grandaubert et al. 2014). In the
powdery mildew pathogen, Blumeria graminis, each f. sp. infects dif-
ferent grass species (wheat, barley or oats) and the presence/absence
and copy number variation of secreted proteins and effectors were as-
sociated with host specificity (Frantzeskakis et al. 2018). The in planta
expression of the species-specific Ceratocystis effectors should be de-
termined in future studies to determine their possible role in host
specificity.

Some of the effectors observed in both Ceratocystis species were of

Table 4
Summary of transposable elements (TEs) in the C. fimbriata and C. manginecans genomes investigated in this study.

%TE in the genome

C. f CMW14799
(Illumina)

C. f CMW14799
(Nanopore)

C. m CMW46461
(Illumina)

C. m CMW46461
(Nanopore)

C. m CMW22563
(Illumina)

C. m CMW17570
(Illumina)

Total TEs 13.38 20.85 18.63 20.58 18.28 17.8
Total Class I TEs 10.49 16.37 16.38 16.62 16.03 14.76
Large retrotransposon derivatives 10.21 15.51 16.05 16.38 15.76 14.31
Terminal repeat retrotransposons in

miniature
0.22 0.03 0.32 0.15 0.27 0.34

Retrotransposon, LINE 0.004 0.83 0 0.09 0.006 0.11
Retrotransposon, SINE 0.06 0 0 0 0 0
Total Class II TEs 1.69 1.48 1.22 1.06 0.74 1.24
DNA transposon, terminal inverted

repeat
1.32 1.26 0.94 0.91 0.45 0.98

Miniature inverted repeats 0.37 0.22 0.28 0.16 0.29 0.25
No category 2.68 2.99 3.19 2.9 3.4 3.2
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specific interest because these had conserved annotations, known to be
associated with pathogenicity in other fungi. This included six effectors
with a CFEM domain (Kulkarni et al. 2003), three allergen 1 effectors
(Cramer and Lawrence 2003), a NPP1 domain (necrosis inducing pro-
tein) and a LysM domain (de Jonge and Thomma 2009) effector. These
effectors might not influence the host range of either of the species but
could contribute to the general pathogenicity of both species.

The effector genes in the Ceratocystis genomes were not con-
centrated on specific chromosomes but were often found near TEs in the
genome. Nearly half of the effectors were near to or flanked by TEs and
50% of the unique effectors were associated with TEs. Many of the
effectors at TE-dense sub-telomeric regions were also unique to a spe-
cies. This suggests that the two Ceratocystis species investigated con-
formed to a ‘two-speed’ genome model, similar to that observed for C.
albifundus (van der Nest et al. 2019). A ‘two-speed’ genome is com-
partmentalised into gene dense and gene sparse regions, the latter
having a high TE content and often containing effector gene clusters
that undergo more rapid diversification (Dong et al. 2015; Raffaele and
Kamoun 2012). This genomic structure has been described as an
adaptive evolutionary model in many other fungi (Peng et al. 2018;
Presti et al. 2015; Seidl and Thomma 2017; van Dam et al. 2016). The
high prevalence of effectors in TE dense regions suggest the TE’s were
likely involved in effector diversification of Ceratocystis, as has been
observed in other fungal pathogens (Faino et al. 2016; Grandaubert
et al. 2014; Shirke et al. 2016; Yoshida et al. 2016).

Although many effectors were not located to genomic clusters in the
two Ceratocystis species, two large effector clusters were observed in
supercontigs 2 and 5, respectively. These were of specific interest, be-
cause they contain various non-synonymous mutations and presence/
absence variations that are species-specific. These two clusters could
serve as diversity hot-spots of Ceratocystis effectors contributing to host
adaptation, similar to the TE dense effector cluster identified in
Zymoseptoria tritici populations (Meile et al. 2018).

Fungi have developed a protective mechanism against gene family
expansion and TE activity through permanent base modification of
highly similar sequences, known as Repeat Induced Point mutations
(RIP) (Hane et al. 2015). During this process, transition mutations
convert C/G nucleotides to T/A nucleotides over successive sexual re-
production cycles. This study provides the first genome-wide in-
vestigation of RIP targeted regions in Ceratocystis. Although a previous
study on C. cacaofunesta confirmed the activity of RIP in transposable
elements, the chromosomal distribution and extent of RIP targeted re-
gions was not determined (Molano et al. 2018). LRTR regions appear to
be less prominent in Ceratocystis compared to the Sordariomycete Fu-
sarium (van Wyk et al. 2019b) or the Dothideomycete L. maculans
(Rouxel et al. 2011), that have a genome-wide distribution of LRTRs.

The LRTR regions in Ceratocystis were located on a single region of
102–118 Kb, either at the centre or off-centre in each supercontig,
which corresponds to the size of fungal centromeres (Smith et al. 2012).
A strong association has been observed between centromeres and RIP
in, for example, N. crassa (Cambareri et al. 1998; Smith et al. 2012), L.
maculans (Attard et al. 2005) and Fusarium species (Smith et al. 2012),
suggesting these LRTR regions in Ceratocystis represent centromeres.
The fact that RIP activity was also detected in additional TEs using
RIPCAL suggests that smaller RIP target sites in, and around TEs, could
be a source of mutation of the effector proteins found near TEs, as
observed in other fungi (Fudal et al. 2009).

Two large reciprocal terminal translocations and various large in-
version events have occurred in the respective genomes of C. fimbriata
and C. manginecans. Some inversions were not conserved in all three C.
manginecans isolates investigated, suggesting those events occurred
only in some populations of C. manginecans. The breakpoints of two of
the inversions (supercontigs 1 and 4) contained TEs only in C. fimbriata,
which could have facilitated the events in this genome, and likely oc-
curred after its divergence from C. manginecans. Similarly, some of the
translocations and inversions contained many unique TE’s in C.

fimbriata, suggesting the TEs expanded in this species and facilitated the
modification events. Chromosomal rearrangements can skew re-
combination; as is evidenced by the segregation distortion in three
chromosomes of the interspecific cross between C. fimbriata and C.
manginecans (Fourie et al. 2019). This could have contributed to the
diversification of the chromosomes in the two species, similar to the
numerous chromosomal polymorphisms observed in populations of Z.
tritici (Plissonneau et al. 2016). Genome inversions and translocations
can lead to mutations, gene loss and change in gene regulation (de
Jonge et al. 2013; Plissonneau et al. 2016; Stukenbrock et al. 2010). In
the Ceratocystis genomes, these events contributed to the loss of an ef-
fector and other hypothetical protein genes as well as disruption of a
gene’s coding sequence. Numerous smaller structural variants were also
detected across the genomes and these still require detailed investiga-
tion to determine their impact on gene modification, gene expression
and speciation. The extent to which the structural variations contribute
to the host specificity of the species will need to be confirmed by
functional studies, such as gene knock-outs.

Host specificity in fungi can be determined at different levels of
plant interaction. When two related fungal species are specifically pa-
thogenic to different hosts, the phylogenetic distance of the host species
can be indicative of whether the pathogen has adapted to overcome the
physical barriers of the host, the PAMP-triggered immune responses
(PTI) or effector-triggered immune responses (Dracatos et al. 2018;
Schulze-Lefert and Panstruga 2011). Because effector repertoires and
corresponding host receptors are rapidly evolving, when the two plant
hosts being compared are very distantly related, the more conserved
resistance factors such as physical barriers and PAMP receptors are
expected to play a more prominent role in host resistance. The results of
this study, however, suggest that despite the large evolutionary distance
between the Ceratocystis hosts investigated, host specificity is strongly
influenced by the effector repertoires of the species and the effector
triggered susceptibility in the host, with limited influence from the
initial stages of host entrance, nutrient acquisition or PAMP molecules
of the fungi. This is supported by the variation observed in the sequence
and content of the effector catalogues of C. fimbriata and C. mangine-
cans.

5. Conclusions

This study provided the first in-depth genome comparison between
two closely related Ceratocystis species, pathogenic to very distantly
related plant hosts. Furthermore, it provided insights into the gene- and
repetitive content and structural differences between these pathogens.
Various candidate genes and processes, likely associated with host
specificity, were identified and these include species-specific enzymes
associated with metabolism and nutrient processing, as well as effector
proteins. These candidate genes provide a foundation for further
functional studies. It is important to recognise that the comparisons in
this study were based on gene sequences but other differences between
the two species, such as epigenetic modifications and gene expression,
could also result in phenotypic differences. These factors should also be
considered when seeking to determine the basis of host specificity.

Transposable elements are amongst the genomic factors considered
in this study that deserve further investigation in Ceratocystis species.
These factors appear to have played a prominent role in many of the
evolutionary processes of Ceratocystis, leading to the divergence and
host adaptation in C. fimbriata and C. manginecans. The breakpoints of
all the large chromosomal structural modifications and most of the
smaller structural variants could all be linked to TE regions, as could
unique genomic clusters in the genomes. TEs also appear to have con-
tributed to the diversification of genes, especially effectors, at the sub-
telomeric ends as well as in the effector clusters observed in super-
contigs 2 and 5. Most of the aggressively pathogenic Ceratocystis spe-
cies, apart from C. fimbriata, are adapted to tree hosts (Marin-Felix et al.
2017). This could suggest that evolutionary events such as gene losses,
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chromosomal inversions and translocations as well as effector mod-
ifications in C. fimbriata provided an adaptation that has enabled it to
infect only sweet potato while mitigating detection by host defence
responses.
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