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Abstract

Phytopathogen genomes are under constant pressure to change, as pathogens are locked in an evolutionary arms race with their

hosts,wherepathogensevolveeffectorgenes tomanipulate theirhosts,whereas thehostsevolve immunecomponents to recognize

theproductsof thesegenes.Colletotrichumhigginsianum (Ch), a fungalpathogenwithnoknownsexualmorph, infectsBrassicaceae

plants including Arabidopsis thaliana. Previous studies revealed that Ch differs in its virulence toward various Arabidopsis thaliana

ecotypes, indicating the existence of coevolutionary selective pressures. However, between-strain genomic variations in Ch have not

been studied. Here, we sequenced and assembled the genome of a Ch strain, resulting in a highly contiguous genome assembly,

whichwascomparedwith thechromosome-levelgenomeassemblyofanother strain to identifygenomicvariationsbetweenstrains.

We found that the twoclosely related strains vary in termsof large-scale rearrangements, theexistenceof strain-specific regions, and

effector candidate gene sets and that these variations are frequently associated with transposable elements (TEs). Ch has a com-

partmentalizedgenomeconsistingofgene-sparse, TE-dense regionswithmoreeffector candidategenesandgene-dense, TE-sparse

regions harboring conserved genes. Additionally, analysis of the conservation patterns and syntenic regions of effector candidate

genes indicated that the twostrains vary in their effector candidate gene setsbecause of denovo evolution, horizontal gene transfer,

or gene loss after divergence. Our results reveal mechanisms for generating genomic diversity in this asexual pathogen, which are

important for understanding its adaption to hosts.
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Introduction

Genomic plasticity allows organisms to adapt to environmen-

tal changes and occupy novel niches. Although such adapta-

tions can be observed in any organism, this is particularly

important for pathogens that are coevolving with their hosts

(Raffaele and Kamoun 2012; Möller and Stukenbrock 2017).

In these interactions, plant pathogens secrete small proteins

known as effectors, which are thought to promote coloniza-

tion by manipulating the host cells (Giraldo and Valent 2013).

However, upon recognition by host immune receptors, effec-

tors may also trigger strong immune responses (Dodds and

Rathjen 2010; Asai and Shirasu 2015). Genes encoding effec-

tors often have a higher degree of variation compared with

housekeeping genes, as a signature of positive selection in

coevolutionary relationships between pathogens and hosts

(Dodds et al. 2006; Yoshida et al. 2009).

With the increasing availability of eukaryotic plant patho-

gen genomes, it has been revealed that effector genes are not

distributed uniformly in pathogen genomes. Raffaele et al.

(2010) found that effector genes are often associated with

gene-sparse and repeat-rich genomic compartments showing

higher rates of polymorphisms than other genomic regions in
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the genome of Phytophthora infestans. Such “two-speed

genomes,” where genomes exhibit a bipartite genome archi-

tecture with rapidly evolving genomic regions facilitating ad-

aptation and relatively conserved regions harboring

housekeeping genes, have been widely identified in eukary-

otic plant pathogens (Croll and McDonald 2012; Dong et al.

2015). Examples of these uneven patterns of genomic evolu-

tion in pathogen genomes include lineage-specific genomic

regions and conditionally dispensable chromosomes that are

highly variable, even within the same species, and are often

required for full-pathogenicity or host specificity (Ma et al.

2010; De Jonge et al. 2013).

Using pulsed-field gel electrophoresis, polymerase chain

reaction (PCR), or short-read sequencing technology,

researchers have demonstrated that the genomes of eukary-

otic plant pathogens undergo structural changes in chromo-

somes including chromosomal rearrangements and partial

or whole chromosome duplications or losses (Hatta et al.

2002; Chuma et al. 2003; Croll et al. 2013). The recent

advent of long-read sequencers including PacBio has en-

abled the generation of more contiguous genome assem-

blies. Chromosome-level genome assemblies have allowed

for more detailed analyses focusing on structural variations

in the genomes of plant pathogenic fungi including

Verticillium dahliae and Magnaporthe oryzae (Faino et al.

2016; Bao et al. 2017). Although such dynamic chromo-

somal changes can have deleterious effects on organisms,

they may also play an important role in increasing genetic

diversity, particularly for asexual organisms that cannot ac-

quire genomic variations through meiotic recombination

(Seidl and Thomma 2014).

Colletotrichum fungi cause anthracnose disease in many

plants, including important crops, and have a devastating

economic impact (Crouch et al. 2014). To protect food se-

curity and understand their infection mechanisms, over 30

genomes of Colletotrichum fungi have been sequenced to

date (O’Connell et al. 2012; Gan et al. 2013, 2016, 2017,

Baroncelli et al. 2014, 2016; Hacquard et al. 2016). Among

them, Colletotrichum higginsianum infects Brassicaceae

plants, including the model plant Arabidopsis thaliana, as a

hemibiotroph (O’Connell et al. 2004). Based on the interac-

tion between C. higginsianum and A. thaliana as a model

system, previous studies revealed that A. thaliana ecotypes

vary in their susceptibility/resistance to C. higginsianum

(Narusaka et al. 2004, 2009; Birker et al. 2009). This indi-

cates that C. higginsianum strains have coevolved with their

hosts to promote infection and evade recognition by im-

mune receptors. However, this pathogen appears to prolif-

erate clonally, as its sexual cycle has never been identified

(O’Connell et al. 2012). Therefore, it is important to under-

stand whether different C. higginsianum strains exhibit high

genetic diversity and, if so, how this pathogen achieves ge-

nomic variations in the absence of sexual reproduction. Two

different strains, MAFF 305635 isolated from Brassica rapa

var. perviridis (Komatsuna) in Japan and IMI 349063 isolated

from Brassica campestris subsp. chinensis (Pak-Choi) in

Trinidad and Tobago, are frequently used in studies of C.

higginsianum (Narusaka et al. 2004, 2009; Kleemann et al.

2012; Takahara et al. 2016). The first version of the IMI

349063 genome assembly was released in 2012

(O’Connell et al. 2012) and a second version sequenced by

PacBio is now available (Zampounis et al. 2016). However,

the genome assemblies of other strains of C. higginsianum

have not been released.

Here, we identified genomic variations between MAFF

305635-RFP, an MAFF 305635 transformant expressing mo-

nomeric red fluorescent protein (RFP) (Hiruma et al. 2010),

and IMI 349063. To investigate the genomic differences be-

tween the two strains, we sequenced the genome of C. hig-

ginsianum MAFF 305635-RFP using a PacBio RSII sequencer.

We performed whole-genome alignments of this assembly to

the chromosome-level assembly of IMI 349063 to identify

large-scale genomic differences between the two strains

and compared the effector candidate gene complements of

the two strains in detail. To determine how variations in ef-

fector candidate genes arise, we analyzed their conservation

patterns in other ascomycetes and the synteny of genomic

regions containing these genes.

Materials and Methods

Fungal Strains

The details of all C. higginsianum strains used in this study can

be found in supplementary table S1, Supplementary Material

online. To extract genomic DNA, fungal tissue was cultured in

potato dextrose broth (BD Biosciences, Franklin Lakes, NJ) at

24 �C in the dark for 2 days. The genomic DNA of MAFF

305635-RFP was extracted from fungal tissue using CTAB

and Qiagen Genomic-tip 500/G (Qiagen, Hilden, Germany)

as described for the 1,000 fungal genomes project (http://

1000.fungalgenomes.org; last accessed on April 26, 2019).

Genomic DNA was extracted from other strains using the

DNeasy Plant Mini Kit (Qiagen). PCR to detect genes on mini-

chromosomes and highly variable effector candidate genes

with presence/absence polymorphisms was performed using

KOD FX Neo (Toyobo, Co., Ltd., Osaka, Japan) following the

manufacturer’s instructions. The primers are listed in supple-

mentary table S2, Supplementary Material online. Fungal

strains for infection assays were grown on potato dextrose

agar (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) at 24 �C

for 12 h under black-light blue fluorescent bulb light/12-

h dark conditions for 1 week.

Genome Sequencing and Assembly

Whole genome shotgun sequences were obtained using a

PacBio RSII sequencer (Pacific Biosciences, Menlo Park, CA).

The filtered subreads (3.47-Gb, 65� average coverage) from
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three single-molecule real-time (SMRT) cells were assembled

using the RS_HGAP_Assembly.2 protocol in SMRT Analysis

v2.3.0 by setting the estimated genome size to 53.4 Mb,

which is the reported genome size of C. higginsianum IMI

349063 (O’Connell et al. 2012). This whole genome shotgun

project has been deposited at DDBJ/ENA/GenBank under the

accession number MWPZ00000000. The version described in

this article is version MWPZ01000000. To evaluate the cover-

age of gene-coding regions in the assembly, BUSCO v3.0.2

(Sim~ao et al. 2015) was utilized to search Pezizomycotina

universal single-copy orthologs using default settings.

Additional SOLiD reads were generated from the MAFF

305635 wild-type strain (BioProject accession:

PRJNA352900). Genomic DNA for preparing this library was

obtained as described by Gan et al. (2013). Genomic sequenc-

ing was performed using a SOLiD3 sequencer (Applied

Biosystems, Foster City, CA) on a 600–800-base pair (bp) in-

sert mate-paired library with 50-bp read lengths. A total of

109,156,072 paired-reads were generated.

Gene Prediction and Functional Annotation

The BRAKER1 (Hoff et al. 2016) pipeline was utilized for gene

prediction using the ab initio gene predictors Augustus-3.1.0

(Stanke et al. 2006) and GeneMark-ET v.4.30 (Lomsadze et al.

2014)withadditionalevidencefromtranscriptomedataderived

from IMI 349063 published by O’Connell et al. (2012)

(SRR364392.sra, SRR364393.sra, RR364394.sra, SRR364395.

sra, SRR364396.sra, SRR364397.sra, SRR364398.sra,

SRR364399.sra, SRR364400.sra, SRR364401.sra, SRR364402.

sra, SRR364403.sra, SRR364404.sra, SRR364405.sra,

SRR364406.sra, SRR364407.sra, SRR364408.sra, and

SRR364409.sra). RNA-seq reads were aligned to the MAFF

305635-RFP assembly using Bowtie 2 version 2.2.6 (Langmead

andSalzberg2012)andTopHat2v2.1.0(Kimetal.2013)withthe

default settings for both programs. These programs were also

utilizedforgeneprediction.Somegenestructuresweremanually

corrected by referring to closely related fungal species. To exam-

ine the conservation of IMI 349063 minichromosome-encoded

genes in MAFF 305635-RFP, reciprocal best hit analysis was per-

formed with BlastP (cutoff E-value ¼ 10�6) as described by

Moreno-Hagelsieb and Latimer (2008) using all the predicted

protein sequences from both strains. Only MAFF 305635-RFP

proteins that were reciprocal best hits of proteins encoded by

genes located on the minichromosomes of IMI 349063 were

considered as potential homologs of minichromosome genes.

Whole-Genome Alignments

Whole-genome alignments were performed with nucmer in

MUMmer 3.23 (Kurtz et al. 2004) using –mumreference (de-

fault settings). To remove spurious hits, the alignments were

subsequently filtered by length, retaining alignments with

�99% identity and �15 kb referring to Faino et al. (2016).

Shared genomic regions were calculated after combining

overlaps in aligned regions using BEDTools version 2.27.1

(Quinlan and Hall 2010) with the merge option. Strain-

specific regions were defined as genomic regions that were

not aligned to the other genome after filtering. To confirm

large-scale rearrangements, PacBio and SOLiD reads were

mapped using SMRT analysis v2.3.0 and CLC Genomics

Workbench8 (CLC bio, Aarhus, Denmark), respectively, using

the default settings for both programs and visually examined

using Integrated Genome Browser 9.0.1 (Freese et al. 2016).

Whole-genome alignments were also performed in three

additional fungal pathogenic fungi, V. dahliae (VdLs17

and JR2) (Faino et al. 2015), Fusarium oxysporum f. sp.

lycopersici (4287 and D11) (Ayhan et al. 2018), and M.

oryzae (BTJP4-1 and BR32) (Win et al. 2019). Mapping

analysis using Illumina MiSeq reads derived from MAFF

305635 wild-type (CK7444), vir-49, and vir-51 generated

by Plaumann et al. (2018) (.fastq accessions:

SAMN08226879, SAMN08226880, and

SAMN08226881) was performed using Bowtie 2

(Langmead and Salzberg 2012) with default settings.

Prediction of Transposable Elements

Transposable elements (TEs) were predicted as described by

Castanera et al. (2016). TEs in the two C. higginsianum ge-

nome assemblies were predicted using RECON version 1.08

(Bao and Eddy 2002), RepeatScout version 1.0.5 (Price et al.

2005) (integrated into the RepeatModeler pipeline), and

LTRharvest from GenomeTools-1.5.9 (Ellinghaus et al.

2008) with default settings for all programs. The results

from LTRharvest were used as queries for BlastN (cutoff E-

value ¼ 10�15) against the genome assembly and for BlastX

(cutoff E-value ¼ 10�5) against the Repbase peptide data-

base (downloaded on February 1, 2014) (Bao et al. 2015).

Only sequences longer than 400 bp with more than five

copies or yielding a significant hit to the described sequences

in Repbase were further analyzed. The outputs from the

genome assemblies of the two strains using the three pro-

grams were merged and identical sequences were elimi-

nated using USEARCH v9.1.13 (Edgar 2010) with the

-fastx_uniques option. The obtained sequences were clus-

tered at 80% similarity using USEARCH v9.1.13 with the -

cluster_smallmem option to create a custom TE library.

Consensus sequences in the library were classified using

BlastX (cutoff E-value ¼ 10�5) against the Repbase peptide

database, and the final libraries were used as input for

RepeatMasker (http://www.repeatmasker.org; last accessed

on November 25, 2016). Consensus sequences without sim-

ilarity to any Repbase entry were removed from the library.

RepeatMasker outputs were parsed using the

One_code_to_find_them_all version 1.0 (Bailly-Bechet

et al. 2014) to reconstruct TE fragments into full-length cop-

ies. Among the reconstructed fragments of TEs, those lon-

ger than 400 bp were used for analysis. To perform Monte
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Carlo tests, 1,000 trials to model TEs randomly located on

the genome were generated using BEDTools version 2.25.0

(Quinlan and Hall 2010) with the shuffle -noOverlapping

option. Overlap between TEs and strain-specific regions

were calculated using BEDTools version 2.25.0 with the cov-

erage option. As the default settings of nucmer ignores non-

unique sequences in the reference, to analyze regions

regardless of their uniqueness in the reference strain, we

repeated nucmer with the –maxmatch settings and rede-

fined strain-specific regions. Then, Monte Carlo tests were

repeated as described above.

Analysis of Genome Compartmentalization

Flanking intergenic regions (FIRs) were calculated using R

scripts as described by Saunders et al. (2014). Two-

dimensional plots were created by referring to

Frantzeskakis et al. (2018). Distances from genes to the

nearest TEs were calculated using BEDTools version 2.27.1

(Quinlan and Hall 2010) with the closest -D a -iu -a or -D a -id

-a option. Fungal universal single-copy orthologs in the two

strains were identified as the best hits from BlastP (cutoff E-

value ¼ 10�5) results using fungi_odb9 sequences provided

in BUSCO v3.0.2 (Sim~ao et al. 2015) as queries and C. hig-

ginsianum predicted proteomes as references. For synteny

analysis, Easyfig 2.2.2 (Sullivan et al. 2011) was used with an

identity cutoff of 70%.

Comparative Secretome Analysis

To predict secreted proteins, SignalP 4.1 (Petersen et al.

2011), TMHMM 2.0 (Krogh et al. 2001), and big-PI Fungal

Predictor (Eisenhaber et al. 2004) were used with the default

settings. In this study, effector candidate proteins were de-

fined as predicted secreted proteins (with a signal peptide

present but no transmembrane domains and

glycosylphosphatidylinositol-anchors) with lengths of <300

amino acids. To assess the overlap between effectors pre-

dicted with our pipeline and those predicted by the effector

prediction programs EffectorP 1.0 and 2.0 (Sperschneider

et al. 2016, 2018), we ran both versions of EffectorP using

the default settings. To examine whether effector candidates

show similarity to known proteins, BlastP analysis using the

Swiss-Prot database (downloaded at October 22, 2016) was

performed (cutoff E-value ¼ 10�5). To detect variations in

effector candidates, the protein sequences of effector candi-

dates from each strain were queried against the genome as-

sembly of the other strain using exonerate version 2.2.0

(Slater and Birney 2005) with the protein2genome option.

Query coverage values of homologous sequences were calcu-

lated by reciprocally performing BlastP between effector can-

didates and exonerate-predicted protein sequences. The

results were inspected and manually corrected. A dendro-

gram based on the presence/absence patterns of highly var-

iable effector candidate genes was drawn using the R

package heatmap.2 from gplots v3.0.1.

Conservation Patterns of Highly Variable Effector
Candidate Genes

The details of the genome and proteome sequences of 25

ascomycetes used in this analysis are shown in supplementary

table S3, Supplementary Material online. To identify

orthogroups containing highly variable effector candidates

among the 25 ascomycetes, orthoMCL v2.0.9 (Li et al.

2003) was used with an E-value ¼ 10�5 as the threshold

and inflation value of 1.5. The alignment of

CH35J_007515, CH35J_007516, and their homologs was

generated using protein sequences with their predicted signal

peptides removed. Sequence alignments were performed us-

ing the CLC Genomics Workbench8 (CLC bio).

Phylogenetic Analyses

The phylogenetic tree to classify 16 C. higginsianum strains

was generated based on the combined alignments of actin

(ACT), chitin synthase I (CHS-1), glyceraldehyde-3-phosphate

dehydrogenase (GAPDH), histone H3 (HIS3), internal tran-

scribed spacer (ITS), and tubulin-2 (TUB2). This tree was drawn

using previously identified sequences from other species in

the Colletotrichum destructivum complex (Damm et al.

2014). The DNA sequences of 16 strains were determined

by direct Sanger sequencing of PCR products amplified with

KOD -Plus- Neo (Toyobo) following the manufacturer’s

instructions. The primers are listed in supplementary table

S2, Supplementary Material online. The phylogenetic tree of

25 ascomycetes was generated based on the combined align-

ments of single gene orthogroups conserved in all 25 asco-

mycetes obtained from the orthoMCL results. For both trees,

DNA or protein sequences were aligned using MAFFT version

7.215 (Katoh et al. 2002) with the auto setting and trimmed

using trimAL v1.2 (Capella-Guti�errez et al. 2009) with the

automated1 settings. The concatenated trimmed alignments

were then utilized to estimate the maximum-likelihood spe-

cies phylogeny with RAxML version 8.2.11 (Stamatakis 2014)

with 1,000 bootstrap replicates. To generate the maximum-

likelihood tree of species in the C. destructivum complex, the

GTRCAT model was used. To generate the maximum-

likelihood tree of 25 ascomycetes, PROTGAMMAAUTO was

used to find the best protein substitution model and autoMRE

was used to determine the appropriate number of bootstrap

samples. Saccharomyces cerevisiae sequences were used as

the outgroup in this tree. Trees were visualized using iTOL

version 4.1 (Letunic and Bork 2016).

Infection Assays

Plants were grown at 22 �C with a 10-h photoperiod for 4

weeks. Three leaves per plant were inoculated with 5-

ll droplets of conidial suspensions at 5� 105 conidia ml�1.

Plants were maintained at 22 �C with a 10-h photoperiod

under 100% humidity conditions after inoculation. The
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symptoms were observed at 6 days after inoculation and le-

sion areas were measured using the color threshold function

in ImageJ 1.51k (Schneider et al. 2012) using the following

settings: Hue, 0–255; saturation, 110–140; and brightness, 0–

255 with a square region of interest.

Results

Genome Assembly of C. higginsianum Isolated from Japan

The genome of C. higginsianum MAFF 305635-RFP was se-

quenced using a PacBio RSII sequencer. Filtered subreads

were assembled using a hierarchical genome-assembly pro-

cess (Chin et al. 2013). The genome assembly contained 28

contigs with a total length of 49.8 Mb (N50 ¼ 5.06 and L50 ¼
5) (table 1). The completeness of the assembly was evaluated

by searching Pezizomycotina universal single-copy orthologs

using BUSCO (Sim~ao et al. 2015). This analysis estimated that

the assembly included 99.0% complete/0.3% partial assessed

loci, indicating that the assembly covered most gene-coding

regions. A total of 12,915 protein-coding genes were pre-

dicted in the assembly, which was comparable to other closely

related Colletotrichum fungi, such as C. graminicola M1.001,

C. incanum MAFF 238712, and C. higginsianum IMI 349063

possessing 12,006, 11,852, and 14,651 protein-coding

genes, respectively (O’Connell et al. 2012; Gan et al. 2016;

Zampounis et al. 2016).

Extensive Genomic Variations between C. higginsianum
Strains

To examine genomic differences between the two sequenced

strains of C. higginsianum, whole-genome alignments were

performed following Faino et al. (2016) (fig. 1) . The two

strains shared 88.2% in MAFF 305635-RFP and 86.6% in

IMI 349063 of their total contig lengths (�99% identity,

�15 kb). The percentages of shared genomic regions are

comparable to other plant pathogenic fungi, such as V. dah-

liae (93.2% in VdLs17; 92.8% in JR2), Fusarium oxysporum f.

sp. lycopersici (93.3% in 4287; 86.0% in D11), and M. oryzae

(75.9% in BTJP4-1; 81.4% in BR32) when the same cutoffs

were applied (supplementary table S4, Supplementary

Material online). Whole-genome alignments also revealed

that the two C. higginsianum strains contained strain-

specific regions (<99% identity, <15 kb) with lower se-

quence similarity compared with the other strain (11.8% in

MAFF 305635-RFP and 13.4% in IMI 349063 of the total

genomes). It is noted that the amounts of strain-specific

regions increase when more stringent cutoffs were applied

on whole-genome alignments (supplementary figs. S1 and

S2, Supplementary Material online).

Whole-genome alignments also detected 19 synteny

breakpoints resulting in large-scale genomic rearrangements

between the two strains. The 19 synteny breakpoints included

ten large-scale rearrangements between the two strains in-

cluding six interchromosomal translocations and four intra-

chromosomal inversions. Remapping of the PacBio reads

derived from MAFF 305635-RFP and SOLiD reads derived

from MAFF 305635 wild-type to the genome assembly of

IMI 349063 confirmed that at least 11 of these sites were

not caused by misassembly and are present in the wild-type

strain (supplementary fig. S3, Supplementary Material online).

In addition, mapping of SOLiD reads derived from MAFF

305635 wild-type to the genome assembly of MAFF

305635-RFP also indicated that the RFP expression cassette

was inserted into the genome without causing a rearrange-

ment (supplementary fig. S4, Supplementary Material online).

Notably, chromosomes 11 and 12, which are known as

minichromosomes in IMI 349063, were the two largest strain-

specific regions. Indeed, only 19 of 271 genes on the mini-

chromosomes of IMI 349063 showed reciprocal best hits in

MAFF 305635-RFP (supplementary table S5, Supplementary

Material online). Recently, Plaumann et al. (2018) reported

that MAFF 305635 also contains two minichromosomes,

chromosomes 11 and 12. The same study identified vir-49

and vir-51 as MAFF 305635-derived virulence mutants lacking

chromosome 11. Mapping of the Illumina MiSeq reads de-

rived from MAFF 305635 wild-type (CK7444), vir-49, and vir-

51 from their study to the genome assembly of MAFF

305635-RFP revealed that no contigs showed reduced read

coverage per gene compared with the average coverage of all

genes (supplementary fig. S5, Supplementary Material on-

line). To confirm the presence or absence of chromosomes

11 and 12 in MAFF 305635-RFP, PCR was also performed

using the primer sets described by Plaumann et al. (2018)

and newly designed primer sets to amplify selected genes

from chromosome 12 of IMI 349063. PCR products were

not detected in MAFF 305635-RFP with any primer sets

designed to amplify genes on the minichromosomes whereas

PCR products were detected in MAFF 305635 wild-type

Table 1

Genome-Assembly Statistics of Colletotrichum higginsianum MAFF

305635-RFP

C. higginsianum

MAFF 305635-RFP

C. higginsianum

IMI 349063

Sequencer PacBio RS II PacBio RS II

Total contig length (Mb) 49.8 50.7

Contig number 28 25

N50 contig (Mb) 5.06 5.2

L50 contig 5 5

GC-content (%) 54.61 54.41

Gene space coverage (%)

complete/fragmented

99.0/0.3 99.2/0.2

Place of origin Japan Trinidad and Tobago

Host Brassica rapa var.

perviridis

Brassica campestris

Reference This study Zampounis et al. (2016)
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(supplementary fig. S6, Supplementary Material online).

Taken together, these results suggest that MAFF 305635-

RFP lacks the minichromosomes reported in MAFF 305635

wild-type (CK7444) used by Plaumann et al. (2018).

Association between Genomic Variations and TEs in
C. higginsianum

TEs are known to contribute to the generation of genomic

variations. Thus, we predicted that TEs are a driving force in

generating genomic variations in C. higginsianum in the ab-

sence of meiosis. To test this hypothesis, the TEs of C. higgin-

sianum were predicted de novo using the pipeline described

by Castanera et al. (2016). The genome coverage of TEs was

estimated to be 4.6% and 5.1% in MAFF 305635-RFP and

IMI 349063, respectively. Both assemblies contained several

shorter contigs or chromosomes with higher TE coverage

compared with the rest of the genome (supplementary fig.

S7, Supplementary Material online). Notably, in IMI 349063,

the two minichromosomes showed higher TE coverage

(37.3% in chromosome 11 and 21.2% in chromosome 12).

Predicted TEs were classified into four types: Copia, Gypsy,

and Tad1 from Class I TEs and TcMar-Fot1 from Class II TEs.

Among the four types of TEs, TcMar-Fot1 showed the highest

genome coverage in both strains (3.49% in MAFF 305635-

RFP and 4.23% in IMI 349063) (supplementary fig. S8,

Supplementary Material online).

The association between genomic variations and TEs was

assessed (fig. 2A and supplementary fig. S9, Supplementary

Material online). The results showed that eight of ten large-

scale rearrangements were within 10 kb of the nearest TE in

MAFF 305635-RFP (fig. 2B and supplementary fig. S10,

Supplementary Material online). Additionally, 29.5% and

29.8% of strain-specific regions were occupied by TEs in

MAFF 305635-RFP and IMI 349063, respectively. This rate is

significantly higher than if the TEs were randomly distributed

FIG. 1.—Whole-genome alignments between MAFF 305635-RFP and IMI 349063. The outer bands indicate contigs of MAFF 305635-RFP (white) and

chromosomes of IMI 349063 (gray), respectively. Syntenic regions (�99% identity, �15kb) are linked with different colored ribbons corresponding to a

chromosome from the genome assembly of IMI 349063. Black and red arrowheads indicate interchromosomal translocations and intrachromosomal

inversions, respectively. Asterisks indicate reverse-complementation of contigs or chromosomes for visual clarity. Ticks on bands represent 1Mb.
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A

B

FIG. 2.—Association between genomic variations and TEs in Colletotrichum higginsianum. (A) Distribution of genomic features and TEs in the MAFF

305635-RFP genome. (1) Contigs. Colored regions indicate the presence of syntenic regions in the genome assembly of IMI 349063 (�99% identity,

�15 kb). Colors correspond to chromosomes of IMI 349063 as in figure 1. (2) Intrachromosomal inverted regions. (3) Effector candidate genes. Gray, yellow,

and red circles indicate identical, polymorphic, and highly variable effector candidate genes, respectively. (4) TEs. Black and red arrowheads indicate

interchromosomal translocations and intrachromosomal inversions, respectively. Asterisks indicate reverse-complementation of contigs for visual clarity in

figure 1. Ticks on the outer bands represent 1 Mb. (B) Association between large-scale rearrangements and TEs. A large-scale rearrangement on contig_10

from the genome assembly of MAFF 305635-RFP is shown as an example. Numbers in brackets indicate the location of the large-scale rearrangement.

Synteny: pale green and salmon pink rectangles indicate syntenic regions in chromosomes 10 and 4 in IMI 349063 (�99% identity, �15 kb), respectively.

The red line surrounding a rectangle indicates a region of intrachromosomal inversion.
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in both genomes (highest coverage in 1,000 trials ¼ 7.5%

and 7.2% in MAFF 305635-RFP and IMI 349063, respectively,

P¼ 0.001, Monte Carlo test) (supplementary fig. S11,

Supplementary Material online). In this study, we defined

strain-specific regions using the default settings of the ge-

nome alignment program nucmer, which only considers

matches of sequences that are unique in the reference.

However, this may result in repeat sequences being overrep-

resented as strain-specific regions. Therefore, we repeated

nucmer with different settings to include sequences that are

not unique in the reference as well. In this case, we found that

19.2% in MAFF 305635-RFP and 25.1% in IMI 349063 of

strain-specific regions were occupied by TEs, indicating that

these rates are still significantly higher than random chance in

both genomes (P< 0.001, Monte Carlo test) (supplementary

fig. S11, Supplementary Material online).

Compartmentalization of Effector Candidate and
Housekeeping Genes in the C. higginsianum Genome

To determine whether the C. higginsianum genome contains

regions enriched with effector genes, we predicted the effec-

tor candidates of C. higginsianum. Proteins were classified as

effector candidates if they were predicted to be secreted pro-

teins with lengths of<300 amino acids. This analysis revealed

that both C. higginsianum strains have a similar number of

effector candidates (582 in MAFF 305635-RFP and 576 in IMI

349063). Using version 1.0 or 2.0 of the effector prediction

program EffectorP (Sperschneider et al. 2016, 2018), 378

(64.9%) in MAFF 305635-RFP and 353 (61.3%) in IMI

349063 proteins were also predicted as effector candidates

(supplementary tables S6 and S7, Supplementary Material

online). BlastP analysis using the Swiss-Prot database (cutoff

E-value ¼ 10�5) revealed that 428 (73.5%) and 427 (74.1%)

effector candidates in MAFF 305635-RFP and IMI 349063,

respectively, are of unknown function (supplementary fig.

S12, Supplementary Material online).

Next, we assessed the FIRs of effector candidate genes,

fungal universal single-copy orthologs, and randomly sam-

pled genes excluding these two classes to determine if these

genes are in gene-dense or gene-poor genomic regions. The

distributions of FIRs are significantly different between effec-

tor candidate genes, randomly sampled genes, and fungal

universal single-copy orthologs in both strains (Wilcoxon rank

sum test with adjustment by Holm’s method) (fig. 3A and

supplementary fig. S13A, Supplementary Material online).

Two-dimensional plots describing 50 and 30 FIRs also indi-

cated that fungal universal single-copy orthologs tended to

be closer to flanking neighboring genes, whereas effector

candidate genes were further apart from their nearest

gene neighbors (supplementary fig. S14, Supplementary

Material online). The distances between the three categories

of genes and their nearest TEs were also investigated. The

distributions of distances from the nearest TEs are signifi-

cantly different between all pair-wise combinations of the

three categories (Wilcoxon rank sum test with adjustment

by Holm’s method) (fig. 3B and supplementary fig. S13B,

Supplementary Material online). In both strains, the median

distances between effector candidate genes and their neigh-

boring TEs are lower than the median distances between

fungal universal single-copy orthologs or randomly sampled

genes and their closest TEs.

Variations in Effector Candidate Genes between
C. higginsianum Strains

To provide insight into the adaptative evolution of C. higgin-

sianum effectors, variations in effector candidates were

A B

FIG. 3.—Compartmentalization of effector candidate genes and fungal universal single-copy orthologs in the MAFF 305635-RFP genome. (A) Violin

plots showing the FIRs of effector candidate genes, randomly sampled genes, and fungal universal single-copy orthologs. (B) Violin plots showing the

distances from effector candidate genes, randomly sampled genes, and fungal universal single-copy orthologs to their nearest TEs. Black bars and circles

inside violin plots represent the median and mean of each distribution, respectively. Asterisks represent significant differences between the three categories

(*P<0.05, ***P<0.001, Wilcoxon rank sum test with adjustment by Holm’s method).
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investigated (fig. 4A and supplementary tables S6 and S7,

Supplementary Material online). To eliminate predicted gene

variations related to differences in the annotation programs

used, protein sequences of effector candidates from each

strain were queried against the genome assembly of the other

strain. Based on this analysis, 474 (81.4%) and 469 (80.6%)

effector candidates in MAFF 305635-RFP and in IMI 349063

were identical in the other strain, indicating that the two

strains generally contain a similar repertoire of effector candi-

dates. However, 8 (1.37%) MAFF 305635-RFP and 18

(3.09%) IMI 349063 candidates were highly variable between

the two strains, defined here as having �90% query cover-

age. Among them, ten candidates were detected as presence/

absence polymorphisms and seven candidates showed lower

query coverages because of frameshifts (supplementary table

S8, Supplementary Material online). A total of 100 (17.2%)

MAFF 305635-RFP and 89 (15.3%) IMI 349063 effector can-

didates were also polymorphic (containing at least one non-

synonymous substitution and >90% query coverage).

To examine whether these genes varied from those in

other strains of C. higginsianum, ten highly variable effector

candidate genes with presence/absence polymorphisms were

assessed by PCR in 16 C. higginsianum strains isolated from

different geographic locations, including MAFF 305635-RFP

and IMI 349063 (supplementary table S1, Supplementary

Material online). Molecular phylogenetic analysis, using all

available sequences from strains from the C. destructivum

species complex described by Damm et al. (2014), confirmed

that all 16 strains were classified as C. higginsianum

(supplementary figure S15, Supplementary Material online).

Amplification of these effector candidate genes by PCR

revealed that their conservation patterns varied within other

strains as well (fig. 4B and supplementary fig. S16,

Supplementary Material online). Nine strains isolated in

Japan showed different patterns for the presence/absence

of these genes. Notably, we found that MAFF 305635 wild-

type has four of five highly variable effector candidate genes

that were absent in MAFF 305635-RFP. In contrast, three

strains from Trinidad and Tobago showed the same pres-

ence/absence patterns. In addition, we tested a strain subcul-

tured from IMI 349063 that has lower conidia production

rates than MAFF 305635-RFP and that causes less severe in-

fection symptoms than MAFF 305635-RFP and IMI 349063

(supplementary fig. S17, Supplementary Material online). The

results showed that this strain appears to lack chromosome

12, as no PCR bands were detected in all tested genes in

chromosome 12 (supplementary figs. S16 and S18,

Supplementary Material online). Thus, this strain was named

IMI 349063D.

Conservation of Highly Variable C. higginsianum Effector
Candidate Genes

To explore the potential mechanisms of how C. higginsianum

acquired highly variable effector candidate genes, we investi-

gated the conservation patterns of these genes amongst 25

ascomycetes (fig. 5 and supplementary table S3,

Supplementary Material online). The results showed that

A

B

FIG. 4.—Variations in effector candidate genes between Colletotrichum higginsianum strains. (A) Pie charts showing percentages of effector candidates

with different levels of variations. Gray, yellow, and red indicate identical, polymorphic (having at least one nonsynonymous substitution and >90% query

coverage), and highly variable (�90% query coverage) effector candidates, respectively. (B) The presence/absence patterns of 10 highly variable effector

candidate genes among 16 C. higginsianum strains. Black and white squares indicate the presence and absence of these genes, respectively. The dendro-

gram shows hierarchical clusters of 16 strains based on the presence/absence patterns of 10 highly variable effector candidate genes.
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CH35J_003318 from MAFF 305635-RFP and CH63R_09232,

CH63R_09755, CH63R_14384, CH63R_14389,

CH63R_14470, and CH63R_14558 from IMI 349063 were

found only in either of the two strains among the tested

ascomycetes. In contrast, CH35J_011924 and CH35J_

002132 from MAFF 305635-RFP and CH63R_14516,

CH63R_05497, CH63R_04687, and CH63R_06433 from

IMI 349063 were relatively conserved in Ascomycota but ab-

sent from MAFF 305635-RFP or IMI 349063. The remaining

highly variable effector candidate genes showed uneven con-

servation patterns that did not follow the species’ phyloge-

netic relationships. Among them, CH35J_007515 and

CH35J_007516 were found to be paralogs based on

OrthoMCL analysis. Interestingly, the paralogs showed high

similarities to proteins found only in Bipolaris maydis as shown

in figure 5. Querying the protein sequences of the paralogs

against the NCBI nucleotide collection revealed that only

Bipolaris maydis, Bipolaris oryzae, Bipolaris victoriae, Bipolaris

zeicola, Bipolaris sorokiniana, Aspergillus novofumigatus, and

Aspergillus terreus have similar sequences (TBlastN, E-value

�2� 10�28) (supplementary fig. S19, Supplementary

Material online).

Synteny of Genomic Regions Encoding Highly Variable
Effector Candidates

To investigate the associations between effector candidate

genes and TEs, synteny analysis of genomic regions contain-

ing highly variable effector candidate genes was performed

(fig. 6 and supplementary fig. S20, Supplementary Material

online). Syntenic regions containing 17 of 26 highly variable

effector candidate genes were reconstructed. We found that

eight (six in MAFF 305635-RFP and two in IMI 349063) of 17

such genes were in synteny-disrupted regions associated with

TEs. However, nine highly variable effector candidate genes

were not associated with synteny-disrupted regions (two in

MAFF 305635-RFP and seven in IMI 349063). Notably, seven

of these effector candidate genes (two in MAFF 305635-RFP

and five in IMI 349063) were highly variable because of

frameshifts.

No syntenic region was identified for the remaining nine

highly variable effector candidate genes. These genes in the

two minichromosomes of IMI 349063 and syntenic regions

could not be reconstructed because of the loss of minichro-

mosomes in MAFF 305635-RFP. Interestingly, in IMI 349063,

9 of the 18 highly variable effector candidate genes were in its

two minichromosomes. Of these, five genes were completely

absent from MAFF 305635-RFP. However, despite the lack of

minichromosomes, related sequences were identified for four

of these genes in MAFF 305635-RFP (supplementary table S9,

Supplementary Material online).

Both Sequenced C. higginsianum Strains Showed Similar
Virulence Levels toward A. thaliana Ecotypes Ws-2 and
Ler-0

To examine the impact of the genetic differences observed

between the two sequenced isolates, we assessed the ability

FIG. 5.—Conservation patterns of highly variable effector candidate genes in Ascomycota. Bold letters indicate Colletotrichum fungi. The maximum-

likelihood species phylogeny was drawn based on the alignment patterns of single-copy orthologs obtained using OrthoMCL. Bootstrap values are

percentages based on 1,000 bootstrap replicates.
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of both strains to cause lesions on A. thaliana ecotypes Ws-2

and Ler-0. A previous report showed that Ws-2 and Ler-

0 were resistant and susceptible, respectively, to

C. higginsianum IMI 349061 (Birker et al. 2009). To quantify

these differences in pathogenicity, lesion areas caused by

MAFF 305635-RFP and IMI 349063 were measured on Ws-

2 and Ler-0. Both strains showed significantly larger lesions on

Ler-0 compared with Ws-2. However, no significant differ-

ences were detected between the strains (supplementary

figs. S21 and S22, Supplementary Material online).

Discussion

Pathogenic microbes are closely associated with hosts,

and their genomes are under selective pressure to pro-

mote effective colonization and evade host recognition.

However, genomic variations in Colletotrichum spp. and

the mechanisms underlying such genomic changes have

not been widely examined. In this study, we present a

highly contiguous genome assembly of a strain of C. hig-

ginsianum. By performing comparative genomics using

this assembly and a chromosome-level assembly of an-

other C. higginsianum strain (Zampounis et al. 2016),

we show, for the first time in the Colletotrichum genus,

that the genome of this plant pathogen is remarkably

flexible, as represented by large-scale structural rear-

rangements and the presence of strain-specific regions.

Dynamic genomic changes may be beneficial for plant

pathogenic fungi by allowing the rapid generation of novel

genetic alleles. However, extreme alterations in genome struc-

tures also impair homologous chromosome pairing during

meiosis (Kistler and Miao 1992). In the Colletotrichum genus,

few sexual morphs have been described (Vaillancourt and

Hanau 1991; Rodr�ıguez-Guerra et al. 2005; Menat et al.

2012) and most species, including C. higginsianum, are con-

sidered as predominantly asexual. Our results suggest that

genomic plasticity in C. higginsianum contributes to the gen-

eration of novel genetic variations; however, this may cause

difficulty in performing sexual reproduction as well.

Our analyses indicate that TEs contribute to the generation

of large-scale rearrangements and strain-specific regions in C.

higginsianum. Seidl and Thomma (2014) proposed that TEs

impact genomic content not only by simple insertion or exci-

sion but also by inducing homology-based recombination dur-

ing double-strand DNA break repair. Additionally, it is possible

that Class II TEs, which are the most abundant class of TEs in

C. higginsianum, autonomously cause genomic rearrange-

ments through alternative transpositions, as described for

the Ac/Ds elements of maize (Zhang et al. 2009; Yu et al.

2011). In contrast to Dallery et al. (2017) who previously

reported that Class I TEs are more abundant than Class II in

the genome of IMI 349061, the analyses in this study found

Class II TEs to be more abundant. However, the overall TE

coverage of the IMI 349061 genome was found to be similar

(�7%) according to both pipelines, if ignoring the overlaps

between TEs. We speculate that nesting of TEs and subse-

quent divergence of TE sequences after duplication may com-

plicate classification resulting in the discrepancies between

the two pipelines.

We found that C. higginsianum has features of a compart-

mentalized genome consisting of gene-sparse, TE-dense

regions with more effector candidate genes and gene-

dense, TE-sparse regions with more conserved genes. This

finding is consistent with Dallery et al. (2017) who reported

that not only effector candidate genes but also genes in

FIG. 6.—Analysis of genome synteny in regions containing highly var-

iable effector candidate genes from MAFF 305635-RFP. Upper: genomic

regions containing highly variable effector candidate genes from MAFF

305635-RFP. Lower: syntenic regions from IMI 349063. It is noted that

classification of effector candidates (identical, polymorphic, or highly var-

iable) is sometimes inconsistent between orthologs of the two strains due

to differences in gene annotation models used. For example, the MAFF

305635-RFP genome has a single nucleotide polymorphism that causes a

frameshift of the CH35J_002132 gene model, and thus this gene model is

classified as highly variable. However, the orthologous IMI 349063 gene

model does not include the frameshifted region and is classified as poly-

morphic when the IMI 349063 gene model is applied to the MAFF

305635-RFP genome.
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secondary metabolism clusters that may be involved in path-

ogenicity tend to be closer to TEs in C. higginsianum IMI

349061. These so-called “two-speed genomes” have also

been found in other eukaryotic plant pathogens, such as

Phytophthora infestans and Leptosphaeria maculans

(Raffaele et al. 2010; Grandaubert et al. 2014). This suggests

that having a compartmentalized genome structure is advan-

tageous for various eukaryotic plant pathogens to allow both

rapid evolution of effector genes and protection of house-

keeping genes from the deleterious effects of TEs.

Our analysis identified 26 highly variable effector candidate

genes between two strains of C. higginsianum. Further, we

observed the presence/absence polymorphisms of ten highly

variable effector candidate genes in 16 different C. higginsia-

num strains from different geographic locations. These genes

showed various conservation patterns in Ascomycota, sug-

gesting that C. higginsianum acquires differences in its effec-

tor repertoire via several different mechanisms, such as de

novo evolution, horizontal gene transfer, or gene loss after

the divergence of species.

Seven effector candidate genes were predicted to be gen-

erated through de novo evolution in C. higginsianum because

the homologs of these genes were not found in other asco-

mycete species. In Zymoseptoria tritici, an effector candidate

gene that is highly correlated with pathogenicity toward dif-

ferent wheat cultivars, Zt_8_609, was also suggested to have

recently emerged after speciation (Hartmann et al. 2017). The

mechanisms underlying de novo evolution of effector genes

remain unclear. However, such orphan genes without homo-

logs in other lineages may arise by duplications followed by

exceeding divergence beyond the threshold of homology

searches or de novo generation of functional open reading

frames from noncoding regions (Tautz and Domazet-Lo�so

2011).

Our analysis also identified C. higginsianum effector candi-

date genes showing uneven conservation patterns in

Ascomycota, such as CH35J_007515 and CH35J_007516.

Such conservation patterns suggest that these genes were

horizontally transferred and/or frequently gained/lost in this

taxon. There are several reports of the transfer of effector

genes in plant pathogenic fungi; for example, Avr-Pita in M.

oryzae is known to be horizontally transferred between indi-

vidual isolates and Ave1 in V. dahliae is thought to be

obtained from plants (Chuma et al. 2011; de Jonge et al.

2012). Thus, in C. higginsianum, horizontal gene transfer

events may also generate highly variable effector candidate

genes displaying conservation patterns that contradict species

phylogeny.

Through synteny analysis, we found that eight of the 26

highly variable effector candidate genes in synteny-disrupted

regions were associated with TEs. However, the remaining 18

highly variable effector candidate genes were not detected in

synteny-disrupted regions. Notably, seven and nine of these

genes were found to be strain-specific because of frameshifts

and the loss of minichromosomes, respectively. Therefore, TEs

clearly contribute to generating variations in effector candi-

date genes, although other mechanisms also exist, such as

DNA point mutation resulting from replication errors and en-

tire chromosome loss.

Although the protoplast transformation used to introduce

an RFP expression cassette into MAFF 305635 might cause

the loss of its minichromosomes, the loss of minichromo-

somes from MAFF 305635-RFP may also be due to the un-

stable nature of minichromosomes in this species, as

described by Plaumann et al. (2018). In that study, the authors

found that the rate of spontaneous minichromosome loss

from in vitro–cultured C. higginsianum was more than

1� 10�4. Also, the loss of chromosome 12 from IMI

349063D appears to have occurred spontaneously. Infection

assays comparing the two sequenced isolates suggested that

the identified genomic variations including the loss of two

minichromosomes did not result in differences in the patho-

genicity toward the A. thaliana ecotypes Ws-2 and Ler-0.

However, genomic variations between the two strains may

cause differences in pathogenicity when they infect other A.

thaliana ecotypes or Brassicaceae plants. Previous reports in-

dependently showed that MAFF 305635 and IMI 349061 are

avirulent on Ws-2, which harbors the dual resistance (R) genes

RPS4 and RRS1 (Birker et al. 2009; Narusaka et al. 2017). Our

direct comparison using MAFF 305635-RFP and IMI 349063

suggested that the variations in effector candidates revealed

in this study did not affect recognition by RRS1 and RPS4,

indicating that the effector recognized by this R protein pair

remains conserved.

Overall, by comparing closely related strains of C. higgin-

sianum, we identified genomic variations in the structure and

genes encoding effector candidates and potential mecha-

nisms of altering the genome mediated by TEs in this species.

Our results improve the understanding of adaptation driven

by genomic evolution in this scientifically and agriculturally

important group of plant pathogenic fungi.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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