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Abstract

Plant pathogens secrete proteins called effectors to manipulate host cells and promote
infection. Recent studies have shown examples of effectors conserved across taxa, which are
required for full pathogenicity. However, in some cases, effectors are perceived by host immune
receptors, resulting in strong immune responses against the invading pathogens. To avoid this
recognition, effectors are generally are under diversifying selection and differ even between strains
within the same species. Colletotrichum fungi collectively cause anthracnose disease in a broad
range of plants, although individual species have specialized in infecting limited host plants. The aim
of my Ph.D. research was to understand how Colletotrichum fungi have adapted to various niches,
by characterizing their effector gene sets.

Among Colletotrichum species, C. higginsianum has been widely used for scientific
studies, as it infects the model plant Arabidopsis thaliana. However, the first published genome
assembly of this pathogen is fragmented and possibly contains missing or incorrect gene annotations.
In order to overcome this problem, I generated a more contiguous assembly of the genome of C.
higginsianum MAFF305635-RFP by sequencing it using PacBio RS II. This genome assembly
comprises of 28 contigs and is estimated to include 99.0% of all coding genes. I analyzed the
conservation patterns of effector candidates amongst 24 ascomycetes, including C. higginsianum
MAFF305635-RFP. This analysis revealed that seven effector candidate orthogroups are specifically
conserved in all seven Colletotrichum species tested, but not in other ascomycetes. This analysis also
identified species-specific effector candidates of Colletotrichum that may contribute to host
specificity.

As few sexual morphs have been described in the genus Colletotrichum, most members

including C. higginsianum appear to proliferate clonally. To determine whether Colletotrichum



species exhibit intra-species genomic variations in the absence of a sexual cycle, I compared the two
closely-related C. higginsianum strains, MAFF305635-RFP and IMI 349063, which were sequenced
by Zampounis et al. (2016). First, I performed whole-genome alignments between the two C.
higginsianum strains. This analysis revealed the presence of 10 large-scale rearrangements between
the two strains, including six inter-chromosomal translocations and four intra-chromosomal
inversions. Whole-genome alignments also indicated that the two strains have strain-specific regions
(< 99% identity, < 15 kb) that are variable in the other strain. In order to identify strain-specific
variations in effectors of C. higginsianum, effector candidates from the two strains were compared.
This analysis revealed that 8 out of 582 candidates in MAFF305635-RFP and 18 out of 576
candidates in IMI 349063 were highly variable between the two strains, with < 90% query coverage.
Such effector candidates showed variable conservation patterns in Ascomycota, possibly reflecting
differences in their evolutionary history (e.g., de novo evolution, loss after speciation, and horizontal
gene transfer). Transposable elements (TEs) are known to often be involved in the generation of
genomic variations. To examine whether TEs contribute to the generation of genomic variations in C.
higginsianum, the association between TEs and strain-specific regions was investigated. In the
genome of MAFF305635-RFP, 29.5% of strain-specific regions were found to overlap with TEs and
this is significantly higher than the case if TEs were randomly distributed in the genome (Monte
Carlo method, P < 0.001). Further, my results indicate that the genome of C. higginsianum is
compartmentalized into regions harboring conserved genes, which are gene-dense and TE-sparse, as
well as regions with more effector candidate genes, which are gene-sparse and TE-dense.

To further characterize the effector candidates identified, I conducted a functional analysis
of CCE1 (Colletotrichum Core Effector 1). Genus-wide comparative genomic analyses revealed that
this effector candidate gene is highly conserved in the genus Colletotrichum. In addition, transient

expression assays indicate that CCE! homologs from three Colletotrichum species infecting



different hosts induce cell death in Nicotiana benthamiana leaves. Furthermore, by performing in
planta  co-immunoprecipitation, [ identified candidate interactors of CCE1l including
cytoskeleton-related proteins, such as actin and tubulin, the Golgi-targeted protein al-COP, and the
ER-targeted protein BIP2. These data suggest that CCE1 proteins may function in promoting host
cell death during infection by targeting a component found in various host plants.

In conclusion, in this thesis, I show the diversity of effector candidates and a potential
mechanism for generating genomic variations in Colletotrichum. Given that effectors play important
roles in plant-microbe interactions, variations in effector complements may contribute to the fitness

of this group of fungi.



Chapter I: General Introduction

Fungal plant diseases pose significant threats to food security and ecosystems (Fisher et al.
2012; Islam et al. 2016; McMullan et al. 2018). Among fungal plant pathogens, members of the
genus Colletotrichum, belonging to the phylum Ascomycota, are known as causal agents of
anthracnose diseases. They have a wide global distribution and cause considerable economic losses
of crops (Crouch et al. 2014). For example, in Japan, the financial damage to strawberries by
Colletotrichum species is estimated at 3.5 billion yen per year (Sato & Moriwaki 2009), and in the
U.S., C. graminicola infections of maize are estimated to cause annual losses of more than 1 billion
USD (Frey et al. 2011).

Members of the genus Colletotrichum are diverse and can be grouped into several major
species complexes consisting of closely related species that share infection lifestyles (Figure 1-1).
Members of Colletotrichum infect a wide variety of host plants (Cannon et al. 2012). This diversity
of hosts led some researchers to speculate that virtually every crop could potentially be infected by
one or more Colletotrichum species (Dean et al. 2012). Although members in this genus have a wide
host range collectively, individual species infect limited host plants. For example, C. higginsianum
from the C. destructivum species complex infects Brassicaceae plants including Arabidopsis thaliana
(O’Connell et al. 2004), while C. graminicola in the C. graminicola species complex is restricted to
infecting maize (Zea mays) (Crouch & Beirn 2009).

Most Colletotrichum species employ a hemibiotrophic lifestyle, characterized by the
sequential development of a series of special cell types (Miinch et al. 2008). After conidia germinate
on the host, they differentiate into melanized appressoria, which function in penetration of leaf
epidermal cells (Figure 1-2A, B). Following penetration, the fungi develop bulbous primary hyphae

enveloped with intact host plasma membranes inside living cells (Figure 1-2C). This stage is called



the biotrophic phase because the fungi do not kill host cells at this stage. Later on during the
infection, the fungi develop thin secondary hyphae and begin to destroy the host tissue (Figure 1-2D,
E). This stage is referred to as the necrotrophic stage. In contrast to obligate biotrophic pathogens
including the Blumeria graminis, which causes powdery mildew, and Puccinia striiformis, which
causes stripe rust, Colletotrichum species can be cultured axenically without living hosts and are
amenable to genetic manipulation, making them ideal model organisms for molecular studies (Figure
1-2F) (O’Connell et al. 2004; Spanu & Panstruga 2017; Kumakura et al. 2018).

In order to establish infections, plant pathogens have evolved secreted proteins to
manipulate plant calls, called effectors (Chisholm et al. 2006). Recent studies indicate that plant
pathogens orchestrate the expression of a range of effectors to attenuate plant immunity and promote
colonization (Deslandes & Rivas 2012; Giraldo & Valent 2013). To date, a number of effectors have
been shown to contribute to the virulence of plant pathogens during infection (He et al. 2006; Sohn
et al. 2009) or to target components in plant cells to suppress host immunity (Xiang et al. 2008;
Gohre et al. 2008; Sarris et al. 2015). However, some effectors can be perceived by plant-encoded
resistance (R) proteins. This perception triggers strong immune responses, resulting in rapid
programmed cell death, called hypersensitive response cell death (Hogenhout et al. 2009). Initial
studies on effectors of plant pathogens, including those of fungi, were limited to individual effector
genes, which were identified based on genetic screening of multiple strains within a single species,
displaying different infection phenotypes (Flor 1971). More recently, the development of
next-generation sequencing (NGS) technologies has enabled researchers to predict effector gene sets
from multiple strains and species at the whole genome level and to analyze the conservation or
specificity of effectors in different plant pathogens (Dong et al. 2014; Hemetsberger et al. 2015;
Sanz-Martin et al. 2015). However, accurate prediction of effector gene sets is still sometimes

limited because short reads generated using NGS technologies are not geared toward assembling



repeat-rich genomic regions, which often harbor effector genes (Treangen & Salzberg 2012; Moller
& Stukenbrock 2017).

Due to agricultural and scientific interests in Colletotrichum species, genome sequencing
of these fungi has been performed (O’Connell et al. 2012; Gan et al. 2013, 2016; Hacquard et al.
2016; Baroncelli et al. 2016). This has made comparative genomic analysis of Colletotrichum
species feasible. The purpose of my Ph.D. research is to understand how this group of fungi adapt to
their niches in terms of their effector gene sets. In my thesis, I conducted comparative genomic
analysis to identify conserved or specialized effector candidates of Colletotrichum (Chapter II). To
elucidate the mechanisms that generate genomic diversity, I compared the genomes of two
closely-related strains belonging to C. higginsianum in detail (Chapter III). Furthermore, I performed
functional analyses on a highly conserved effector candidate that may play a role in infection of

multiple Colletotrichum members in different host plants (Chapter IV).
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Fig. 1-1. Phylogenetic tree showing relationship of Colletotrichum species based on a
concatenated alignment of chitin synthase, actin, internal transcribed spacer, and tubulin sequences.
Values at the branch points represent bootstrap support values out of 1,000 replicates. Colored
boxes in the tree represent each species complex. This figure is quoted from Gan, Narusaka,
Kumakura, Tsushima et al. (2016).
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Fig. 1-2. Morphology of Colletotrichum species. (A) Conidia of C. shisoi. (B) Melanized appressoria of
C. shisoi. (C) Trypan blue stained primary hyphae of C. higginsianum at 40 hours post-infection (hpi)
in infected A. thaliana leaves. (D) Trypan blue stained secondary hyphae of C. higginsianum at 60 hpi
in infected A. thaliana leaves. (E) Symptoms of A. thaliana plant infected by C. higginsianum at 9 days
post-infection. (F) 7-day-old culture of C. higginsianum on potato dextrose agar.
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Table 2-1. Genome assembly statistics of Colletotrichum species from previous studies.

C. higginsianum C. graminicola

C. fructicola

C. orbiculare

IMI 349063 M1.001 Nara-gc5 104-T
Isolated place Trinidad and The United Japan Japan
P Tobago States of America P P
Original host Brassmg Zea mays Fragaria x Cucumis sativus
campestris ananassa
Sanger .
' Sanger, . Illumina, Roche
Sequencer Rochef154, Roche454 lllumina 454
lllumina
Total contig length (Mb) 49.08 51.60 55.60 90.83
Contig number 10235 653 1241 526
N50 Contig (Kb) 6147.00 579.19 112.81 449.29
GC-content (%) 55.10 49.12 53.58 37.52
0,
Gene space coverage (%) | g5 344 99.2/0.4 89.3/8.5 99.2/0.3

complete / partial

Reference

O’Connell et al.
2012

O’Connell et al.

2012

Gan et al. 2013

Gan et al. 2013

27




Table 2-3. Genome assembly statistics of C. higginsianum MAFF 305635-RFP.

C. higginsianum C. higginsianum
MAFF 305635-RFP IMI 349063
Sequencer PacBio RS Il Sanger, Roche454, lllumina
Assenbler HGAP SegMan NGen assembly tool
Total contig length(Mb) 49.8 49.08
Contig number 28 10235
N50 Contig(Mb) 5.06 6147.00
L50 Contig 5 2404
GC-content (%) 54.61 55.10
Gene space coverage (%) 99.0/0.3 82.3/14.0
complete / fragmented
N per 100 kbp 0 107.91
Place of origin Japan Trinidad and Tobago
Host Brassica rapa var. perviridis Brassica campestris
Reference This study O’Connell et al. 2012

29



005 Oo' Ooo

Effectors
Manipulate

host cells and
promote infection

Receptors
Recognize effectors from pathogens
and trigger immune responses

Virulence

Avirulence

Fig. 2-1. A zigzag model illustrates co-evolution of pathogen effector complements and host
immune receptors. In the first phase of this scheme, pathogens deliver effectors to manipulate host
cells and to promote infection (virulence). However, a host-encoded immune receptor recognizes
one effector (indicated in red), resulting in disease resistance (avirulence). In the next phase,
pathogen strains are selected that have modified the recognized effector or lost it and gained new
effectors (indicated in blue). Selection pressure leads new immune receptor alleles that can recognize one
of effectors again. This cycle continuously turns in populations of pathogens and hosts and generates
scores of effectors and immune receptors. This figure is modified from Jones & Dangl (2006).
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Fig. 2-3. Schemes showing the two annotation pipelines used, BRAKER1, and MAKER.
Blue and gray rectangles indicate ab initio gene predictors and additional evidence used for
BRAKER1 and MAKER, respectively. Asterisks indicate ab initio gene predictors. Evidence used for
training of each ab initio gene prediction program is listed below in orange.
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Chapter III: Genomic Plasticity Mediated by Transposable Elements in

Colletotrichum higginsianum

Abstract

Phytopathogen genomes are under constant pressure to change, as pathogens are locked in
an evolutionary arms race with their hosts, where pathogens evolve effector genes to manipulate
their hosts, while the hosts evolve immune components to recognize the products of these genes.
Colletotrichum higginsianum, a fungal pathogen with no known sexual morph, infects Brassicaceae
plants including Arabidopsis thaliana. Previous studies revealed that C. higginsianum differs in its
virulence towards various A. thaliana ecotypes, indicating the existence of coevolutionary selective
pressures. However, inter-strain genomic variations in C. higginsianum have not been studied. Here,
I compared two chromosome-level genome assemblies of C. higginsianum strains to identify
genomic variations between them. I found that the two closely related strains vary in terms of
large-scale rearrangements, the existence of strain-specific regions, and effector candidate gene sets
and that these variations are frequently associated with transposable elements (TEs). Colletotrichum
higginsianum has a compartmentalized genome consisting of gene-sparse, TE-dense regions with
more effector candidate genes and gene-dense, TE-sparse regions harboring conserved genes.
Additionally, analysis of the conservation patterns and syntenic regions of effector candidate genes
indicated that the two strains vary in their effector candidate gene sets because of de novo evolution,
horizontal gene transfer, or gene loss after divergence. Overall, this study shows 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 environmental changes and occupy novel
niches. Although such adaptations can be observed in any organism, this is particularly important for
pathogens that are co-evolving with their hosts (Raffacle & Kamoun 2012; Moller & Stukenbrock
2017). In these interactions, plant pathogens secrete small proteins known as effectors, which are
thought to promote colonization by manipulating the host cells (Giraldo & Valent 2013). However,
upon recognition by host immune receptors, effectors may also trigger strong immune responses
(Dodds & Rathjen 2010; Asai & Shirasu 2015). Genes encoding effectors often have a higher degree
of variation than 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 pathogen genomes, it has been revealed
that effector genes are not distributed uniformly in pathogen genomes. Raffacle 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 the genome of Phytophthora
infestans. Such “two-speed genomes”, where genomes exhibit a bipartite genome architecture with
rapidly evolving genomic regions facilitating adaptation and relatively conserved regions harboring
housekeeping genes, have been widely identified in eukaryotic plant pathogens (Croll & McDonald
2012; Dong et al. 2015). Examples of these uneven patterns of genomic evolution 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, PCR, or short-read sequencing technology,
researchers have demonstrated that the genomes of eukaryotic plant pathogens undergo structural

changes in chromosomes including chromosomal rearrangements and partial or whole chromosome

40



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 enabled the generation of more contiguous genome
assemblies. 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
chromosomal changes can have deleterious effects on organisms, they may also play an important
role in increasing genetic diversity, particularly for asexual organisms that cannot acquire genomic
variations through meiotic recombination (Seidl & Thomma 2014).

Colletotrichum cause anthracnose disease in many plants, including important crops, and
have a devastating economic impact (Crouch et al. 2014). To protect food security and understand
their infection mechanisms, over 30 genomes of Colletotrichum 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, C. higginsianum infects Brassicaceae plants, including the model plant
Arabidopsis thaliana, as a hemibiotroph (O’Connell et al. 2004). Based on the interaction 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 indicates that C. higginsianum strains have co-evolved with their hosts to promote
infection and evade recognition by immune receptors. However, this pathogen appears to proliferate
clonally, as its sexual cycle has never been identified (O’Connell et al. 2012). Therefore, it is
important to understand whether different C. higginsianum strains exhibit high genetic diversity and,
if so, how this pathogen achieves genomic variations in the absence of a sexual reproduction. Two
different strains, MAFF 305635 isolated from Brassica rapa var. perviridis (Komatsuna) in Japan
and IMI 349063 isolated from B. 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;
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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, 1 identified genomic variations between MAFF 305635-RFP, an MAFF 305635
transformant expressing monomeric red fluorescent protein (RFP) (Hiruma et al. 2010) and IMI
349063. 1 performed whole genome alignments using two highly contiguous assemblies of MAFF
305635-RFP and 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 effector candidate genes arise, | analyzed their conservation patterns in other

ascomycetes and the synteny of genomic regions containing these genes.
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Material and Methods
Fungal Strains

The details of all C. higginsianum strains used in this study are in Table 3-1. To extract
genomic DNA, fungal strains was cultured in potato dextrose broth (BD Biosciences, Franklin Lakes,
NJ, USA) 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 1000 fungal genomes project (http://1000.fungalgenomes.org). Genomic DNA was
extracted from other strains using the DNeasy Plant Mini Kit (Qiagen). Polymerase chain reaction
(PCR) to detect genes on minichromosomes 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 Table 3-2. 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 one

week.

Genome Sequencing

SOLiD reads were generated from the MAFF 305635 wild-type strain (BioProject
accession: PRINA352900). Genomic DNA for preparing this library was obtained as described by
Gan et al. (2013). Genomic sequencing was performed using a SOLiD3 sequencer (Applied
Biosystems, Foster City, CA, USA) on a 600—800-base pair (bp) insert mate-paired library with

50-bp read lengths. A total of 109,156,072 paired-reads were generated.

Whole Genome Alignments

Whole genome alignments were performed with nucmer in MUMmer 3.23 (Kurtz et al.
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2004) using default settings. To remove spurious hits, the alignments were subsequently filtered by
length, retaining alignments with >99% identity and >15 kb. 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 SOLiID 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).
Mapping analysis using I[llumina MiSeq reads derived from MAFF 305635 wild-type (CK7444),
vir-49, and vir-51 generated by Plaumann et al. (2018) (.fastq accessions: SAMNO08226879,
SAMNO08226880, SAMNO08226881) was performed using Bowtie 2 (Langmead & Salzberg 2012)
with default settings. To detect genes on the minichromosomes of IMI 349063, reciprocal best hit
analysis was performed. For this analysis, BLASTP analyses of the predicted proteomes of MAFF
305635-RFP and IMI 349063 were reciprocally performed with an E-value = 10 used as the

threshold following Moreno-Hagelsieb & Latimer (2008).

Prediction of Transposable Elements

Transposable elements (TEs) were predicted as described by Castanera et al. (2016). TEs
in the two C. higginsianum genome assemblies were predicted using RECON version 1.08 (Bao &
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 =
10715) against the genome assembly and for BLASTX (cutoff E-value = 1073) against the Repbase
peptide database (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
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programs were merged and identical sequences were eliminated using USEARCH v9.1.13 (Edgar
2010) with the -fastx_uniques option. The obtained sequences were clustered 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 = 107°) against the Repbase
peptide database, and the final Ilibraries were used as input for RepeatMasker
(http://www.repeatmasker.org). Consensus sequences without similarity 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 copies. Among
the reconstructed fragments of TEs, those longer than 400 bp were used for analysis. To perform
Monte Carlo tests, 1000 trials to model TEs randomly located on the genome were generated using
BEDTools version 2.25.0 (Quinlan & Hall 2010) with the shuffle -noOverlapping option. Overlap
between TEs and strain-specific regions were calculated using BEDTools version 2.25.0 with the

coverage option.

Analysis of Genome Compartmentalization

Flanking intergenic regions 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 & 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 = 107°) results using
fungi odb9 sequences provided in BUSCO v3.0.2 (Simdo et al. 2015) as queries and C.
higginsianum predicted proteomes as references. For synteny analysis, Easyfig 2.2.2 (Sullivan et al.

2011) was used with an identity cutoft of 70%.
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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 defined as predicted secreted proteins (with a signal
peptide present but no transmembrane domains and glycosylphosphatidylinositol-anchors) with
lengths of less than 300 amino acids. 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 = 107). To detect variations in effector candidates, the protein
sequences of effector candidates from each strain were queried against the genome assembly of the
other strain using exonerate version 2.2.0 (Slater & Birney 2005) with the protein2genome option.
Query coverage values of homologous sequences were calculated by reciprocally performing
BLASTP between effector candidates and exonerate-predicted protein sequences. The results were
inspected and manually corrected. A dendrogram based on the presence/absence patterns of highly

variable 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 Table 3-3. 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 = 10~ 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 using the CLC Genomics Workbench8 (CLC bio).

Phylogenetic Analyses
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The phylogenetic tree to classify 15 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 transcribed spacer (ITS), and tubulin-2
(TUB2). This tree was drawn using previously identified sequences from other species in the C.
destructivum complex (Damm et al. 2014). The DNA sequences of 15 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 Table 3-2. The phylogenetic tree of 25
ascomycetes was generated based on the combined alignments of single gene orthogroups conserved
in all 25 ascomycetes 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-Gutiérrez et al. 2009) with the automatedl settings. The concatenated
trimmed alignments were then utilized to estimate the maximum-likelihood species 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 & 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 pL droplets of conidial suspensions at 5x 10 conidia mL"!. Plants were
maintained at 22°C with a 10-h photoperiod under 100% humidity conditions after inoculation. The

symptoms were observed at 6 days after inoculation and lesion areas were measured using the color
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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 (ROI).
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Results
Extensive Genomic Variations Between C. higginsianum Strains

To examine genomic differences between the two sequenced strains of C. higginsianum,
whole-genome alignments were performed (Figure 3-1). The two strains shared 88.2% of their
sequences (>99% identity, >15 kb). However, 19 synteny breakpoints were detected. 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 (Figure 3-2). These 19 synteny
breakpoints included ten large-scale rearrangements between the two strains including six
inter-chromosomal translocations and four intra-chromosomal inversions. Whole-genome
alignments also revealed that the two strains contained strain-specific regions (<99% identity, <15
kb) with lower sequence similarity compared to the other strain.

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 minichromosomes
of IMI 349063 showed reciprocal best hits in MAFF 305635-RFP (Table 3-4). 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 derived 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 to the average coverage
of all genes (Figure 3-3). 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
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the minichromosomes (Figure 3-4). 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 Transposable Elements in C. higginsianum

TEs are known to contribute to the generation of genomic variations. Thus, I predicted that
TEs are a driving force in generating genomic variations in C. higginsianum in the absence of
meiosis. To test this hypothesis, the TEs of C. higginsianum 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 to the rest of the genome
(Figure 3-5). 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 Tadl from Class I transposable elements and TcMar-Fotl from Class II
transposable elements. Among the four types of TEs, TcMar-Fotl showed the highest genome
coverage in both strains (3.49% in MAFF 305635-RFP and 4.23% in IMI 349063) (Figure 3-6).

The association between genomic variations and TEs was assessed (Figure 3-7). The
results showed that 8 of 10 large-scale rearrangements were within 10 kb of the nearest TE in MAFF
305635-RFP (Figure 3-8). 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 in both genomes (highest coverage in 1,000 trials = 7.5% and
7.2% in MAFF 305635-RFP and IMI 349063, respectively, P = 0.001, Monte Carlo test) (Figure

3-9).
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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, | predicted the effector candidates of C. higginsianum. Proteins were classified as effector
candidates if they were predicted to be secreted proteins with lengths of less than 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). BLASTP analysis using the Swiss-Prot
database (cutoff E-value = 107°) revealed that 428 (73.5%) and 427 (74.1%) effector candidates in
MAFF 305635-RFP and IMI 349063, respectively, are of unknown function (Figure 3-10).

Next, | assessed the flanking intergenic regions (FIRs) of effector candidate genes and
fungal universal single-copy orthologs to determine if these genes are in gene-dense or gene-poor
genomic regions. Two-dimensional plots describing 5’ and 3’ FIRs indicated 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 (Figure 3-11). These patterns were
significant in both strains (P-value = 8.499¢-15 and 8.899¢-11 in MAFF 305635-RFP and IMI
349063, respectively, Wilcoxon rank sum test) (Figure 3-12A, B). The distances between effector
candidate genes and their nearest TEs were also investigated. The distributions of distances between
effector candidate genes and their nearest TEs are significantly different from the distances between
fungal universal single-copy orthologs and their nearest TEs (P-value < 2.2e-16 in both strains,
Wilcoxon rank sum test) (Figure 3-12C, D). In both strains, the median distances between effector
candidate genes and their neighboring TEs are lower than the median distances between fungal

universal single-copy orthologs and their closest TEs.

Variations in Effector Candidate Genes Between C. higginsianum Strains
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To provide insight into the adaptative evolution of C. higginsianum effectors, variations in
effector candidates were investigated (Figure 3-13A). 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 candidates. 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 coverage. Among
them, ten candidates were detected as presence/absence polymorphisms and seven candidates
showed lower query coverages because of frameshifts (Table 3-5). A total of 100 (17.2%) MAFF
305635-RFP and 89 (15.3%) IMI 349063 effector candidates 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 15 C. higginsianum strains isolated from different geographic locations, including MAFF
305635-RFP and IMI 349063 (Table 3-1). Molecular phylogenetic analysis, using all available
sequences from strains from the Destructivum species complex described by Damm et al. (2014),
confirmed that all 15 strains were classified as C. higginsianum (Figure 3-14). Amplification of these
effector candidate genes by PCR revealed that their conservation patterns varied within other strains
as well (Figure 3-13B, Figure 3-15). Eight strains isolated in Japan showed different patterns for the
presence/absence of these genes. In contrast, four strains from Trinidad and Tobago showed the same
presence/absence patterns except IMI 349063A, an IMI 349063-derived strain that appears to lack

chromosome 12, as no PCR bands were detected in all tested genes in chromosome 12 (Figure 3-16).
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Conservation of Highly Variable C. higginsianum Effector Candidate Genes

To explore the potential mechanisms of how C. higginsianum acquired highly variable
effector candidate genes, | investigated the conservation patterns of these genes amongst 25
ascomycetes (Figure 3-17, Table 3-3). The results showed that 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 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 absent from MAFF 305635-RFP or IMI 349063. The
remaining highly variable effector candidate genes showed uneven conservation patterns that did not
follow the species’ phylogenetic relationships. Among them, CH35J 007515 and CH35J 007516
were found to be paralogs. Interestingly, the paralogs showed high similarities to proteins found only
in Bipolaris maydis as shown in Figure 3-17. Querying the protein sequences of the paralogs against
the NCBI nucleotide collection revealed that only B. maydis, B. oryzae, B. victoriae, B. zeicola, B.
sorokiniana, Aspergillus novofumigatus, and A. terreus have similar sequences (TBLASTN, E-value

<2 x 10", suggesting that a potential horizontal gene transfer event had occurred (Figure 3-18).

Synteny of Genomic Regions Encoding Highly Variable Effector Candidates

To investigate the associations between effector candidate genes and TEs, synteny analysis
of genomic regions containing highly variable effector candidate genes was performed (Figure 3-19).
Syntenic regions containing 17 of 26 highly variable effector candidate genes were reconstructed. I
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
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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 minichromosomes in MAFF 305635-RFP. Interestingly, in IMI
349063, nine 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

(Table 3-6).

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

To examine the impact of the genetic differences observed between the two sequenced
isolates, I assessed the ability 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 to Ws-2. However, no significant

differences were detected between the strains (Figure 3-20, Figure 3-21).
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Discussion

Pathogenic microbes are closely associated with hosts, and their genomes are under
selective pressure to promote effective colonization and evade host recognition. However, genomic
variations in Colletotrichum spp. and the mechanisms underlying such genomic changes have not
been widely examined. By performing comparative genomics using highly contiguous assemblies of
two C. higginsianum strains, I show, for the first time in the genus Colletotrichum, that the genome
of this plant pathogen is remarkably flexible, as represented by large-scale structural rearrangements
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 structures also
impair homologous chromosome pairing during meiosis (Kistler & Miao 1992). In the
Colletotrichum genus, few sexual productions have been described (Vaillancourt & Hanau 1991;
Rodriguez-Guerra et al. 2005; Menat et al. 2012) and most species, including C. higginsianum, are
considered as pre-dominantly asexual. The results obtained in this study suggest that genomic
plasticity in C. higginsianum contributes to the generation of novel genetic variations; however, this
may cause difficulty in performing sexual reproduction as well.

I indicate that TEs contribute to the generation of large-scale rearrangements and
strain-specific regions in C. higginsianum. Seidl & Thomma (2014) proposed that TEs impact
genomic content not only by simple insertion or excision, but also by inducing homology-based
recombination during double-strand DNA break repair. Additionally, it is possible that Class II
transposable elements, which are the most abundant class of TEs in C. higginsianum, autonomously
cause genomic rearrangements through alternative transpositions, as described for the Ac/Ds
elements of maize (Zhang et al. 2009; Yu et al. 2011).

I found that C. higginsianum has features of a compartmentalized genome consisting of
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gene-sparse, TE-dense regions with more effector candidate genes and gene-dense, TE-sparse
regions with more conserved genes. These so-called “two-speed genomes” have also been found in
other eukaryotic plant pathogens, such as P. infestans and Leptosphaeria maculans (Raffacle et al.
2010; Grandaubert et al. 2014). This suggests that having a compartmentalized genome structure is
advantageous 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.

I identified 26 highly variable effector candidate genes between two strains of C.
higginsianum. Further, I observed the presence/absence polymorphisms of ten highly variable
effector candidate genes in 15 different C. higginsianum strains from different geographic locations.
These genes showed various conservation patterns in Ascomycota, suggesting that C. higginsianum
acquires differences in its effector 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 generated through de novo evolution
in C. higginsianum because the homologs of these genes were not found in other ascomycete species.
In Zymoseptoria tritici, an effector candidate gene that is highly correlated with pathogenicity
towards different 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 homologs 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 non-coding regions (Tautz & Domazet-LoSo
2011).

The uneven conservation patterns of effector candidate genes in Ascomycota (e.g.
CH35J 007515 and CH35J 007516) 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
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pathogenic fungi; for example, Avr-Pita in M. oryzae is known to be horizontally transferred
between individual isolates and Avel 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, I 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 candidate genes, although other mechanisms also exist, such as DNA point mutation
resulting from replication errors and entire chromosome loss.

The loss of minichromosomes in MAFF 305635-RFP and IMI 349063A was likely caused
by the unstable nature of minichromosomes in this species, as described by Plaumann et al. (2018).
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
pathogenicity towards 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 independently 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). The 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. higginsianum, 1 identified genomic
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variations in the structure and genes encoding effector candidates and potential mechanisms of
altering the genome mediated by TEs in this species. The results obtained in this study improve the
understanding of adaptation driven by genomic evolution in this scientifically and agriculturally

important group of plant pathogenic fungi.

58



6S

(0102Z ‘I1e 12 ewnuiy) Jajowoud 431 Ag uaAup d4yw Buissaidxs juewlojsuel GE9G0€ 44VIN 2
‘ogny| MnAnseA Aq pajeljosiay q

(9102 '[e 1o elEYEME]) Ulel)s paouanbas auy} sI YE906+E INI

(¥002 [ 18 []2UU0D,0) GE9061E IINI PUB YEQ06E NI Ojul pajejosi-al sem £9061¢ NI B

0L0Z ‘|e e ewnliy oo ‘emebop] uedepr sipuiniad “ien eded eojsselg  , d49-G€9G0€ 44VIN Gl
'WV'N 0bBeqo] pue pepiuli] sujsedwed eaisseig q VEQOGYE INI 1

Ajunoo 1joelp ‘uejonypr uemie | (1es]-19d "Jen) ebeqqgeo asauiy) 20d €1

Ajunoo uinA ‘onjis uemie | (1es]-19d "Jen) abeqqeo asauiyd L0d Zl

'V'N Aey ‘ds eojsseig 819 DH4AN Ll

'WV'N 0bBeqo] pue pepiul] sujsadwes eoisselg e 9€9067¢ IINI o]

'WV'N 0bBeqo] pue pepiul] sujsadwes eoisselg e VE9067TE IINI 6

'W'N obeqo] pue pepiuul] sujsadwed eojsseig L9067¢ IINI 8

8861 '|e 1@ alOoH oo ‘emebop] ueder sisusunjad eoisselg Z-1day ]
8861 ‘|e 1 aloH oAyo] ‘emebop3] uedepr eJajiluwiab “Jen eaoeis|o eoisselqg L-L0qV 9
9861 ‘|e 1@ alOoH oo ‘emebop] ueder eaounf eaisseig Z-Lnlgy S
8861 ‘|e 1@ 8loH oAyo] ‘emebop3] uedepr eoiuodel eoisseig Z-Llgy v
8861 '|e 1@ alOoH o/)o] ‘emebop] ueder enula eaisseig Z-110qy e
Q861 ‘|e 10 aLIoH oAyo] ‘emebop3] uedepr sisusulyo eoisselqg e-10qy Z
8861 ‘|e 1@ alOoH o/)o] ‘emebop] ueder sisuauiyoe.ed eaisseig L-Leqy L
ooualajay uoljeosoT] Anunon }soy pajejosi [euibLo aweu ujes}s "ON

"Apnis sIy) Ul pasn sulens wnueisulbbiy o “|-¢ a|qe]




Table 3-2. Primers used in this study.

Primer name 5’-3’ sequence Comment Reference
CK5295 CGATGGTCTTGTCTGGGTGA CH63R 14381 Plaumann et al.

AC 2018

GGGGACAACTTTGTATAGAA Plaumann et al
CK5209 AAGTTGTTAGCCCCGCTGCC |CH63R_14381 2018 '

TACTTGTTCCTT

GGGGACAGCTTTCTTGTACA Plaumann et al
CK5230 AAGTGGAATCCGAAGAACAG |CH63R_14384 2018 '

GCATTGTTAG

GGGGACTGCTTTTTTGTACAA Plaumann et al
CK5231 ACTTGTTGTTAGTTTGGCGTT |[CH63R_14384 2018 '

CATTAGCC
CK5299 gTCGGAATCGAACCAACCGT CH63R_14406 ;(I)a%mann etal.

GGGGACTGCTTTTTTGTACAA

Plaumann et al.
CK5393 ACTTGTCTGGCGTTGCCTGTT|CH63R_14406
2018

CTGTC

GGGGACAACTTTGTATAGAA Plaumann et al
CK5236 AAGTTGTTTGAGCGGAGTGG |CH63R_14428 2018 '

CGAGAGGAAT

GGGGACAACTTTGTATAATAA Plaumann et al
CKb5237 AGTTGTGGAAGCTAAGTCCTT|CH63R_14428 2018 '

GTTTGCA

GGGGACAGCTTTCTTGTACA Plaumann et al
CK5207 AAGTGGAACACCGCAAAGGG [CHB63R_14500 2018 '

TTCACGGCAGAT

GGGGACTGCTTTTTTGTACAA Plaumann et al
CK5208 ACTTGTCGACGCAAGAGGGA [CH63R_14500 2018 '

AAAGGCACGA

GGGGACAACTTTGTATAGAA Plaumann et al
CK5213 AAGTTGTTTTCCAACCCACAT [CH63R_14517 2018 '

TCCAGGGGCGA

GGGGACAACTTTGTATAATAA Plaumann et al
CK5214 AGTTGTGCCGTTCTCACCCT [CH63R_14517 2018 '

CCTCGCATCT
CK5196 I‘GCCGACAATGCTTTCGTAG CH63R_14534 Z(I)a1u8mann et al.
CK5197 $CAAGTCGTGGCAAAGTTCC CH63R_14534 ;(I)a%mann etal.

ATGTTGGATATCGATGATATT

CH63R_14520_F CTGGCC CH63R_14520 This study
CH63R_14520_R gTACAAGGCTCTATCCGCCA CH63R_14520 This study
CH63R_14535_F éI.gCGGTTGTTACTGGTTTTC CH63R_14535 This study
CTAATTTAAAATCTTCACCAT .
CH63R_14535_R GACTAAAATGAGGG CH63R_14535 This study
CH63R_14587_F |ATGGGTCTGAAGGGAAGCTG |CH63R_14587 This study
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TCAACTGAAAGCTGGCTTCT

CH63R_14587 R |, "' CH63R_14587  |This study
ATGAAGTTCTTCAATCTGATT .
CHE3R 14632 F | ot CH63R 14632  |This study
CH63R_14632_R ETAGAGTGTAGGCGTTGTCG CH63R_14632  |This study
CH35J_003318_F éﬁgATCTCCAAACTGTCCC CH63J_003318  |This study
CH35J_003318_R ;TAGGACTCCTCGCCACCAA CH63J_003318  |This study
CTAGCATCCCTGGTAGACGG |CH63J_007515 .
CH35J_007515_R | 007516 This study
TTAGCACCCCTGATAAACGA |CH63J_007515 .
CH35J_007516 R | annc o 4007516 This study
ATGAAGGGTTCTCTCATTCTT .
CH35J_010999_F [\ 2 22 CH63J_010999  |This study
CH35J_010999 R ECAGTGGGCGCTTCTGATAA CH63J_010999  |This study
CH35J_011924_F |ATGCACGCCTCCCGCTTC  |CH63J_011924  |This study
CH35J_011924 R E%AGAGGTTGATGTTCAGGC CH63J 011924  |This study
ATGAAGTCTCCTACTTTACTT .
CHE3R_14384_F | rrorartra CH63R_14384  |This study
CH63R 14384 R | AAGTACTCTGATTCCAGCA | igar 14384 |This study
- -~ |eTTCC —
CH63R_14389 F gTCGAAGCTCCTTCCTCTGTTA CH63R_14389  |This study
TTAATCCACCCTGTTCTTCTA .
CHE3R 14389 R |, ro ) CH63R 14389  |This study
ATGTGGTTCATTTTTGTCTTC .
CH63R_14470_F | 111100 CH63R_14470  |This study
CHB3R 14470 R |CTATGCACCATCCAAGGCCC |CHB3R_14470  |This study
CH63R_14618_F gE%CAAGACTGGTAAGTGAA CH63R_14618  |This study
CH63R 14618 R gg@TGTATCAAACGGCTCGAT CH63R 14618  |This study
ATGAGATTTTTATATCTCCTG .
CH63R_14648 F | "o irao CH63R_14648  |This study
TTAAGACGTGAACTTGCCATT .
CHE3R 14648 R | oo "~ CH63R_14648  |This study

Carbone & Kohn

ACT-512F ATGTGCAAGGCCGGTTTCGC |ACT 1996

ACT-783R TACGAGTCCTTCTGGCCCAT |ACT ?gggone & Kohn
TGGGGCAAGGATGCTTGGAA Carbone & Kohn

CHS-79F GAAG CHS-1 1906
TGGAAGAACCATCTGTGAGA Carbone & Kohn

CHS-345R STT6 CHS-1 1506
GCCGTCAACGACCCCTTCAT Templeton et al.

GDF1 oA GAPDH 1509
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GGGTGGAGTCGTACTTGAGC

Templeton et al.

GDR1 i GAPDH 1509
ITS-1F CTTGGTCATTTAGAGGAAGTA HIS3 Gardes & Bruns
A 1993
ITS-4 TCCTCCGCTTATTGATATGC |HIS3 White et al. 1990
CYLH3F AGGTCCACTGGTGGCAAG  |ITS Crous et al. 2004
CYLH3R AGCTGGATGTCCTTGGACTG |ITS Crous et al. 2004
T AACATGCGTGAGATTGTAAGT|TUB2 O'Donnell &
Cigelnik 1997
ACCCTCAGTGTAGTGACCCT Glass & Donaldson
Bt2b TGGC TUB2 1995
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Table 3-3. Details of the predicted proteomes of 25 ascomycetes used in this study.

Species Version Database Reference Code
%Ssge;i”’us"’d“’ans verison 1 BROAD  Galaganetal. 2005  ANID

Ohm et al. 2012,

Bipolaris maydis C5 AIDY00000000.1  NCBI Condon et al. 2013 BIMA
Botrytis cinerea B04.10 verison 1 BROAD Amselem et al. 2011 BOTC
C. chlorophyti NTL11 MPGH00000000.1 NCBI Gan et al. 2017 CCHL
C. fioriniae PJ7 JARHO00000000.1 NCBI Baroncelli et al. 2014 CFIO
C. fructicola Naragc5h ANPB00000000.1 NCBI Gan et al. 2013 CFRU
C. graminicola M1.001  Colgr1 JGI O'Connell et al. 2012 CGRA
C. higginsianum M| . .

349063 Colhig2 JGI Zambounis et al. 2016  CIMI
C. higginsianum MAFF .

305635-RFP MWPZ00000000.1 NCBI This study CMAF
C. incanum MAFF JTLR00000000.1  NCBI Gan et al. 2016 CINC
238712

C. orbiculare MAFF A\cv00000000.1  NCBI Gan et al. 2013 CORB
240422

Chaetomium globosum

CBS 148.51 Chagl_1 JGI Berka et al. 2011 CHGL
Eutypa lata UCR-EL1 Eutla1 JGI Blanco-Ulate et al. 2013 EUTL
';‘F’ﬁr um gramineardm - yerison 3 BROAD  Cuomo et al. 2007 FUGR
Fusarium oxysporum 1. o eon BROAD  Ma etal. 2010 FUOX
sp. lycopersici 4287

Leptosphaeria maculans Lepmu1 JGI Rouxel et al. 2011 LEPM
Q’;ag”ap(’”he oryzae 70- | orsion 8 BROAD  Okagaki et al. 2015 MGOR
Metarhizium robertsii

ARSEF 23 Metro1 JGI Hu et al. 2014 METR
Nectria haematococca

MPVA. strain 77-13-4 Necha2 JGI Coleman et al. 2009 NECH
(’}’;‘ﬁs"o’ acrassa verison 10 BROAD  Galagan et al. 2003 NCRA
Z(;(Zfsl) ora anserina S Podan2 JGI Espagnel et al. 2008 PODA
Saccharomyces M3707 JGI Brown et al. 2013 SCER
cerevisiae

Sclerotinia sclerotiorum verison 2 BROAD Amselem et al. 2011 SCSC
Jlonoderma virens - ABDF00000000.2  NCBI Kubicek etal. 2011 TRIV
Verticillium dahliae version 1 BROAD  Klosterman etal. 2011  VDAH

VdLs.17
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MAFF 305635-RFP IMI 349063
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Fig. 3-1. 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 (299 % identity, 215 kb) are linked with different colored ribbons corresponding to a chromosome
from the genome assembly of IMI 349063. Black and red arrowheads indicate inter-chromosomal

translocations and intra-chromosomal inversions, respectively. Asterisks indicate reverse-complementation
of contigs or chromosomes for visual clarity. Ticks on bands represent 1 Mb.
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Break points Break points
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Fig. 3-2. Remapping of MAFF 305635-RFP and MAFF 305635 wild-type raw reads against the
genome assembly of IMI 349063. Blue and orange lines represent mapped SOLID reads derived
from MAFF 305635 wild-type and PacBio reads derived from MAFF 305635-RFP, respectively.
Arrowheads and numbers in brackets indicate locations of synteny breakpoints. Blue and orange tick signs
indicate gaps in mapped SOLID reads and PacBio reads, respectively. Genomic regions within 5 kb of
synteny breakpoints are shown.
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Fig. 3-3. Mean number of reads for MAFF 305635 wild-type (CK7444), vir-49, and vir-51 mapping
to each contig from MAFF 305635-RFP. Numbers below contig names indicate the number of
genes located on the contig. Numbers below the average indicates the number of all predicted genes in
MAFF 305635-RFP. Error bars represent standard errors.
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CHB3R_ CHG3R_ CHB3R_
14384 14406 14428
(Chr11, (Chr11, (Chr11,
809 bp) 1948 bp) 1065 bp)

CHB3R_ CHB3R_
14517 14534
(Chr11, (Chr12,
1033 bp) 830 bp)

CH63R_  CHB3R_ CHB3R_
14535 14587 14632
(Chr12, (Chr12, (Chr12, (Chr12,
778 bp) 888 bp) 584 bp) 723 bp9

Fig. 3-4. Absence of genes on minichromosomes in MAFF 305635-RFP, assessed by PCR on
genomic DNA. MR and | on lanes indicate PCR amplicons from MAFF 305635-RFP and IMI
349063, respectively. Genomic sequences of internal transcribed spacer (ITS) amplified with the primer
pair, ITS-1F and ITS-4, are shown as positive controls.
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Fig. 3-5. TE coverage of contigs or chromosomes from the genome assemblies of MAFF 305635-
RFP and IMI 349063. Coverage was calculated after eliminating the overlap between TEs.
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Fig. 3-6. Coverage of four types of TEs per genome assembly. The coverage of each type of TE
was calculated by ignoring the overlap between TEs.
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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 Fig. 1. 2: Intra-chromosomal inverted regions. 3: Effector
candidate genes,

respectively. 4: TEs.

Black and red arrowheads

candidate genes. Gray, yellow, and red circles indicate identical, polymorphic, and highly variable effector
translocations and intra-chromosomal inversions, respectively. Asterisks indicate reverse-complementation
of contigs for visual clarity in Fig. 1. Ticks on the outer bands represent 1 Mb.
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Fig. 3-8. Association between large-scale rearrangements and TEs. Numbers in brackets indicate the
location of large-scale rearrangements. Synteny: Rectangles indicate regions with synteny to IMI 349063 (=
99% identity, = 15 kb). Colors filling rectangles correspond to chromosomes of IMI 349063 as in Fig. 1. The
red line surrounding a rectangle indicates a region of intra-chromosomal inversion. Asterisks represent
large-scale rearrangements within 10 kb of the nearest TE.
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Fig. 3-9. Strain-specific regions showed significant overlap with TEs. Blue columns
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Fig. 3-10. Presence/absence of similarity to sequences in the Swiss-Prot database among
effector candidates (BLASTP cutoff E-value = 10).
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Fig. 3-11. Two-dimensional plots describing 5 and 3' flanking intergenic regions of effector
candidate genes and fungal universal single-copy orthologs. Left and right plots represent effector
candidate genes and fungal universal single-copy orthologs, respectively.
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Fig. 3-13. Variations in effector candidate genes between C. 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 non-synonymous substitution and > 90% query coverage), and
highly variable (< 90% query coverage) effector candidates, respectively. (B) The presence/absence
patterns of ten highly variable effector candidate genes among 15 C. higginsianum strains. Black and white
squares indicate the presence and absence of these genes, respectively. The dendrogram shows
hierarchical clusters of 15 strains based on the presence/absence patterns of ten highly variable effector
candidate genes.
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Fig. 3-14. Maximum-likelihood tree showing relationship between 15 different C. higginsianum
strains with other known species in the C. destructivum species complex based on the
combined alignment of actin (ACT), chitin synthase / (CHS-1), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), histone H3 (HIS3), internal transcribed spacer
(ITS), and tubulin-2 (TUB2). Red: C. higginsianum strains wused in this study. Values at
the branch points represent percentages of bootstrap support values of 1,000 replicates.
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Fig. 3-15. Detection of highly variable effector candidate genes with presence/absence polymorphisms by
performing PCR. Numbers on lanes indicate genomic DNAs from each C. higginsianum strains. 1: Aba1-1,
2: Abc1-3, 3: Abcr1-2, 4: Abj1-2, 5: Abju1-2, 6: Abo1-1, 7: Abp1-2, 8: IMI 349061, 9: IMI 349063A, 10: IMI
349063B, 11: NBRC 6182, 12: P01, 13: P02, 14: IMI 349063A, 15: MAFF 305635-RFP
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Fig. 3-16. Absence of chromosome 12-encoding genes in IMI 3490634, assessed by PCR on genomic
DNA. MR, | and IA on lanes indicate genomic DNAs from MAFF 305635-RFP, IMI 349063, and IMI
3490634, respectively. Genomic sequences of internal transcribed spacer (ITS) amplified with the primer
pair ITS-1F and ITS-4 are shown as positive controls.
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Fig. 3-17. 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. ANID: Aspergillus nidulans, BIMA:
Bipolaris maydis, BOTC: Botrytis cinerea, CCHL: C. chlorophyti, CFIO: C. fioriniae, CFRU: C.
fructicola, CGRA: C. graminicola, CIMI: C. higginsianum IMI 349063, CMAF: C. higginsianum MAFF
305635-RFP, CINC: C. incanum, CORB: C. orbiculare, CHGL: Chaetomium globosum, EUTL:
Eutypa lata, FUGR: Fusarium graminearum, FUOX: Fusarium oxysporum f. sp. lycopersici,

LEPM: Leptosphaeria maculans,
robertsii, NECH:

virens, VDAH: Verticillium dahliae

Nectria haematococca,
anserine, SCER: Saccharomyces cerevisiae,

Magnaporthe  oryzae,
NCRA: Neurospora crassa, PODA: Podospora

METR: Metarhizium

SCSC: Sclerotinia sclerotiorum, TRIV: Trichoderma
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Fig. 3-18. Amino acid sequence alignments of CH35J_007515 and CH35J_ 007516 and their
homologs without their predicted signal peptides.
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Fig. 3-19. Analysis of genome synteny in regions containing highly variable effector
candidate genes. (A) Top: genomic regions containing highly variable effector candidate genes from
MAFF 305635-RFP. Bottom: syntenic regions from MAFF 305635-RFP. (B) Top: genomic regions
containing highly variable effector candidate genes from IMI 349063. Bottom: Syntenic regions
from IMI 349063. Regions containing highly variable effector candidate genes on chromosomes
11 and 12 did not contain syntenic regions in MAFF 305635-RFP.
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Fig. 3-20. Lesion area measurement assays on A. thaliana ecotypes Ws-2 and Ler-0. A
representative result from three experiments is shown. MR and IMI indicate MAFF 305635-RFP
and IMI 349063, respectively. N represents the number of leaves assessed for each combination.
Analysis of variance with Tukey post-hoc honestly significant difference test (P < 0.05)
was performed. Error bars represent standard errors. Images of representative symptoms at 6
days after infection are shown below. Bar =5 mm.
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Fig. 3-21. Lesion area measurements using the color threshold function in ImageJ. Images of A.
thaliana ecotypes Ws-2 and Ler-0 leaves infected with MAFF 305635-RFP at 6 days after infection
are shown. Upper panels: original images. Lower panel: detected lesion areas filled with red
using the color threshold function in Imaged. Numbers below the images indicate the actual
measured values of lesion area (mm?2). Regions of interest are shown as yellow rectangles. Bar = 5 mm.
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Chapter 1V: Functional Analysis of CCEl, a Conserved Effector Candidate

Among Colletotrichum Fungi

IARTEZOWTIE, SHEUNICHESE THITTEDIZD, FERH,
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Chapter V: Concluding Remarks

Plant pathogenic fungi exhibit great diversity in how they interact with their hosts. The
purpose of my Ph.D. research was to understand adaptation of plant pathogenic fungi focusing on
the evolution of their effector genes, which play important roles in infection. To achieve this aim, I
studied Colletotrichum fungi, that have varied their lifestyles to infect distinct host plants, with a
range of approaches including bioinformatics, molecular biology, and biochemistry.

In this thesis, I focused on analyzing the genome of C. higginsianum, which is widely used
in scientific studies as it infects the model plant Arabidopsis thaliana. A previously published
version of the C. higginsianum genome was highly fragmented leading to the possibility of
misannotated and/or missing genes. Therefore, in order to obtain reliable genomic information about
this pathogen, I sequenced and assembled the genome of MAFF305635-RFP. Using PacBio long
reads that can span long tracts of repeat sequences, I could generate a highly contiguous genome
assembly. Furthermore, this genome was annotated after assessing two different gene annotation
pipelines.

With the newly obtained genomic information, I assessed the conservation of effector
candidates from Colletotrichum at the genus, species, and strain levels. In Chapter II, I identified
Colletotrichum genus-specific effector candidates including CCE1 that may aid colonization by
targeting conserved components among various host plants of Colletotrichum, as well as
species-specific effector candidates that may contribute to pathogenicity against individual host
plants. In Chapter III, I compared the genome of MAFF305635-RFP against the genome of another
C. higginsianum strain IMI 349063 and revealed that the two strains of C. higginsianum show
variations in their effector candidates. These results suggest that individual Colletotrichum strains

diversify/retain their effector complements to adapt to different niches.
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In order to understand how Colletotrichum acquire genomic variations in the absence of a
sexual cycle, I focused on intra-species genomic variations in C. higginsianum. By comparing two
closely-related strains of C. higginsianum, 1 discovered large-scale rearrangements and the presence
of strain-specific genomic regions in the genome of this species. While previous studies have
suggested structural genomic variations in plant pathogenic fungi, I showed direct evidence of the
remarkable genomic flexibility for the first time in Colletotrichum species. I then tested for an
association between genomic variations and transposable elements (TEs). This analysis indicated
that TEs contribute to the generation of genomic changes in this clonally proliferating pathogen. This
finding implies a potential trade-off between rapid genomic evolution and genomic stability. The
genome of C. higginsianum could rapidly generate novel genetic alleles through direct and indirect
TE contribution; however, a highly plastic genome also reduces synteny which is required for
meiosis. Although dynamic genomic changes can induce deleterious effects in organisms, pathogens,
which are under strong evolutionary pressure to diversify their effectors to avoid recognition by host
immune receptors, could have evolved toward acquiring unstable genomes. Further analysis
indicated that C. higginsianum has a compartmentalized genome consisting of gene-dense,
TE-sparse regions harboring house-keeping genes and gene-sparse, TE-dense regions with more
effector candidate genes. As TEs can induce both beneficial and harmful changes in the genome,
having such a bipartite genomic structure could allow conservation of house-keeping genes and
rapid evolution of effector genes.

To characterize the function of identified effector candidates in more detail, in Chapter IV
I conducted functional analysis of CCE1, a conserved effector candidate among Colletotrichum that
was identified in Chapter II. Transient expression assays revealed that CCEJ homologs from three
Colletotrichum species infecting different host plants shared the ability to induce cell death.

Furthermore, I identified candidate host plant interactors of CCE1 proteins by performing in planta
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co-immunoprecipitation. These results provide clues for future studies to assess the function of
CCEl.

In this thesis, I analyzed effector candidate gene conservation patterns and the genomic
structure of Colletotrichum. From this work, I revealed the diversity of effector candidates and a
potential mechanism for generating genomic differences in this group of fungi. However, this work
raises questions including whether the effector candidates identified contribute to pathogenicity. The
characterization of CCE1l as a cell death-inducing effector indicates that at least some of the
candidates I identified can affect the host. However, to address the roles of these genes during
infection, virulence tests using fungal strains that overexpress or lack effector candidate genes are
necessary. The Imagel-based lesion area quantification method that I established in Chapter III
should be useful for precisely determining the virulence effect of each candidate. Another unsolved
question is how general extreme variations in genomic structures are among plant pathogenic fungi.
Although numerous plant pathogenic fungi genomes have been sequenced to date, there are a limited
number of chromosome-level assemblies. Thus, it is of interest to revisit this problem when a greater
number of contiguous genome assemblies become available. Overall, this thesis serves as a

foundation for further studies on Colletotrichum thriving in a variety of niches.
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