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ABSTRACT

The rapid increase in genomic and phylogenetic data from fungi and Oomycetes poses a
number of challenges to data preservation, dissemination, and utilization. We need
comprehensive Cyber-infrastructure supporting genomics and phylogenetics to help fungal
biologists and plant pathologists reap the benefits of such data. Advances in sequencing
technology also have changed the methods of addressing fundamental research questions about
fungal and Oomycete biology. Among pathogenic eukaryotic organisms, Fusarium and
Phytophthora are targeted mainly due to their practical importance in agricultural and
environmental health and sustainability and/or human health. Phytophthora Database (PD;
http://www.phytophthoradb.org/), an online platform, was developed to support accurate and
rapid identification of newly isolated Phytophthora and to help characterize and catalog the
diversity and evolutionary relationships within the genus. Its sequence database has grown from
sequences of 1-9 loci from ~1,500 isolates (representing 82 species) in 2008 to sequences of 1-12
loci from ~2,500 isolates (>130 species). At the same time, the Cyber-infrastructure for
Fusarium (CiF; http://www.fusariumdb.org/) was designed to support archiving and utilization of
rapidly accumulating data and knowledge for genus Fusarium. The CiF consists of FUSARIUMID, Fusarium Comparative Genomics Platform (FCGP), and Fusarium Community Platform
(FCP). The FUSARIUM-ID archives phylogenetic marker sequences from most known species
along with information associated with characterized isolates and supports strain identification.
FCGP provides a comprehensive resource for Fusarium genomics, including multiple functional
database and visualization tools including a genome browser and phylogenetic tree viewer. Based
on the constructed genomics and phylogenetics platforms, analysis of the species boundaries in
the Fusarium oxysporum species complex has been addressed. Species boundaries can be
recognized using different species concepts such as the morphological, biological, and
phylogenetic species concepts. All these concepts are compatible with the evolutionary species
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concept. In particular, the phylogenetic species concept has been widely accepted and applied to
species recognition in fungi and the genus Fusarium. Previously, phylogenetic hypotheses
concerning this species complex were inferred using two loci in various strains of F. oxysporum,
but a well-resolved species tree has yet to be defined. In this study, high-resolution phylogenetic
analyses were conducted using 40 genomic regions evenly distributed across F. oxysporum
chromosomes. Using the sequenced genomes of members of the F. oxysporum species complex,
40 multi-locus markers were selected and used to build phylogenetic trees individually and
collectively. Individually constructed phylogenies for 24 loci show the same pattern of topology
as the collectively constructed 40 multi-locus phylogeny; however, phylogenies for 12 loci show
different topology in phylogenetic trees. Also, four individually-constructed phylogenies show
very low bootstrap support on most branches, creating un-resolved trees. Analysis of polymorphic
sites at the 40 multi-locus regions shows 89.3% similarity between the Fusarium oxysporum
species complex and Fusarium verticillioides, and 96.3% similarity among members of the
Fusarium oxysporum species complex. We noticed two distinct groups within the Fusarium
oxysporum species complex, however, and Fusarium oxysporum strain II5 (Fusarium oxysporum
f.sp cubense) was generally separated from 10 other Fusarium oxysporum species complex
strains, suggesting it might be another group of the F. oxysporum species complex. This ongoing
study demonstrated the utility of the data and tools in the Fusarium Comparative Genomics
Platform (FCGP) in conducting comprehensive phylogenetic analyses.
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Chapter 1
Introduction
Fungi and Oomycetes include more than one million eukaryotic microbial species and
affect our lives in both positive and negative manners. Rapid increases in data from diverse areas
of fungal and Oomycete research, including phylogenetics, genomics, systematics, and population
biology, pose a number of major challenges in data preservation, dissemination, and utilization.
Without addressing these challenges, the progress of our efforts to understand fungi and
Oomycete will be hampered. Management and analysis of a huge dataset requires computational
resources and informatics skills. However, most fungal biologists and plant pathologists have not
been properly trained to manage and analyze a large amount of data to support their research. The
focus of my thesis research has been on building informatics platforms to support research and
education on fungi and Oomycetes. Bioinformatics tools facilitate data collection, management,
and analysis, as well as enabling networked research without being limited by organizational or
geographic boundaries. Specifically, I have been constructing and managing a large number of
informatics platforms that enable fungal biologists and plant pathologists to manage and utilize
accumulated data from the genera Fusarium and Phytophthora. These genera were chosen mainly
due to their practical significance in agricultural and environmental health and sustainability
and/or human health. Also, I explored the species boundaries using the Fusarium oxysporum
species complex as a model. The constructed informatics platforms facilitate organizing the data,
retrieving the data, and performing phylogenomic analysis. The Cyber-infrastructure can be
utilized for research and education on fungal genomics and phylogenetics.
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Significance of Fungi and Oomycetes
The fungal kingdom was introduced by Whittaker in the paper ‘New Concepts of
Kingdoms of Organisms’ in 1969 (Whittaker 1969). The three described eukaryotic kingdoms –
plant, animal, and fungi, can be classified based on the different ways organisms uptake nutrients
(e.g., photosynthesis, ingestion, and obtaining from other organisms) (Whittaker 1969). Fungi are
significantly important organisms that have diverse environmental and ecological roles. At the
same time, they are capable of causing severe plant diseases on agriculturally important crops and
producing many toxic secondary metabolites, which can cause significant animal and human
diseases. Fungi have several characteristics such as heterotrophy (obtaining nutrients from other
organisms), saprotrophy (breaking down dead organisms by the secretion of enzymes), and
parasitism (living in infected hosts) (Agrios 2005). Therefore, fungi play essential roles in healthy
ecosystems by recycling nutrients and as symbionts of most terrestrial plants (Van der Heijden et
al., 1998). Plant pathogenic fungi cause severe crop disease (e.g., rice blast, potato late blight, and
wheat head blight), and mycotoxins in fungal infected crops cause serious animal and human
diseases (e.g., neurological disorders caused by fumonisin) (Pestka and Smolinski 2005).
Furthermore, fungal species have one of the longest evolutionary histories among eukaryotic
organisms (900 million years), therefore, they have played an important role in understanding
eukaryotic evolution (Galagan et al. 2005).
Oomycetes are a diverse group of organisms that live as saprophytes or as pathogens of
plants, fish, and animals (Govers and Gijzen 2006). Oomycetes were traditionally classified as
fungi because of their filamentous growth and their ability to live on decaying organic matter;
however, they belong to the kingdom Stramenophila, which is evolutionarily closer to algae and
diatoms than to fungi (Sleigh 1989). Unique characteristics of Oomycetes are diploid nuclei and
cellulosic cell walls (Sleigh 1989). Zoospores of Oomycete organisms can reproduce rapidly at
2

low temperatures (i.e., below 15oC) and move quickly to many agriculturally important hosts by
multiple agents, which can be a threat to crop production (Agrios 2005). Fungi and Oomycetes
are important eukaryotic organisms and can actually or potentially be pathogenic to plants,
animals, and humans (Galagan et al. 2005).
Fungal genomics began with the completion of the sequencing of the yeast genome
(Saccharomyces cerevisiae) in 1996 (Goffeau et al. 1996). Two additional fungal species were
finished (Schizosaccharomyces pombe (Wood et al. 2002) and Neurospora crassa (Galagan et al.
2003), however, it was difficult to conduct comparative genomics analyses due to the limited
number of completely sequenced species (Galagan et al. 2005). To support practical fungal
genomic research and appropriately address evolutionary questions on the fungal kingdom, the
Broad Institutes (Fungal Genomics Initiative) and the Joint Genome Institutes (JGI) in the
Department of Energy have led a large number of fungal genome sequencing projects. The
resulting genomic data has been important for understanding the evolution of fungal pathogens
and their diversity in nature. At the beginning of fungal sequencings, the Joint Genome Institutes
mainly focused on sequencing species that can potentially improve bio-fuel production
(http://genome.jgi-psf.org/programs/fungi/about-program.jsf). On the other hand, the Broad
Institutes focused more on fungi important to human health issues
(http://www.broadinstitute.org/scientific-community/science/projects/fungal-genomeinitiative/fungal-genome-initiative). However, JGI announced the initiation of the 1,000 fungal
genomes sequencing project, which will lead the fungal community sequencing efforts with
diverse interests (mycorrhizal symbiosis, plant pathogenicity, biocontrol, lignocellulose
degradation, and sugar fementation, and etc.) and will provide the sequencing of taxonomically
important fungi and multiple strains of important fungal species. In addition to these two main
players, other research institutes, companies, and universities have also released fungal genome
sequences publically, and genomics data have been extensively used to understand the
3

fundamental genome biology and evolution of fungi (Galagan et al. 2005). As the number of
sequenced fungal genomes increases, the construction of a comprehensive database was essential
to conduct comparative genomics studies based on the resulting data. The CFGP (Comparative
Fungal Genomics Platform) project was initiated to integrate all available fungal and Oomycete
genome sequences, annotation information, and useful bioinformatics tools (Park et al. 2008c).
Currently, 283 genomes from 152 fungal and Oomycete species are available in the CFGP 2.0
(see: http://cfgp.riceblast.snu.ac.kr) (Choi et al. 2013).
The genera Fusarium and Phytophthora were chosen as fungal and Oomycete model
systems, respectively. There are four main reasons for this selection. Firstly, large strain
collections of Fusarium and Phytophthora are available and accessible. Preserving the cultured
pathogens isolation is essential for reproducible research and improvement of the experimental
protocols. Moreover, results can be re-evaluated using the same available cultures as
biotechnology advances. The constructed database of strain collections can be utilized to archive
various associated information with the appropriately organized biological resources. For
example, The Fusarium Research Center (FRC) preserves >20,000 cultures that have been well
characterized morphologically and phylogenetically (Geiser et al. 2004). The World Oomycete
Collection at UC Riverside also provides > 6,000 accessions of Phytophthora cultures that
represent the most of the known diversity in the genus. Currently, >130 Phytophthora species
have been reported and characterized in the Phytophthora Database (Kang et al. 2010; Park et al.
2008d). Secondly, these two genera have been widely studied to understand various aspects of
fungal and Oomycete biology, respectively. For example, Fusarium species have been
extensively studied in multiple research areas such as toxicology (Desjardins 2006; Kriek,
Kellerman, and Marasas 1981), phylogenetics (O'Donnell et al. 2004a; O'Donnell et al. 2007;
Taylor et al. 2000), comparative genomics (Ma et al. 2010), and systems biology (Liu et al.
2010). Interestingly, effector proteins secreted by Phytophthora species have been widely studied
4

by many Oomycete biologists (Govers and Gijzen 2006; Tyler et al. 2006). The secreted proteins
have essential roles in disrupting the host immune regulation system (Tyler et al. 2006). Thirdly,
genome sequences of multiple Fusarium and Phytophthora species are publically available from
multiple institutes. In the Fusarium genus, F. oxysporum, F. solani, F. graminearum, and F.
verticillioides were sequenced, and multiple strains of Fusarium oxysporum species complex are
undergoning the process of assembly and annotation at Broad Institutes
(http://www.broadinstitute.org/annotation/genome/Fusarium_group/MultiHome.html). Four
species of Phytophthora, including P. infestans, P. sojae, P. ramorum, and P. capsici have been
sequenced and publically released. Additional species are undergoning community sequencing
efforts. Finally, Fusarium and Phytophthora also have large community groups worldwide. The
Fusarium Workshop and the Molecular Oomycete Genetic Network have played a major role to
unite the community, having a common interest regarding their research topics. In terms of an online based community, FUSARIUM-ID and Phytophthora Database have served the community
via a forensic database since 2004 and 2006 respectively. There are more than 1,200 currently
registered members from >50 countries. Therefore, community platforms with an interactive
environment in knowledge sharing would be applicable and possible. As cyber-enabled
communication becomes more popular among scientists, these two genera have great potential as
model systems.

5

Cyber-infrastructure for fungal genomics research and education
Genomics is a relatively new field of science, and various bioinformatics tools have been
developed and used to analyze huge amount of genomic sequencing data and associated
information (Searls 2000). Genomics also can be defined as the discipline of studying entire
genomes in light of their structures and functions (McKusick 1997). Many mycologists or plant
pathologists, however, face difficulties in addressing research questions based on abundant
genomics data and informatics tools due to their limited knowledge of computing (e.g., script
languages, program configuration, and Unix environments). Several bioinformatics and genomics
research groups realized this problem earlier and introduced user friendly workflow- based tools
so that registered members can construct their own bioinformatics workflow with various
bioinformatics programs (e.g., Galaxy (Giardine et al. 2005) and Taverna (Hull et al. 2006) ).
Cyber-infrastructure has been utilized to share the constructed workflow resources with
community members. Recently, the Galaxy and Taverna teams jointly announced an
exchangeable format between the two platforms, which would be the most important
bioinformatics pipeline projects in USA and Europe and which would lead to more uniform and
organized bioinformatics analysis with diverse background and platforms.
In addition, Galaxy provides a tool with which users can retrieve the annotated genomic
data (e.g., regulatory regions, transcribed regions, repeated sequences, or highly conserved
regions) from the UCSC genome browser and conduct biological and statistical analyses on the
retrieved genomic data (Giardine et al. 2005; Goecks, Nekrutenko, and Taylor 2010). The steps
of bioinformatics analyses can be exported into a workflow format, and the workflow can be
shared with the various members (Goecks, Nekrutenko, and Taylor 2010). In fungal research
groups, CFGP (Comparative Fungal Genomics Platform) employs a unique approach using a
‘Favorite’ workbench (Park et al. 2008c). The results of various bioinformatics analyses can be
6

archived into the database. By linking individual bioinformatics analyses steps, a comprehensive
workflow was developed to support molecular plant pathogen diagnostics in Phytophthora
Database (Figure. 1-1).

Figure 1-1. Overview of the functionality and data flow in Phytophthora Database
This diagram illustrates (A) BLAST (Altschul et al. 1990): a basic local alignment tool
that aligns and illustrates your sequence and the closest matches from the marker sequence
database, (B) ClustalW (Thompson 1994): a multiple sequence alignment tool that will align the
selected sequences (e.g., the twenty best matched sequences) by the distance matrix approach, (C)
Phyloviewer: a tool that visualizes the evolutionary relationships between your isolate and related
described species, (D) Virtual Gel: a tool that displays predicted RFLP patterns from selected
sequences (e.g., your own and the closest sequence matches), and (E) Outputs from all analysis
tools and individual sequences can be saved in the user’s virtual cart or downloaded to his or her
own computer (Park et al. 2008d).

With the 1,000 fungal genome sequencing effort, MycoCosm (JGI) and FungiDB will
continue increasing the number of fungal genomes at their portal websites. Especially,
7

MycoCosm (http://genome.jgi.doe.gov/programs/fungi/index.jsf) organizes regular community
meetings and keeps evaluating the available genome resources from feedback by fungal
specialists, which is critical to improve the quality of the resources. Such efforts will also
increase the accuracy of the bioinformatics pipeline of fungal genome annotation (e.g.,
experimentally provided models, RNA-seq data with expression patterns, and fungal specific
pattern of intron-exon structures, etc.). The recent JGI Fungal genomics program is not only
incorporating fungal resources for the bio-refinery (e.g. Lignocellulose Digradation, Sugar
Fermentation, Industrial Organisms), but it also started providing useful web-resources for the
plant feedstock health (e.g. Mycorrhizal symbiosis, plant pathogenicity, and biocontrol). The
FungiDB (http://fungidb.org/fungidb/) also contributes to the number of fungal genomes with
collaboration using the EucaPath platform developed by the University of Pennsylvania. All these
efforts will significantly support the advance of fungal genomics in the future.
Community platforms in cyber-space will be very useful and helpful in fungal genomics.
Social network platforms such as Facebook and LinkedIn are very popular among college
students, graduate students, young scientists, and many industry or academic professionals.
Because the content of information is very diverse, scientists also began utilizing internet-based
networks for collaboration. A number of scientific communities have built web platforms and
associated databases and material resources to support collaborative research and education.
Good examples include iPlant Collaborative (http://www.iplantcollaborative.org/) and the Yeast
Genome Database (http://www.yeastgenome.org/). BioStar (Parnell et al. 2011) is an actively
used platform in the bioinformatics, computational genomics, and systems biology communities
(http://www.biostars.org/). These community platforms can be used to provide quick reviews of
the latest research developments, experimental protocols, questions, and answers via blog or
forum interfaces. Biostar has played a critical role in helping bioinformatics analysis all over the
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world (Parnell et al. 2011). Cyber-space will support reproducible experimental protocols, and
social network platforms can be a major communication channel among members.
Web-based interactive forums have been major communication channels among
bioinformatics students and professionals. Users can ask questions, and many active members
volunteer to answer them to educate the people. OpenHelix (Uhttp://blog.openhelix.com/)
provides the best question and answer of week, so this platform can be very useful to people in
the bioinformatics community. Science discovers new knowledge, and education conveys this
new knowledge to the next generation. Recently, various web-based scientific education
platforms were introduced. For example, the Nature publishing group opened a web-based
education platform for life science students (http://www.nature.com/scitable). Omics Gateway is
also a well-organized platform that supports exploration of various kinds of genomic research
(http://www.nature.com/omics/index.html). The National Human Genome Research Institute
provides comprehensive resources via web resources (http://www.genome.gov/Education/). The
JGI (Joint Genome Institutes of Department of Energy) and JCVI (J. Craig Venter Institute) also
initiated a genomics education program for microbial communities
(http://www.jgi.doe.gov/meetings/usermeeting/, http://www.jgi.doe.gov/education/,
http://www.jcvi.org/cms/education/). In the plant community, the iPlant Genomics Education
Workshop (http://www.iplantcollaborative.org/) has been developed for plant scientists in
collaboration with the DOLAN DNA Learning center (http://www.dnalc.org/). The association of
Genomics Education Partnership (GEP) has successfully integrated research into laboratory
classes for undergraduate students (Shaffer et al. 2010). The movement for K-12 science
education also has been initiated, and the rice blast fungus is being utilized to teach genomics to
those students (Uhttp://www.science-house.org/fungal/index.html).
Internet-based plant pathogen culture collections (Kang et al. 2006) were proposed and
became realized in collaboration with many colleagues around the world (O'Donnell et al. 2010;
9

Park et al. 2011; Park et al. 2008d). The developed Cyber-infrastructure for Fusarium and
Phytophthora can be used for educational purposes. For example, the molecular diagnostic
section in the Phytophthora Database has been used to learn basic knowledge for the
development of diagnostic markers in the Phytophthora community
(http://www.phytophthoradb.org/diagnostics.php). The Fusarium Blog was initiated to post and
update about current research in the Fusarium community
(http://www.fusariumdb.org/wordpress/). Recently, these two systems have been used as a model
for other community platforms such as the Verticillium group (http://www.verticilliumdb.org) and
the Pythium group (http://www.pythimdb.org). These informatics platforms also provide multiple
educational modules so that many researchers can learn from the websites and apply the
knowledge to their own research topic. Cyber-infrastructure has played critical roles in fungal
genomics research, data storage, and education.

Table 1-1. Current statistics of the available plant pathogen databases
Genus

# of species

# of Isolate

# of Sequences

Fusariuma (Ascomycete fungi)

76

1,847

5,561

Verticillium (Ascomycete fungi)

11

288

1,059

Phytophthora (Oomycete)

138

2,631

6,483

Pythium (Oomycete)

33

364

364

a

. In the genus Fusarium, the species complex concept is essential to understand the nature of

complexity in Fusarium. The seven species complex is archived in FUSARIUM-ID.
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Organization of the dissertation
My dissertation consists of five chapters including an introduction and a summary and
conclusions chapter. Chapter 1 is the introduction and has been critically evaluated and revised
with comments from Dr. Jill Demers and Dr. Seogchan Kang. Chapter 2 is the Phytophthora
Database 2.0 manuscript that has been revised and submitted to a peer-reviewed journal
(Phytopathology). This chapter was critically evaluated by my thesis advisor, Dr. Seogchan Kang,
and by the corresponding co-author Dr. Frank Martin at USDA-ARS. I designed and constructed
the Phytophthora Database and currently have served as database administrator since 2006.
Chapter 3, Cyber-infrastructure for Fusarium, has been published in the Oxford Journals of
Nucleic Acid Research on January 2011 (Park et al. 2011) and appears in this thesis with the
journal’s permission. Any modifications of the published work should also be elucidated;
however, there are no revisions from the original manuscript. I was involved in the design and the
construction of the database with bioinformatics tools. I wrote a draft of the manuscript, and I
have been responsible for maintaining FUSARIUM-ID and Community Platform. Recently, I
also took over responsibility for the maintenance of the Genomics Platform from colleagues at
Seoul National University, and I am trying to update the genomics platforms with newly available
genomic resources. Oxford Journals allowed me to include this published paper in my dissertation
under their Open Access policy. Chapter 4, Using phylogenomics to infer evolutionary history
within Fusarium oxysporum, was initiated from my experience as a teaching assistant in
Genomics and inspired by Dr. David Geiser’s Fusarium class. Dr. Geiser has supported the
preparation of the manuscript with his critical evaluations. This manuscript will be used to
prepare a peer-reviewed publication with further analysis. Chapter 5 consists of a summary and
conclusions of my dissertation. It has been revised by comments from my thesis advisors and
colleagues.
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Chapter 2
Phytophthora Database 2.0: Update and future direction
The online community resource Phytophthora Database (PD) was developed to support accurate
and rapid identification of newly isolated Phytophthora and to help characterize and catalog the
diversity and evolutionary relationships within the genus. Its sequence database has grown from
sequences of 1-9 phylogenetically informative loci from ~1,500 isolates (representing 82 species)
to sequences of 1-12 loci from ~2,600 isolates (representing 138 species). Sequences of multiple
mitochondrial loci were added to complement phylogenetic analyses and diagnostics tool
development based on nuclear loci. Key morphological and growth characteristics of most newly
described and provisional species have been summarized. Other additions to improve PD
functionality include: a) Geographic Information System tools that enable users to visualize the
geographic origins of chosen isolates on global-scale maps, b) tool for comparing genetic
similarity between isolates via microsatellite markers to support population genetic studies within
species, c) comprehensive review of molecular diagnostics tools, relevant references, and the
sequence alignments used to develop PCR-based diagnostics tools to support their utilization and
new tool development, and d) an online community forum for sharing and preserving experience
and knowledge accumulated in the global Phytophthora community.

Background
Few pathogen groups can claim the notoriety of the genus Phytophthora, which includes
old nemeses like P. infestans and P. capsici that continuously threat agricultural systems, and
recently emerged novel pathogens of global concern, such as P. ramorum and P. kernoviae
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(Brasier 2009; Martin et al. 2012). Due in large part to increased surveys of agricultural and
natural ecosystems in recent years, many novel species, including interspecific hybrids, have been
discovered (Brasier 2009; Goss, Cardenas et al. 2011; Hansen, Reeser, and Sutton 2012; Kroon et
al. 2012; Martin et al. 2012). However, despite these advances, understanding of its ecology and
diversity in nature is still limited (Brasier 2009; Hansen, Reeser, and Sutton 2012; Martin et al.
2012). If history is a guide, some novel species will emerge as a threat to crop production and/or
the environment. To effectively support rapid and accurate identification of pathogenic species, a
key step for disease management, we cannot overemphasize the importance of cataloging cultures
and associated data that represent the known diversity as references in a readily accessible format.
Because Phytophthora pathogens pose a threat to agricultural and environmental systems
globally, establishing a mechanism that facilitates international cooperation in documenting the
diversity and dynamics of known and novel pathogens becomes extremely critical for mitigating
their impact (Kang et al. 2010; Kang et al. 2006). To address these needs, Phytophthora Database
(PD; http://www.phytophthoradb.org/) was developed (Park et al. 2008d).
The first version of this online platform consisted of the following components: a) databases that
archive genotypic and phenotypic data associated with individual species and isolates, b) tools for
searching and analyzing archived data, and c) user interface for data browsing, storage, and
submission (Park et al. 2008d). To support quick identification of newly isolated Phytophthora
strains via comparison of sequences at phylogenetically informative loci with the corresponding
sequences derived from known species as well as subsequent phylogenetic analyses for
potentially new species, we populated its sequence database with data from 82 species that were
represented by ~1,500 isolates (Blair et al. 2008; Park et al. 2008d). We sequenced the internal
transcribed spacer (ITS) region of the large subunit nuclear ribosomal RNA (rRNA) genes for all
these isolates, because this locus is the most commonly used marker for quick identification
(Kang et al. 2010). For selected isolates from each of the 82 species, we sequenced up to eight
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more loci: a) the 5’ portion of the large subunit rRNA gene, b) nuclear genes encoding 60S
ribosomal protein L10, beta-tubulin, enolase, heat shock protein 90, TigA fusion protein, and
translation elongation factor 1 alpha, and c) the mitochondrially-encoded cox2 gene and its spacer
region with cox1 (Blair et al. 2008; Martin et al. 2012). A genus-wide phylogenetic tree, based on
combined sequences of these nuclear loci except the ITS region (Blair et al. 2008), was posted in
the species page to highlight the evolutionary position of each species and its relationship with
other species. The species page also contained an array of information, such as nomenclature,
morphological and growth characteristics, hosts and disease symptoms, life cycle, and selected
references, to help users quickly learn about key characteristics of each species. Tools for users
included: a) BLAST for searching the sequence database, b) Phyloviewer for building
phylogenetic trees using the query and similar sequences retrieved via BLAST, c) Virtual Gel to
help predict expected restriction patterns for given sequences, and d) Cart/Folder function that
enables users to store and share data via PD. Since the publication reporting PD in 2008 (Park,
Jung et al. 2008), many new data, information, and tools have been incorporated to expand its
utility and functionality, and its user interface has gone through multiple rounds of modification.
In this report, we outline these changes and how they can assist users and also discuss PD’s future
direction.

Materials and Methods
Improvement of the user interface and associated tools. The databases of PD were built using
the PHP script with MySQL based on the Apache web-server. The middleware was constructed
using ANSI-C and Perl, with the one supporting Comparative Fungal Genomics Platform as a
model. PD runs on a Dell Precision server T3500n (Quad Core Intel® Xeon® W3520 2.66GHz,
8M L3, 4GB DDR3 SDRAM) with the Ubuntu operating system version 12.04. An external 6TB
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Raid hard disk drive is used to backup the archived data and programming source codes. A set of
GIS (Geographic Information System) tools was incorporated into PD to support the visualization
of geographic origins of archived isolates via global map. These GIS tools are based on orthoimagery from National Aeronautics and Space Administration's Geospatial Interoperability
Program and the USDA Farm Service Agency. The map with a zoom function can be overlaid
with reference data layers, including political boundaries, rivers, roads, and railroads from the
United States Census Bureau's Topologically Integrated Geographic Encoding and Referencing
(TIGER) data set. A query tool also was included to support the display of Phytophthora isolates
collected at a given geographic point. A database for microsatellite markers with search functions
was built using the PHP script and currently archives data from P. ramorum (Goss et al. 2009;
Goss, Larsen et al. 2011). Geographic origins of the archived P. ramorum isolates can be viewed
via the GIS tools. An online forum entitled Community Platform was developed to promote and
support sharing of knowledge and experience in the Phytophthora community and provides blog,
protocols, and references. Wordpress 3.4.1 was installed to support blog function, and only
registered users are permitted to write and edit a post.

Collection, curation, and analysis of data. Isolates representing most of the newly described
and provisional species are archived in the World Oomycetes Genetic Resource Collection
(WOGRC, http://phytophthora.ucr.edu) at UC-Riverside. Marker sequences were generated as
described previously (Blair et al. 2008; Park et al. 2008d). Primers and PCR conditions for
amplifying individual markers are described in the Genetic Markers section under the ‘Database’
menu. A new genus-wide phylogenetic tree, based on sequences of four mitochondrial loci from
130 formally described and provisional species, was produced to illustrate the evolutionary
context of each species. Information about key morphological and cultural characteristics of each
species was posted in the species page. To identify potential errors in the identity of isolates
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archived in PD, we aligned all ITS sequences archived in PD based on their species annotation.
Sequences that exhibited a high degree of polymorphism to those from other strains within the
same species were further analyzed by running BLAST searches against GenBank and PD using
them as a query. Those that showed much higher identity to ITS sequences from other species
than to the annotated species designation were considered misidentified when the strains were
deposited to culture collection. Multilocus microsatellite genotype data for P. ramorum were
determined as previously described (Goss et al. 2009; Ivors et al. 2006; Prospero et al. 2009) to
analyze genetic variation within populations and to model putative migration patterns.

Results
Enhancement of the genotypic and phenotypic databases. The sequence database in the first
version of PD housed sequences of 1-9 phylogenetically informative loci from ~1,500 isolates
(representing 82 species). Sequences of seven nuclear loci were generated from 234 isolates
representing these 82 species to establish a robust reference phylogenetic framework for species
identification (Blair et al. 2008), and a resulting genus-wide phylogenetic tree was shown in each
species page to highlight its evolutionary context. Considering that the main function of PD is to
support accurate and rapid identification of Phytophthora, we have updated its sequence database
by depositing data generated from newly described species and correcting historical errors
associated with certain isolates. When available, we also included data from provisional species.
Its sequence database has grown to include sequences of 1-12 loci from ~2,800 isolates
(representing 138 species that include 21 provisionally described species). We replaced the
phylogenetic tree in the species page with a new tree based on sequences of four mitochondrial
loci (cox1, nad9, rps10, and secY). The new tree includes the original 82 species plus 35(?)
species that have been formally described or provisionally identified since 2008 (Martin et al, in
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preparation). The level of sequence divergence within these four loci is comparable to that
observed in the nuclear data, with nad9, rps10, and secY showing higher levels of divergence than
the commonly used cox1 locus. As the Barcode of Life Database project (Seifert 2009) has been
mainly based on the cox1 gene, this locus was included. These loci are easily amplified under
standard PCR conditions and should complement phylogenetic analyses and diagnostics tool
development based on nuclear loci.
With the exception of a core set of several hundred isolates used for the phylogenetic
analyses described above, only sequences of the ITS region have been generated from most other
isolates archived in PD. Some of these isolates were probably misidentified when they were
deposited to culture collections, and the sequence data generated from such isolates became
associated with incorrect species information. To correct such historical errors, we examined the
ITS sequence data as described in MATERIALS AND METHODS. Although this curation was
not sufficient to eliminate all errors, all obvious ones were corrected. This data curation process
also highlighted questionable boundaries for several species (Kang et al. 2010), which helped
develop phylogenetic hypotheses and led to subsequent studies.
Population genetic studies using microsatellite markers have been conducted to understand
potential mechanisms underpinning population changes in several species (Grünwald and Goss
2011). To archive and disseminate results from such studies, we created a database for
microsatellite markers. In the current release we provided recent data for P. ramorum based on
several recent studies documenting the patterns of emergence of this pathogen acround the world
(Grünwald et al. 2012). Currently, we only have data from P. ramorum, but this new database
was designed to archive data from other species. A tool for comparing multi-locus microsatellite
genotypes between isolates was developed to support searches of this new database (see below
for more info).
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To help users to quickly learn about key characteristics of individual species, in addition to the
phylogenetic tree, a brief overview of recently described species, including nomenclature,
morphological and growth characteristics, hosts and disease symptoms, life cycle, known
control/management strategies, diagnostic methods, and selected references, has also been
collected and presented. A global map illustrating the geographic origins of all isolates of each
species was also added to assist users in visualizing the distribution of the species (see below for
more info).

Development of new tools.
GIS tools: We developed GIS tools that allow the visualization of the the geographic origins of
chosen isolates on maps at multiple scales using the zoom function (Fig. 2-1). The maps are
overlaid with reference data layers, including political boundaries, rivers, roads, and railroads, to
provide contexts. A query tool allows users to display all Phytophthora isolates collected at a
given geographic location with links to the isolate database. The GIS tools were incorporated into
a number of places (e.g., the species page, BLAST results, microsatellite search) to visualize the
distribution of chosen isolates. All or selected isolates in a BLAST or microsatellite search output
can be presented on a map, which will help users to quickly learn about the geographic origins of
related strains.
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Figure 2-1 Search tool based on SSR markers and Geographic Information System (GIS) tools.
A, The isolates characterized via SSR markers can be searched via the isolate-associated
information or their genotype at the characterized loci. B, Results from a microsatellite markerbased search of P. ramorum isolates was used to illustrate how geographic origins of the selected
isolates can be viewed via the GIS tools. The red dots indicate the areas where P. ramorum
isolates genetically related to a query isolate were collected. The map was zoomed-in to show
some of the reference data layers, such as political boundaries, rivers, roads, and railroads, around
the collection sites. C, A query tool (the '?' button shown at the bottom of the menu bar on the leaf
side) allows users to display a list of all isolates with links to the isolate database and the ratio of
their genotype collected at a given geographic location.

The tool for comparing genetic similarity between strains via multi-locus microsatellite
genotypes also allows users to search the archived isolates based on host of origin, geographic
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origin, and mating type. To initiate a genotype-based search, user selects genotypes of a query
strain at each of the characterized loci (seven for P. ramorum) via a pull-down menu that shows
all known alleles. The search result is displayed in a tabular format and displays the strain
accession number, similarity score, and matching loci. Geographic origins of any isolates on the
table can be viewed using the GIS tools by clicking the ‘Display the chosen isolates on a map’
button. A step-by-step user guide for how to use the GIS tools and the search tool for the
microsatellite database was incorporated.

Improvement of the user interface and expansion of PD. A number of changes have been
introduced to enhance the user interface and to expand the functionality of PD. Given that most
frequently used function is BLAST, which allows users to identify a new isolate via its sequence
similarity to those archived in PD, the BLAST interface is now shown at the home page so that
users do not need to open it through the ‘Search & Analysis’ menu. A graphic overview of the list
of loci that have been sequenced and the number of sequences from each locus is shown at the
home page and gets automatically updated once new data have been added to the sequence
database. The information displayed here is linked to corresponding databases.
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Figure 2-2. Functions of Phytophthora Database.
The user interface (UI), main data search/analysis tools, and databases are illustrated. The
UI supports database search, data submission, and navigation through PD and has been update
multiple times since its first release in 2008. The new tools and databases that have been added
since then are noted by an asterisk.

Besides updating the species pages, we have generated an array of reference materials to
support research and education on Phytophthora. To effectively curate such materials and to
encourage contribution of new educational materials by members of the global Phytophthora
community, a new tool entitled Community Platform (CP) was created. The content and tools in
CP are organized in the following four sections: a) Phytophthora Blog, b) Molecular Diagnostics,
c) Slide Presentations, and d) Publications. The main function of ‘Phytophthora Blog’ is to
provide an online forum for sharing knowledge and experience with others in the community via
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a blog interface. The trail of communications associated with the archived posts will help new
comers to quickly learn from the accumulated collective knowledge and experience rather than
learning them through trial and error. This social media function will also serve as an ideal
conduit for rapidly sharing information on emerging disease problems and function to support
global networking of those who study Phytophthora. The ‘Molecular Diagnostics’ section houses
a technical guide for the use of molecular diagnostic techniques. This guide provides an overview
of the molecular diagnostics techniques used with Phytophthora and covers the following
methods: a) identification via DNA sequencing, b) gel-based identification of species, c) genusspecific diagnostic markers, d) species-specific diagnostic markers, e) identification of
subpopulations, and f) macro/micro-arrays. A brief description of each method and its
applications with key references is provided. Sequence alignments of the major loci used in PCR
marker design are available for downloading so that users can quickly build their own markers. A
manual for how to use PD to identify a new isolate was also developed. The ‘Slide Presentations’
section currently holds presentations given at two international workshops on Phytophthora to
make the information available to a broader audience. The ‘Publications’ section provides a list of
all Phytophthora-related papers archived in the PubMed..

1

Discussion

The number of registered PD users is around 600 from ~50 countries with ~2,500 visits per
month. Through a series of updates and improvements described here, the utility and functionality
of PD has increased. However, PD continues to remain as a work in progress and requires
suggestions for improvement and contribution of content by the global Phytophthora research
community. Similar to many other online community resources, the long-term sustainability and
growth of PD depends heavily on contributions from the users it serves.
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The most frequent use of PD is identifying new isolates using its sequence database as a
reference, which has contributed to exploring the diversity of Phytophthora. Not all novel species
will likely be a serious threat, but as demonstrated by P. ramorum, the impact of novel pathogens
can be global and costly, underscoring the importance of establishing such a resource. With the
wide-adoption of molecular evolutionary principles for species recognition for fungi and
oomycetes (Geiser et al. 2004), sequence-based markers have facilitated species recognition and
identification. The database of sequences from formally described and provisional Phytophthora
species and their isolates has supported the identification of newly isolated strains and subsequent
phylogenetic analyses to test if they correspond to novel species. This database also supports
Phytophthora diagnosis by providing a robust reference data on which sequence-based detection
and identification methods can build. This genus-wide data set has also helped in recognizing
historical errors in strain identification and questionable species boundaries. Phylogenetic
analyses suggest that several traditionally defined species such as P. capsici, P. citricola, P.
citrophthora, P. cryptogea, and P. drechsleri are complexes consisting of several cryptic species,
and reexamination of culture collections by sequencing also has indicated that potentially novel
species remain misidentified, waiting for reevaluation (Brasier 2009; Kang et al. 2010).
Information about key characteristics of individual species on the species page complements this
sequence database in identifying and describing new species and will also help understand the
evolution of key phenotypic traits in the genus. Given the large magnitude of unexplored
Phytophthora diversity, without such integrated reference resources, efforts to discover and
describe novel species will likely be fragmented, creating confusion instead of the order that
taxonomy should provide. Posting sequence data and phenotypic information from provisional
new species will help prevent duplicated description of new species.
In examining the exotic and reproductive nature of pathogen populations, fast-evolving
molecular markers, such as microsatellites (=simple sequence repeats) are the tools of choice.
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Microsatellites can be used to study the evolutionary processes within species and to infer their
putative migration patterns, helping understand potential mechanisms underpinning changes in
pathogen communities. Studies of P. ramorum based on microsatellite markers have
demonstrated their utility (Goss et al. 2009; Grünwald et al. 2012; Ivors et al. 2006). The
resulting data have been used to build a database and search tool for microsatellite markers. This
new database serves to support population genetic studies of P. ramorum and other species by
archive the resulting data in a format that others can build on. Data for clonal lineages of P.
infestans will be added soon.
The capability of visualizing geographic origins of individual species and isolates via the
GIS tool set enhances our ability to understand the geospatial structure and distribution of
Phytophthora, providing clues to the likely origin of a new isolate. In combination with
microsatellite data, the GIS tools help understand the population structure and dynamics of
individual species in various geospatial contexts. Unfortunately, many historical isolates in PD
lack detailed information on their geographic origin; typically information ends at the country or
state/province level. This currently limits the utility of the GIS tools, but most cultures resulted
from recent surveys are attached to GPS (Global Positioning System) coordinates.
The information content available in Community Platform will continue to grow as a
depository for technical experience and knowledge (e.g., protocols, tips) in the global
Phytophthora community. Since the advancement of science heavily relies on how effectively we
build on existing knowledge and experiences, it is critical to establish an efficient mechanism to
archive and share such resources. Otherwise, scientific endeavors will be fragmented and become
inefficient. This type of knowledge archiving is critical to effectively leverage new knowledge
and respond to Phytophthora threat based on the best available information and also assist new
generations of researchers and educators in quickly learning from the collective knowledge.
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Social media technology offers immense potential for supporting and coordinating this activity
without being limited by distance and traditional forms of organizational structure.
Although DNA sequences and molecular tools are routinely utilized for diagnosis, they
cannot completely replace traditional diagnostic approaches based on morphological and growth
characteristics. To complement sequence-based strain identification, PD will be linked to a new
web resource, entitled “Online Identification Tools for Phytophthora with Interactive Lucid Key,
Tabular Key and Sequencing Analysis,” currently under development (expected to be released in
2014). Although PD provides a summary of key phenotypical characteristics of individual species
via the species page, they are not designed to systematically support identification. This new
diagnostics resource will provide morphological data derived from the types, potential epitypes,
and neotypes (and ex-type = living cultures) of authenticated species in two different formats to
support species identification (G. Abad, unpublished). The Lucid Key (based on Lucid v 3.5) is a
matrix-based identification tool based on a set of 22 morphological features (e.g., sporangium,
oogonium, chlamydospore, hyphal swelling) and 92 character states (e.g., sporangium papillate,
semipapillate, non-papillate). The Tabular Key (Martin et al. 2012) helps users to quickly narrow
down likely identify of a new isolate using any morphological features, which will help them to
make additional observations to confirm its identity. The Lucid Key and the Tabular Key were
beta-tested during the 4th International Workshop of Phytophthora, Pythium and Phytopythium
(held at Univ. of Maryland, 21-25 May 2012).
In the long run, PD will evolve to Cyber-infrastructure for Phytophthora (CiP), which
models after Cyber-infrastructure for Fusarium (Park et al. 2011). The CiF
(http://www.fusariumdb.org) consists of FUSARIUM-ID, Fusarium Comparative Genomics
Platform (FCGP), and Fusarium Community Platform (FCP) with FUSARIUM-ID and FCP
being equivalent to PD and CP. We plan to incorporate a comparative genomics platform into PD
so as to support versatile uses of genome data. Four Phytophthora species have been sequenced
25

(P. sojae, P. infestans, P. capsici and P. ramorum) (Govers and Gijzen 2006; Haas et al. 2009;
Lamour et al. 2012; Tyler et al. 2006) with many other species and additional isolates of the
sequenced species being at various stages of sequencing. Resulting data will provide a solid
foundation for understanding the evolution and biology of Phytophthora.

Chapter 3
Cyber-infrastructure for Fusarium
The fungal genus Fusarium includes many plant and/or animal pathogenic species and
produces diverse toxins. Although accurate species identification is critical for managing such
threats, it is difficult to identify Fusarium morphologically. Fortunately, extensive molecular
phylogenetic studies, founded on well-preserved culture collections, have established a robust
foundation for Fusarium classification. Genomes of four Fusarium species have been published
with more being currently sequenced and annotated. The Cyber infrastructure for Fusarium (CiF;
http://www.fusariumdb.org/) was built to support archiving and utilization of rapidly increasing
data and knowledge and consists of FUSARIUM-ID, Fusarium Comparative Genomics Platform
(FCGP) and Fusarium Community Platform (FCP). The FUSARIUM-ID archives phylogenetic
marker sequences from most known species along with information associated with characterized
isolates and supports strain identification and phylogenetic analyses. The FCGP currently
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archives five genomes from four species. Besides supporting genome browsing and analysis, the
FCGP presents computed characteristics of multiple gene families and functional groups. The
Cart/Favorite function allows users to collect sequences from FUSARIUM-ID and the FCGP and
analyze them later using multiple tools without requiring repeated copying-and-pasting of
sequences. The FCP is designed to serve as an online community forum for sharing and
preserving accumulated experience and knowledge to support future research and education.

1

Background

The fungal genus Fusarium poses a multifaceted threat to global crop production and
animal/human health. Collectively, the genus includes many important plant pathogens (Agrios
2005). Certain Fusarium secondary metabolites, such as fumonisins, trichothecenes, enniatins and
zearalenone, are toxins that threaten food safety and animal/human health (Desjardins 2006).
Some species infect immune-compromised individuals (Anaissie et al. 1988; Dignani and
Anaissie 2004) but also cause corneal infections in people with healthy immune systems (Chang
et al. 2006; O'Donnell et al. 2007). Due to its practical importance, the genus has been
extensively studied at levels ranging from genetic mechanisms underlying important traits, such
as toxin production and pathogenicity, to global biodiversity and evolution (Balmas et al. 2010;
Desjardins 2006; Ma et al. 2010; O'Donnell et al. 2004a; O'Donnell et al. 2010).

More than 35,000 strains isolated from various substrates around the world are
accessioned in the Fusarium Research Center (FRC) and the USDA-ARS National Center for
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Agricultural Utilization Research (NCAUR) Culture Collection, making this genus the bestpreserved fungal group. Using this rich strain resource, extensive molecular phylogenetic studies
have been conducted, resulting in data covering most agriculturally and/or medically important
species complexes (Balmas et al. 2010; Chang et al. 2006; O'Donnell et al. 1998; O'Donnell et al.
2000; O'Donnell et al. 2004b; Starkey et al. 2007; Zhang et al. 2006). However, despite these
advances, a significant amount of diversity has yet to be explored, and some species complexes
are quite poorly characterized phylogenetically. To support and coordinate the remaining
phylogenetic analyses, it is essential to archive available phylogenetic data and associated
cultures in a format that is readily accessible and searchable by members of the global Fusarium
research community.

In 2004, we released FUSARIUM-ID, a simple, web-accessible BLAST server that
consisted of sequences of the translation elongation factor 1α (EF-1α) gene from a fairly
representative spectrum of Fusarium species (Geiser et al. 2004). Since then, we have expanded
FUSARIUM-ID to include sequences of multiple marker loci that represent almost all known
species and to provide more data analysis and visualization tools. We also developed two
additional platforms, including the Fusarium Comparative Genomics Platform (FCGP) and the
Fusarium Community Platform (FCP), to build a more comprehensive community resource,
named as the Cyber infrastructure for Fusarium (CiF; http://www.Fusariumdb.org/; Figure 3-1).
The main motivation for building CiF was to support the archiving and integration of data and
knowledge from disparate yet related areas of research on Fusarium through a single-integrated
platform. Many informatics platforms supporting fungal research have been developed. However,
because they are often specialized for only a subset of data (e.g. genome sequences, data
associated with culture collections or specific gene families), integrated analysis of disparate data
sets across multiple taxa is cumbersome, as data from multiple sources need to be mined and
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integrated in an ad hoc manner. With diverse, systematically archived data sets, the CiF aims to
efficiently leverage new knowledge and support problem solving. We have been building
platforms similar to CiF to support research and education on other taxa (e.g. the Phytophthora
Database (Park et al. 2008d) These platforms share common architecture and tools, such that
building new platforms and improving existing platforms is efficient and cost-effective. As more
platforms are added, they will form a comprehensive cyber infrastructure supporting fungal
research.

Figure 3-1. Organization and functionalities of CiF
The three main components of CiF; FUSARIUM-ID, Fusarium Comparative Genomics
Platform, and Fusarium Community Platform, are illustrated. Several databases specialized for
fungal genome sequences or genome families and functional groups, including Fungal
29

Transcription Factor Database (FTFD; Park et al., 2008b), Fungal Cytochrome P450 Database
(FCPD; Park et al.,2008a), Fungal Secretome Database (FSD; Choi et al., 2010). Useful tools
from Comparative Fungal Genomics Platform (CFGP; Park et al., 2008c), the Seoul National
University Genome Browser (SNUGB; Jung et al., 2008), and the Phytophthora Database (PD;
Park et al., 2008d) support data visualization and analysis in FUSARIUM-ID and Fusarium
Comparative Genomics Platform.

FUSARIUM-ID
With the advent of molecular tools and robust molecular evolutionary principles, it has
become easier and faster to recognize new species when they are encountered (Kang et al. 2010).
Systematically archiving available Fusarium phylogenetic data will help guide future species
descriptions, coordinate community research on its systematics, and support education in
Fusarium biology. Without a robust phylogenetic framework and community-wide knowledge
sharing, discovery and characterization of novel Fusarium species will likely be fragmented,
creating confusion instead of the order that taxonomy should provide. The FUSARIUM-ID
(http://isolate.fusariumdb.org/) consists of a database of extensive sequence data from most
known Fusarium species and data analysis and visualization tools. The FUSARIUM-ID enables
users to explore the diversity of Fusarium and accurately identify new isolates based on their
sequence similarity to previously characterized species.

Data content and utility
The FUSARIUM-ID currently archives 5,558 marker sequences from 1,844 isolates representing
over 200 phylogenetically distinct species. Its data content will grow rapidly, as we continuously
curate and deposit data from previous and current phylogenetic studies. All sequence data in this
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database have been derived from vouchered, publicly available cultures, allowing users to further
investigate any connections between their query and hits in the database. Most of the data in the
FUSARIUM-ID database are also available and searchable through the Centraalbureau voor
Schimmelcultures (CBS) Fungal Biodiversity Center (http://www.cbs.knaw.nl/fusarium) so that
they will be maintained in multiple electronic resources around the world.

Sequence data from more than 10 marker loci are archived in the Fusarium-ID database
with some loci sequenced at multiple locations (e.g. ribosomal RNA encoding genes and their
spacer regions), but individual species typically have been characterized only by a subset of these
markers. However, sequences at three loci, including EF-1α and two genes encoding the largest
and second largest subunits of RNA polymerase (RPB1 and RPB2, respectively), are being
generated for all of the phylogenetic species, and can serve as markers individually and
collectively to help identify new isolates to the species level. To identify a new isolate, sequence
data from one or more of these genes can be used as a BLAST query against the FUSARIUM-ID
sequence database. Considering the extensive coverage of human pathogenic species in the
database, an exact match can be reasonably interpreted as definite species-level identification
(O'Donnell et al. 2010). However, because the value of a sequence match result depends on a few
experimental or biological factors, all results must be interpreted with care (Kang et al. 2010;
O'Donnell et al. 2010). Precise conclusions may require phylogenetic analysis based on multiple
markers, especially when the BLAST results suggest that the query sequence may represent a
novel species not currently represented in FUSARIUM-ID. In such cases, users should employ an
appropriate multi-locus typing scheme to assess genealogical concordance and evidence of
genetic exchange (Geiser 2004; Taylor et al. 2000). Individual sequences and sequence
alignments from previous phylogenetic analyses can be downloaded from FUSARIUM-ID so that
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users can conduct their own analyses, and appropriate cultures can be ordered from FRC and/or
the USDA-ARS NCAUR Culture Collection.

Data analysis and visualization tools
In addition to BLAST, FUSARIUM-ID provides a number of functions adopted from the
Phytophthora Database (http://www.phytophthoradb.org/), a platform we developed to support
the identification and monitoring of Phytophthora species and populations (Park et al. 2008d).
Via the Folder function, users can create two types of data storage space in the CiF: (i) private
folder for storing selected data and results from previous analyses and (ii) shared folder that
permits data sharing with other users designated by the creator of the folder (by assigning user
IDs permitted to access the folder). The shared folder function enables communication and
collaboration among multiple users via the CiF. The Cart function described below allows users
to collect data in multiple areas of FUSARIUM-ID and use/analyze them later. A suite of web
tools, named the Phyloviewer, allows users to align sequences in BLAST outputs, including the
query sequence, and any data stored in the Cart and build phylogenetic trees on the fly. Sequence
data in the resulting tree are linked to information associated with corresponding isolates so that
users can browse if any notable patterns (e.g. geographic and host of origins, mycotoxin profiles,
etc) exist among the isolates included in the tree. The Virtual Gel function supports this
diagnostic method by generating predicted restriction fragment length polymorphism (RFLP)
patterns from chosen sequences and restriction enzyme(s) via a virtual gel.

Future plans
The CiF data warehouse will be continuously populated with phylogenetic sequence data from
our previous and current studies to provide a robust foundation for ecological and phylogenetic
studies and genome sequencing efforts. The utility of FUSARIUM-ID will be enhanced as
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members of the global Fusarium research community deposit cultures of novel species, along
with associated sequence chromatograms and data, so that the sequence results can be verified
and isolates are made available for future study. We also plan to add photographs and/or line
drawings illustrating key morphological features associated with each phylogenetic species.

Two main functions that will be available soon are a geographic information system
(GIS) tool and a tool for searching and comparing population genetic diversity data based on
simple sequence repeat (SSR) loci. Both tools are currently functional in the Phytophthora
Database. The GIS tool will function as a digitized atlas showing the genotypic and phenotypic
diversity of Fusarium worldwide in geospatial and temporal contexts. This functionality will help
to establish a baseline for monitoring the biogeographic diversity of Fusarium species. For major
pathogenic Fusarium species, we plan to generate MLST (Multi-Locus Sequence Typing) data
sets for population-level analyses. In combination with the GIS tool and a search tool for MLST
data (to be developed), users can significantly increase their sampling by integrating their datasets
with those available in FUSARIUM-ID, monitor haplotype diversity across hosts and geographic
regions, and examine the demographic history of species/populations.

1

Fusarium Comparative Genomics Platform

Rapidly accumulating genome sequence data from diverse Fusarium species with
different traits offers tremendous opportunities for understanding the molecular and evolutionary
mechanisms underpinning functional diversification at a genome level (Coleman et al. 2009;
Cuomo et al. 2007; Ma et al. 2010). The FCGP (http://genomics.fusariumdb.org/) was developed
to facilitate the realization of such opportunities. Besides providing an interactive genome
browser, the FCGP presents computed characteristics of multiple gene families and functional
33

groups in sequenced species to support quick comparison and analysis across species. In
combination with the phylogenetic framework and accessioned cultures available through
FUSARIUM-ID, the FCGP will help users study the evolution of Fusarium genes, gene networks
and whole genomes.

Genome data
The genomes of four Fusarium species, including F. graminearum (two strains), F. oxysporum,
F. verticillioides and one species in the F. solani species complex, have been sequenced
(Coleman et al. 2009; Cuomo et al. 2007; Ma et al. 2010) with more species and isolates
currently being sequenced or annotated. The first three species were sequenced by the Broad
Institute (http://www.broadinstitute.org/annotation/genome/Fusarium_group/MultiHome.html),
while the Department of Energy Joint Genome Institute sequenced F. solani (also known as
Nectria haematococca Mating Population VI; http://genome.jgipsf.org/Necha2/Necha2.home.html). We converted sequences from these sites into a common
format via the data extraction pipeline of the Comparative Fungal Genomics Platform (CFGP;
http://cfgp.snu.ac.kr/) (Park et al. 2008c). The most recent versions of genome data, as well as
earlier versions, are available in the FCGP (under the ‘List of all Fusarium genomes’ in the
‘GENOMEs’ menu). Results of the annotation of each gene with 12 different programs, including
InterPro scans, subcelluar localization prediction softwares, signal-peptide prediction programs
and transmembrane helix prediction programs, are presented.

Genome browser
As the scale and complexity of genome sequence analyses increases, a versatile genome browser
has become an essential tool. To support visualization and utilization of genome sequences and
features both within and across species, the SNU Genome Browser (SNUGB;
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http://genomebrowser.snu.ac.kr/) (Jung et al., 2008), a genome browser developed to support the
CFGP and several platforms derived from the CFGP, was integrated into the FCGP. The
application interface of the SNUGB was designed in a modular fashion to facilitate the addition
of new tools and its customization for specialized platforms. The SNUGB has already been
implemented in multiple platforms. All sequence data and contig information are displayed
through the interface of the Contig Browser. Annotation information in a chosen region, such as
transcripts, ORFs, tRNAs/rRNAs, exon/intron structure, SignalP, PSort and InterPro domains,
can be displayed in multiple formats. Such information will be useful for in-depth analysis of
gene function. In addition, the Chromosome Viewer shows the chromosomal locations of the
phylogenetic markers stored in FUSARIUM-ID. Once the user clicks the bar indicating a specific
marker, genomic sequences and features around the marker can be viewed through the SNUGB
interface. The SNUGB can display genome sequences from multiple strains/species around a
chosen locus to facilitate the evaluation and development of new phylogenetic markers, including
the design of PCR primers.

Platforms that support the analysis of specific gene families and functional groups
We have constructed several comparative genomics platforms specialized for supporting in-depth
analysis of specific gene families and functional groups in fungi (Park et al., 2008a, Park et al.,
2008b). One of them is the Fungal Transcription Factor Database (FTFD; http://ftfd.snu.ac.kr/)
(Park et al., 2008b), in which all putative transcription factors (TFs) encoded by sequenced fungal
and oomycete species were identified and classified into families. Cytochrome P450s, a
superfamily of heme-containing monooxygenases, play critical roles in fungal metabolism and
ecology by participating in the production of diverse metabolites and also modifying harmful
environmental chemicals (Park et al., 2008a). The Fungal Cytochrome P450 Database (FCPD;
http://p450.riceblast.snu.ac.kr/) (Park et al., 2008a) archives genes encoding P450s to support
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studies on their function and evolution. The Fungal Secretome Database (FSD;
http://fsd.snu.ac.kr/) identifies and archives putative secretory proteins (Choi et al., 2010).
Fusarium-specific data from these three platforms, including 3075 TFs, 577 cytochrome P450s
and 11,668 putative secretory proteins, are organized to provide an overview of these proteins
within and across Fusarium species. A BLAST server for each data set is available for quick
search. Moreover, genes that appear unique to each species, as well as those that are present in
subsets of the four species, were identified through BLASTMatrix2, a modified BLAST program
that searches gene(s) homologous to a query in multiple species simultaneously. With FTFD,
FCPD, FSD and BLASTMatrix2, Fusarium proteins can be quickly compared with those in other
fungal taxa.

Future plans
In addition to depositing newly released Fusarium genome sequences, characteristics of
additional protein groups, such as ABC transporters and carbohydrate degrading enzymes, will be
added once the corresponding fungal kingdom-wide databases are established. Available
expressed sequence tags from Fusarium species will also be archived and linked to the
corresponding genomes.

Cart/Favorite: A Hub for Data Repository and Analysis
Availability of multiple disparate, yet complementary, data through a single platform opens up
the possibility of integrated analysis without going through data retrieval from multiple
independent sources. However, to enable such analysis, a tool for retrieving and managing data
from multiple databases is required. The Cart (or ‘Favorite’ in the FCGP) function serves as such
a tool (Figure 3-2). Through this function, users can collect metadata for any sequences deposited
in Fusarium-ID and the FCPD, and all or part of the collected data can be analyzed later by
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available data analysis tools, including BLAST, ClustalW, Virtual Gel, and Primer3, without
requiring repeated copying-and-pasting of sequences for different analyses. Each cart/favorite can
be stored in user's private and/or shared folder. The Cart (Favorite) function has been
implemented in several platforms we have developed (Choi et al. 2010; Jung et al. 2008; Park et
al. 2008a; Park et al. 2008b). Many additional analysis tools that are currently operational in the
CFGP (Park et al., 2008c) will be integrated to the CiF Cart/Favorite function to expand its utility.

Figure 3-2. Cart/Favorite, a hub for data storage and analysis in the CiF. Users can collect
sequences through two different interfaces: (i) Cart in FUSARIUM-ID and (ii) Favorite in the
FCGP. All or part of the sequences collected in a cart/favorite, can be analyzed using several
bioinformatics tools and can also be shared with other users through the Folder function.

37

Fusarium Community Platform
Sharing experience and knowledge is fundamental to help leverage new knowledge and
educate the next generation of researchers and educators. Without an efficient mechanism to
support such effort, scientific endeavors will be fragmented and become inefficient. Web 2.0
technologies offer immense potential for supporting the pooling and sharing of diverse experience
and knowledge accumulated in a global research community without being limited by distance
and traditional forms of organizational structure. A number of scientific communities have built a
web platform and associated databases and material resources to support community research and
education. Some notable examples include the Arabidopsis Information Resource (TAIR;
http://www.arabidopsis.org/), the iPlant Collaborative (iPlant;
http://www.iplantcollaborative.org/), the PHI-base (http://www.phi-base.org/about.php), GMOD
(http://gmod.org/wiki/Main_Page) and the Aspergillus website (http://www.aspergillus.org.uk/).
However, this potential needs to be more widely harnessed.

The FCP (http://www.Fusariumdb.org/wordpress/) is currently being developed to
support the preservation and sharing of experience and knowledge accumulated in the global
Fusarium research community. Because the FCP is a new addition to the CiF, the currently
available content is rather limited. However, through ‘crowd sourcing’ in the community, we plan
to expand its content quickly. The FCP is expected to provide quick reviews of latest research
development, experimental protocols, educational modules, and community news via a blog
interface. The trail of communications associated with the archived content, particularly
protocols, will help new comers to the community quickly learn from the collective knowledge
rather than learning them through trial and error. Because it is web based, the FCP will also
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become an ideal medium for rapidly sharing information on emerging disease problems and
coordinating subsequent responses. We envision that the FCP will also function to support global
human networking.

Availabiity and Requirement
All three platforms of the CiF can be accessed via the gateway web page
(http://www.fusariumdb.org/). Although registration is not mandatory, certain functions, such as
Folder and Cart and writing a post through the FCP, are not available without login. More than
500 users from 33 countries have registered. However, considering that guests can access most
functions and data, the actual number of users and countries should be larger. User access data
(monthly and yearly) can be found in the statistics page of the CiF.
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Chapter 4
Using phylogenomics to infer evolutionary history within Fusarium
oxysporum
AA

Species recognition and evolutionary inference in the Fusarium oxysporum species
complex (FOSC) has been challenging, but addressing this question is critical for understanding
the diversity and evolutionary dynamics of this species complex. Previous phylogenetic studies
indicated a lack of concordance between molecular markers within the complex, reflecting either
some form of genetic exchange or marker behavior that conceals evolutionary history. To
determine whether a consistent evolutionary pattern could be inferred from markers within the F.
oxysporum genome, we performed phylogenetic analysis using DNA sequences from 40 inferred
open reading frames evenly distributed across F. oxysporum chromosomes in eleven F.
oxysporum isolates with available complete genome sequences. Analysis of polymorphic sites at
the 40 multi-locus regions combined showed 89.3% similarity between the FOSC and F.
verticillioides, and 96.3% similarity among members of the FOSC. 24/40 markers showed the
same topology as the combined 40 multi-locus phylogeny; however, phylogenies for 12 loci
showed topologies that differed from the consensus tree. Also, four individually-constructed
phylogenies show very low bootstrap support on most branches, creating un-resolved trees. Two
distinct groups were identified among 10/11 FOSC isolates, with the eleventh strain II5 (F.
oxysporum f.sp. cubense) shown as distinct from the other strains in most gene trees. These
results strongly indicate that most unlinked genes within FOSC contain a record of the
evolutionary history of the group, reflecting either clonal reproduction or a record of speciation.
This work also identifies a number of candidate markers for further investigation of evolutionary
patterns within FOSC, and demonstrates the utility of the Fusarium Comparative Genomics
Platform for performing phylogenomic studies in this group.
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Background
The Fusarium oxysporum species complex (FOSC) is a common haploid fungus in soils
and the rhizosphere of various plants. It is generally recognized to reproduce clonally, however,
the possibility of recombination within the species complex also needs to be considered (Gordon
and Martyn 1997; Taylor, Jacobson, and Fisher 1999). While cryptic phylogenetic species
boundaries have been identified within almost all species complexes within Fusarium (O'Donnell
et al. 2012; O'Donnell et al. 2010; O'Donnell et al. 2009), ‘F. oxysporum’ is generally assumed to
be asexual and comprising clonal lineages (O'Donnell et al. 1998; Taylor, Jacobson, and Fisher
1999). A comprehensive two-locus phylogenetic analysis of the FOSC, utilizing a portion of the
translation elongation factor 1-alpha (TEF) gene and the intergeneric spacer (IGS) regions of the
nuclear ribosomal RNA gene repeat, showed extensive phylogenetic incongruence among the two
markers, consistent with genetic exchange among lineages. Appropriate data for utilizing
genealogical concordance phylogenetic species recognition (Taylor et al. 2000) to identify
potential cryptic species boundaries within FOSC are not currently available.
The complete genome sequence of Fusarium oxysporum f. sp. lycopersici (strain 4287)
consists of 59.9 Mb on 15 chromosomes, predicted to encode 17,735 coding genes, larger than
the genomes of F. graminearum and F. verticilliodes (Ma et al. 2010). Large portions of the F.
oxysporum genome totaling 14.9 Mb were identified that appear to be unrepresented in other
Fusarium genomes, referred to as “lineage-specific” (LS) regions. (Ma et al. 2010). These
regions contain more repetitive sequences and transposons than other parts of the genome and are
hypothesized to be involved in the rapid adaptation of F. oxysporum as a pathogen (Ma et al.
2010). However, the origin of the extra genes in the FOSC is still not clear. Horizontal-gene
transfer (HGT) might be one possibility (Ma et al. 2010). Although no sexual stage for the FOSC
is known, a cryptic sexual stage may exist, which could mediate genetic exchange among
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lineages and lead to incongruent phylogenetic inferences among markers (Taylor, Jacobson, and
Fisher 1999). Other phenomena, including different patterns of mutation and selection among
markers, could underlie phylogenetic incongruence among genetic markers.

Materials and Methods
Fusarium genomics resources
Publicly available Fusarium genomes were downloaded from their sources (Broad
Institute and Joint Genome Institutes) (Park et al. 2011). Numbers of coding genes listed differ
from the numbers given in original descriptions (Ma et al. 2010), because data from the newly
released genomes from the Broad Institutes was applied to the Fusarium Comparative Genomics
Platform at Penn State University.

Table 4-1. Characteristics of currently available completed Fusarium genomes available at
Fusarium Comparative Genomics Platform at Penn State (http://genomics.Fusariumdb.org).

Species

Number of

Number of coding

Genome size

Chromosomes

genes a

(Mb)

Fusarium oxysporum f. sp. lycopersici
(strain 4287)

15

17,701

59.9

Fusarium verticillioides 7600

12

14,188

41.7

Fusarium graminearum PH-1

4

13,321

36.2

Fusarium solani f. sp. pisi

17

15,707

54.4

a

The number of coding genes may be different from the original reference because recent updates

have been applied to the Fusarium comparative genomics platform.
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Additionally, 10 strains of F. oxysporum are in the annotation pipeline, and the assembled contigs
are publically available at Broad Institute. In this study, we utilized the 11 strains of the Fusarium
oxysporum species complex with F. verticillioides as an outgoup in phylogenetic reconstructions
(Table 2). The genomic data from 10 F. oxysporum strains were downloaded, and a BLAST
dataset was generated to facilitate searching and retrieving the candidate orthologous genomic
regions from the assembled sequence dataset.
.
Table 4-2. Fusarium genomes analyzed to develop MLST dataset
Estimated

Isolate*
Fol 4287 (NRRL 34936)

Inferred number of

Genome size

coding genes a

(Mb) b

Pathotype
f. sp. lycopersici race 2 (tomato

17,708

61.36

unknown

49.66

pathogen)
Fol Fo47 (NRRL 54002)

Biocontrol agent with no known
plant pathogenicity, from soil

Fol FOSC (NRRL 32931)

human pathogen

unknown

47.91

Fol HDV247 (NRRL

f. sp. pisi, (pea pathogen)

unknown

55.19

f. sp. lycopersici race 3 (tomato

unknown

48.64

unknown

49.36

unknown

52.91

37622)
Fol MN25 (NRRL 54003)

pathogen)
Fol CL57 (NRRL 26381)

f. sp. radicis-lycopersici (tomato
pathogen)

Fol Cotton (NRRL 25433)

f. sp. vasinfectum (cotton
pathogen)
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Fol II5 (NRRL 54006)

f. sp. cubense tropical race 4

unknown

46.55

unknown

54.03

unknown

53.58

unknown

53.50

14,169

41.78

(banana pathogen)
Fol melonis (NRRL 26406)

f. sp. melonis (Cucurbita
pathogen)

Fol PHW808 (NRRL

f. sp. conglutinans race 2,

54008)

(Brassica/Arabidopsis pathogen)

Fol PHW815 (NRRL

f. sp. raphani

54005)

(Raphanus/Arabidopsis
pathogen)

Fv 7600 (NRRL 20956,

corn ear rot

outgroup)
*

Fo = F. oxysporum; Fv = F. verticillioides

a

The number of coding genes will be updated when the annotation data is publically available via

Broad Institutes, Fusarium Comparative Genomics Platform.
b

The estimated genome size of Fol 4287, and Fv 7600 is trustworthy. It was derived from the

published Fusarium genome paper (Ma et al. 2010), however, the genome size of the newly
sequenced Fol genomes can be updated with the release of the genome papers in the future.

Selection of candidate molecular markers
To identify candidates for useful molecular markers, we identified genomic regions
corresponding to the predicted open reading frames spaced approximately every 1 million base
pairs, using the FCGP browser. Loci were acceptable candidates if they satisfied the following
criteria: (1) showed clear homology among all 11 Fusarium oxysporum strains and Fusarium
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verticillioides; (2) were not found in the LS chromosomes and chromosomal regions defined in
Fo 4287 by Ma et al. 2010); (3) could be aligned over most of the length of the protein without
gaps (although small gaps between Fusarium oxysporum and the Fusarium verticillioides
outgroup were acceptable). Because the best-matched regions in BLAST results were likely to be
well-conserved exon regions, only exons and well-aligned intron regions were used in sequence
alignment and phylogenetic analyses (Table 3). If multiple exons were available, only the largest
exon of each gene was used in the analysis. Three widely used genomic regions, EF1a, RPB2,
and B-tub, were also included. Synteny of the genomic positions of the markers could not be
determined because all of Fo isolates except Fo 4287 are unassembled.

Table 4-3. Positions of forty MLST regions used in this study in the Fo 4287 genome
Fo 4287

Length of Fo

Chromoso 4287

Additional
a

me

chromosome

Locus name of the selected genomic regions

Chr 1

6,852,980 bp

FOXG_10995 (1056), FOXG_11304 (1290),
FOXG_00390 (1836), FOXG_00591 (1917),
FOXG_00906 (1419), FOXG_01192 (924)

Chr 2a

4,901,159 bp

FOXG_05721 (517), FOXG_06228 (793),
FOXG_06412 (1563), FOXG_08433 (554),
FOXG_08724 (1034)

FOXG_06228
(Beta tublin)

Chr 3

5,630,991 bp

None

LS region

Chr 4

5,211,762 bp

FOXG_07575 (1490), FOXG_07897(1335),
FOXG_03734 (1121), FOXG_04115 (1038),
FOXG_04447 (966)

Chr 5

4,913,260 bp

FOXG_15395 (1638), FOXG_01629 (1193),
FOXG_01862 (1969), FOXG_02225 (634),
FOXG_02470 (1872)

Chr 6

4,584,937 bp

None

LS region

Chr 7

4,346,182 bp

FOXG_04846 (657), FOXG_10639 (2421),

FOXG_10639
(RNA polymerase
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information

FOXG_05213 (672), FOXG_05470 (633)

II)
FOXG_03515
(EF1a)

Chr 8

3,983,410 bp

FOXG_02766(504), FOXG_03134 (756),
FOXG_03515 (1346), FOXG_15690 (1435)

Chr 9

3,303,701 bp

FOXG_09037 (1070), FOXG_09373 (1587),
FOXG_12795 (1629), FOXG_13010 (1030)

Chr 10

2,894,840 bp

FOXG_13805 (1449), FOXG_11435 (1206),
FOXG_11777 (1492)

Chr 11

2,336,134 bp

FOXG_09578 (687), FOXG_09927 (891)

Chr 12

2,232,407 bp

FOXG_13236 (723), FOXG_14559 (1269)

Chr 13

1,750,499 bp

None

Chr 14

1,644,460 bp

None

LS region

Chr 15

2,431,640 bp

None

LS region

a

The length of the aligned sequence analyzed for each locus is given in parentheses.

Phylogenetic analysis
Forty multi-locus regions were manually inspected to exclude areas of uncertain alignment. The
multiple sequence alignment was performed using ClustalW (Thompson 1994) in MEGA 5.0
(Tamura et al. 2011). There was no significant gap among the Fo strains, but a number of gaps
were found in comparison with Fv 7600. Preliminary phylogenetic trees were constructed using
the neighbor-joining method implemented in MEGA (Tamura et al. 2011). For the concatenated
phylogenomic analysis, jModelTest 2.1.2 was utilized to find the best substitution model (Darriba
et al. 2012). The general time reversible nucleotide substitution model with gamma-distributed
rate variation and a proportion of invariable sites was selected with the highest score based on the
hierarchical likelihood ratio test and the Akaike Information Criterion (AIC). Maxium likelihood
phylogeny were reconstructed with general time reversible model, using the Gamma distributed
with Invariant sites (G+I) in MEGA 5.0. Gaps and missing data were treated with complete
deletion mode. Maximum parsimony analysis was conducted using PAUP* version 4.0b10
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(Swofford 2002); 1,000 bootstrap datasets were analyzed with each replicate using a heuristic
search with random sequence addition, tree-bisection-reconnection (TBR) branch swapping
method. In addition, Bayesian analysis was performed with MrBayes version 3.1.2 (Ronquist and
Huelsenbeck 2003). Two analyses were conducted simultaneously for one million generations
with four chains (temperature = 0.2), which consist of three heat chains and one cold chain. Flat
Dirichlet priors (default value) were used for the nucleotide base frequencies and the six rate
parameters of the general time reversible model. Uniform priors between 0 and 1 were used for
the gamma shape parameter and the proportion of invariable sites. A concatenated alignment of
47,616 sites from the 40 multi-locus regions were used to construct a phylogeny using neighborjoining, maximum parsimony, and maximum likelihood methods, using the above parameters.

Results
Phylogenetic analysis using concatenated 40 MLSTs
In this study, phylogenetic analyses were conducted using at total of 47,616 sites across 40
genomic regions evenly distributed across F. oxysporum chromosomes, both separately and
combined. (Figure 2, Table 4). The three methods of phylogenetic inference produced the same
overall topology. Nine nodes were resolved in the 40-locus combined analysis. One Fo isolate,
Foc II5, was poorly resolved, falling basal with respect to the other Fo isolates within the ingroup.
Six of the nine resolved nodes received 100% bootstrap support, while others received support
values of 94%, 81% and 79% in maximum parsimony tree and 82%, 92%and 89% in maximum
likelihood analysis. However, the Bayesian analysis showed 100% bootstrap support on all of the
branches on the phylogeny.
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Figure 4-1. A phylogeny using 40 multi loci from 12 taxa of Fusarium species (11 F.
oxysporum isolates and F. verticillioides). The branch lengths from maximum likelihood
phylogeny are shown, representing number of substitutions per site through the scale bar below
(0.01). Three numbers on nodes are bootstrap support values for maximum likelihood (top;
MEGA 5.0) and maximum parsimony (middle; PAUP 4.0), and Bayesian posterior probabilities
presented as percentages (bottom, MrBayes 3.1.2).

Table 4-4. Genomic regions that individually showed strong bootstrap supports on each node (19) in the 40-locus combined phylogeny
Node (bootstrap support
values of ML,MP,Bayesian)

Number and IDs of loci providing strong (>90%) support

1 (82/94/100)

5: FOXG_00179, FOXG_08433, FOXG_04447, FOXG_04846,
FOXG_11435
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2 (100/100/100)

6: FOXG_00591, FOXG_00906, FOXG_06412, FOXG_07897,
FOXG_11435, FOXG_14559

3 (100/100/100)

9: FOXG_00179, FOXG_00591, FOXG_00722, FOXG_06412,
FOXG_07897, FOXG_10639, FOXG_09373, FOXG_11435,
FOXG_13236

4 (89/79/100)

0

5 (100/100/100)

16: FOXG_10878, FOXG_10995, FOXG_11197, FOXG_00080,
FOXG_00390, FOXG_00495, FOXG_00906, FOXG_01023,
FOXG_06412, FOXG_08724, FOXG_15395, FOXG_01862,
FOXG_04846, FOXG_11435, FOXG_11777, FOXG_14559

6 (100/100/100)

15: FOXG_10878, FOXG_11304, FOXG_00179, FOXG_00242,
FOXG_00906, FOXG_06412, FOXG_08724, FOXG_07575,
FOXG_01862, FOXG_04846, FOXG_05213, FOXG_12795,
FOXG_11777, FOXG_09578, FOXG_14559

7 (92/81/100)

3: FOXG_10995, FOXG_15395, FOXG_11777

8 (100/100/100)

4: FOXG_11197, FOXG_11304, FOXG_03734, FOXG_15395

9 (100/100/100)

6: FOXG_10995, FOXG_00080, FOXG_03734, FOXG_15395,
FOXG_02470, FOXG_11777

a

The number in parentheses indicates the bootstrap support in the combined 40 locus phylogeny.

Polymorphic site analysis
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Analysis of polymorphic sites at the 40 multi-locus regions shows an average of 89.3% identity
between the Fusarium oxysporum species complex and Fusarium verticillioides, and 96.3%
similarity among members of the Fusarium oxysporum species complex. Table 5 summarizes the
polymorphic site analysis performed in this study.

Table 4-5. Polymorphic site analysis
Chromo
-somes
Chr1

Chr2

Chr4

Chr5

Chr7

Chr8

Chr9

# of

Length

exons

Locus name
a

# of Polymorphic sites

Additional

(F. oxysporum only / with outgroup)

Information

FOXG_10995
FOXG_11304
FOXG_00390
FOXG_00591
FOXG_00906
FOXG_01192 a
FOXG_05721
FOXG_06228 b
FOXG_06412 a
FOXG_08433
FOXG_08724 a
FOXG_07575 a
FOXG_07897
FOXG_03734
FOXG_04115 a
FOXG_04447
FOXG_15395 a
FOXG_01629 a
FOXG_01862
FOXG_02215 c
FOXG_02470
FOXG_04846

1
1
1
1
1
1
5
5
1
2
2
2
1
1
2
1
1
4
2
3
1
1

1056
1290
1836
1917
1419
924
517
793
1563
554
1034
1490
1335
1121
1038
966
1638
1193
1969
634
1872
657

51
23
40
36
45
27
19
18
63
17
55
31
30
31
50
39
161
14
33
33
33
153

138
99
107
156
175
107
63
31
239
59
194
214
140
142
96
94
313
70
112
112
112
164

FOXG_10639 b
FOXG_05213
FOXG_05470
FOXG_02766 c
FOXG_03134
FOXG_03515 a,b
FOXG_15690 a
FOXG_09037
FOXG_09373
FOXG_12795
FOXG_13010 c

3
1
1
1
1
4
3
1
3
1
2

2421
672
633
504
756
1346
1435
1070
1587
1629
1030

71
14
23
12
17
16
97
20
27
29
76

148
55
65
57
45
36
216
74
80
122
151
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B-tub, exon 4

variation in II5 d

variation in II5 d
RPB2

EF1a, exon 4
variation in II5 d

Chr10

Chr11
Chr12

Total

FOXG_13805 c
FOXG_11435
FOXG_11777
FOXG_09578
FOXG_09927 a
FOXG_13236 a
FOXG_14559

40MLSTs

2
1
1
1
1
1
1

1449
1206
1492
687
891
723
1269

30
43
95
30
30
29
59

47,616

1,746 (3.7%)

174
147
193
94
110
143
200

5,100 (10.7%)

a

Twelve loci that were incongruent with the multi-locus consensus tree

b

Commonly used genetic marker regions

c

Four loci with un-resolved gene trees due to the low bootstrap support (less than 80%)

d

Three loci with relatively large numbers of polymorphic sites due to differences between

Fusarium oxysporum strain II5 and the other F. oxysporum

Phylogenetic Analysis using individual loci
Individually-constructed phylogenies for 24 loci show the same pattern of topology as the
collectively-constructed 40 multi-locus phylogeny; however, phylogenies for 12 loci show
different tree topology. Also, four individually-constructed phylogenies show very low bootstrap
support on most branches, creating un-resolved trees (FOXG_02215, FOXG_02766,
FOXG_13010, FOXG_13805). The twelve incongruent loci could be categorized into three kinds.
Figure 3 summarizes the three categorizations of the 40 single gene trees. Additionally, we
conducted 40 single gene phylogeny construction using only Fusarium oxysporum strains without
including the outgroup (Fusarium verticillioides). The result shows that the topology of the single
gene trees and concatenated tree without the outgroup was not changed and was very close to the
previously generated phylogenies that included the outgroup. We also considered the presence
and absence of Fusarium oxysporum II5 taxa because it seems to increase variation among seven
incongruent individual phylogenies (FOXG_06412, FOXG_04115, FOXG_13236,
FOXG_09927, FOXG_07575, FOXG_15395, and FOXG_01629). Interestingly, the constructed
phylogenies without Fusarium oxysporum II5 also were similar to the phylogenies that included
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all strains, indicating that this strain is a highly separated group that does not have a significant
influence on the topology of the phylogeny.

Figure 4-2. The twelve individually-constructed, incongruent phylogeny. They can be
grouped into three categories: (1) Incongruent topology due to the grouping of F.
oxysporum II5. For example, F. oxysporum II5 was sometimes grouped with clade 1 (e.g.,
FOXG_06412, FOXG_04115, and FOXG_13236), sometimes grouped with clade 2 (e.g.,
FOXG_09927), and sometimes created a new group with F. oxysporum cotton (e.g.,
FOXG_07575, and FOXG_15395). In addition, F. oxysporum II5 strain sometimes formed an
unresolved topology with members of clade 1a (e.g., FOXG_01629). (2) Conflicts in clade 1b.
F. oxysporum strains Fo47 and MN 25 grouped closely in the collective 40 multi-locus
phylogeny. On the other hand, F. oxysporum strain CL57 and MN 25 grouped more closely in
three single gene phylogenies (e.g., FOXG_06412, FOXG_03515, and FOXG_15690). (3)
Conflicts in clade 2. F. oxysporum strains HDV247 and PHW815 are grouped closely with very
strong bootstrap support in multi-locus phylogeny. However, single gene trees sometimes showed
52

F. oxysporum strain HDV247 grouping with the F. oxysporum strain PHW808 (e.g.,
FOXG_10995) or with F. oxysporum strain cotton (e.g., FOXG_15690), causing a conflict in the
sub-clade of clade 2. Also, F. oxysporum strain PHW808 is grouped together with F. oxysporum
cotton in the FOXG_01192 single gene phylogeny.

Discussion

Species boundaries in the Fusarium oxysporum species complex
Species boundaries have been recognized using various species concepts. The morphological
species concept can be unreliable because morphological characteristics are likely to quickly
change or are not easily observed due to variations in environmental conditions, while the
biological species concept cannot comprehensively explain exceptional types of reproduction
such as asexual or parasexual reproduction or horizontal gene transfer. However, the phylogenetic
species concept, using genotype data such as variation within genomic regions, exon-intron
structures, and simple sequence repeat regions, is likely to be reliable and reproducible (Taylor et
al. 2000). Fusarium oxysporum is a ubiquitous asexually-reproducing fungus and is very diverse,
having a wide range of hosts (Agrios 2005). Accordingly, understanding the genomic diversity
among the different strains of F. oxysporum has been very challenging to many professional
mycologists and plant pathologists. The major premise of phylogenetic species recognition is that
genomic regions are available that can be used to logically explain the history of organisms using
their genomic variation and phylogenetic patterns (Taylor, Jacobson, and Fisher 1999; Taylor et
al. 2000). With this in mind, molecular phylogenetics is a highly accepted and applicable tool to
understand the evolutionary history of various organisms including the Fusarium oxysporum
species complex (Geiser et al. 2004; O'Donnell et al. 2004a; O'Donnell et al. 2009; Taylor et al.
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2000). Based on the phylogenetic species concept, molecular diagnostics using available genetic
marker sequences have played an important role in understanding the systematics of the
Fusarium oxysporum species complex (Geiser et al. 2004; O'Donnell et al. 2010; O'Donnell et al.
2009). Currently, 256 unique two-locus sequence types in Fusarium oxysporum have been
archived in the FUSARIUM-ID database, facilitating sequence-based searches and data retrieval
(O'Donnell et al. 2010; Park et al. 2011). Taking into account the detailed analysis and methods
of previous studies, the selected marker sequences often still have limitations such as incongruent
topologies among single gene trees and lack of the resolution needed to distinguish species
boundaries.

Incongruency in molecular phylogenies and reconciliation with multi-locus phylogeny
In Fusarium oxysporum, several house-keeping genes (e.g., elongation factor 1-alpha, RPB2) and
intergenic regions (e.g., IGS) have been used in the construction of the species phylogeny due to
their highly conserved regions and the reasonable degree of variation among multiple taxa. The
resulting phylogenies, however, is not always congruent among the genes. For example, the
molecular phylogeny based on sequenced IGS regions is incongruent with the elongation factor
1-alpha single gene molecular phylogeny using the same Fusarium taxa (O'Donnell et al. 2009).
Incongruency among single gene phylogenies can be comprehensively explained by a
combination of analytical factors and biological factors (Rokas et al. 2003). The analytical factors
include the sampling of taxon, outgroup selection, optimal criteria, and modeling of sequence
evolution in phylogeny construction (Rokas et al. 2003). As biological factors, we can consider
natural selection, genetic drift, and diverse recombination in the evolutionary history of Fusarium
species (Rokas et al. 2003; Taylor, Jacobson, and Fisher 1999). In particular, the analysis of the
sequenced Fusarium oxysporum species complex strains seems to be biased by limited data
availability and taxon sampling; only 11 taxa have been sequenced compared to the large number
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of discovered two-locus sequence types (256) and forma speciales (more than 120) (Michielse
and Rep 2009). In this study, Fusarium oxysporum strain II5 (Fusarium oxysporum f.sp. cubense)
was noticed to be usually separated from the 10 other Fusarium oxysporum species complex
strains, suggesting that it might be another group of the F. oxysporum species complex. In
addition, analytical factors such as outgroup selection need to be considered; therefore we tried
phylogeny construction using only Fusarium oxysporum strains without including the outgroup
(Fusarium verticillioides). However, the single gene trees and concatenated tree without the
outgroup are very similar to the previously generated phylogenies that included the outgroup. We
also considered the placement of Fusarium oxysporum II5 because it seems to increase variation
among the individual phylogenies. Interestingly, the constructed phylogenies without Fusarium
oxysporum II5 also were similar to the phylogenies that included all strains. Even the
phylogenies based on loci that were highly polymorphic between Fusarium oxysporum II5 and
other Fusarium oxysporum strains did not change when Fusarium oxysporum II5 was excluded,
except for minor variations in the bootstrap support values. In addition to analytical factors,
biological factors can influence phylogenetic trees. In the Fusarium oxysporum genome, possible
pathogenicity chromosomes are present that show duplication of large segments and contain a
higher amount of transposable elements and repeated regions than other chromosomes (Ma et al.
2010). These regions are likely to mutate quickly, and they are hypothesized to be transferrable
between strains of Fusarium oxysporum. These genomic regions were excluded from this study,
which could be another minor factor affecting the results; however, this factor will be reinvestigated when the complete genomes are available. Any horizontally transferred genomic
regions are unlikely to preserve strongly conserved genes, so it is unlikely that we will find
regions which meet our selection criteria. In this study, we proposed to reconcile incongruent
gene trees by using a multi-locus approach. The question of how many loci are appropriate can be
addressed with the super-matrix tree method. Rokas et al. (2003) concluded that 8 to 20 loci will
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produce strongly supported bootstrap values for the branches of the super-matrix tree for the taxa
used in their study. In this study, we used 40 loci to construct the species tree, and seven of the
nine branches had bootstrap support of 100, showing reliable support. Two branches showed the
relatively low bootstrap values of 79 and 81, most likely due to limited taxon sampling.

Informatics platforms and phylogenomics in a post-genomic era
Phylogenomics will provide multiple methods to interpret the evolutionary history of the
Fusarium oxysporum species complex. In this context, Fusarium community groups are blessed
because we have multiple well-annotated genomes (Cuomo et al. 2007; Ma et al. 2010) and more
than 10 additional genomes which are undergoing annotation. As we can notice with
biotechnology updates, sequencing technology is evolving so fast, and competition among the
commercial sequencing companies accelerates the speed of the sequencing and the accuracy of
the assembly. The medical community started the use of sequencing technology in diagnostics of
cancer and genetic diseases, and web-based genome companies continue to provide updated news
regarding their clients’ genetic information. The genome sizes of fungi tend to be smaller than
those of animals or humans and therefore will be more easily sequenced and analyzed in the near
future. The highly repetitive genomic regions in the Fusarium oxysporum species complex are
still challenging to sequence, but the increase in read length and developments in assembly
algorithms will strongly increase the accuracy of the sequencing of such regions. The question
here is how phylogenomics will be applicable in the future to diagnostics of Fusarium in medical
and agricultural setting. It will be challenging to fully understand all of the complexity of
Fusarium genetics. We can try other phylogenomics approaches such as considering gene fusion
and fission patterns among the strains or use syntheny block analysis among the sequenced
genomes (Delsuc, Brinkmann, and Philippe 2005). Because phylogenomic approaches require
analysis of large amount of data and bioinformatics pipelines, informatics platforms will support
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and facilitate phylogenomic studies (Delsuc, Brinkmann, and Philippe 2005). Broad Institute
operates the central hub for the Fusarium genomics community. The Fusarium Comparative
Database provides an up-to-date release of the available dataset, BLAST analysis, and
visualization tools such as syntheny block analysis and genomic navigations. The Fusarium
genomics platform at Penn State University will continue to support the Fusarium community
with diverse datasets. For example, classified functional protein groups have been intensively
used to understand the evolution of the fungi (Choi et al. 2010; Moktali et al. 2012; Park et al.
2008a; Park et al. 2008b) and have been implemented into the Cyber-infrastructure for Fusarium
(Park et al. 2011). The FUSARIUM-ID and FUSARIUM-MLST platforms will increase the
usability of the database containing the characterized Fusarium isolates and associated genetic
markers (O'Donnell et al. 2010). .

Summary and Conclusion
Molecular phylogenetics is an important tool in evolutionary studies using the available
genetic markers. We discussed the factors of incongruency among the single gene phylogenies
and the strength of the multi-locus approach on the phylogenetic reconstruction. Phylogenomics
approaches using multiple whole-genome sequences are now highly applicable to evolutionary
studies in the Fusarium oxysporum species complex, and the result reconciles the incongruency
of the single gene phylogenies. The informatics platform will facilitate the phylogenomic analysis
using the bioinformatics pipeline and the constructed database, demonstrating the utility of the
data and tools in the Fusarium Comparative Genomics Platform (FCGP).
.
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Chapter 5
Summary and Conclusion
A diverse number of fungi and Oomycetes are present in nature and in our living
environments; therefore they are closely related to our daily lives. Even though there are
numerous advantages from these important eukaryotic microbial organisms, there are also many
negative results such as major crop losses from plant diseases and infectious diseases in animals
and humans. The genomic era has come and significantly changed the methods used to answer
the fundamental questions regarding fungal and Oomycete biology. Due to the generation of large
amount of sequencing data, we face major challenges in data preservation, dissemination, and
utilization. The focus of my thesis research has been on building informatics platforms to support
research and education on fungi and Oomycetes. In particular, I have been involved in
constructing and managing major plant pathogen databases that allow fungal biologists and plant
pathologists to utilize the accumulated resources from the important genera Fusarium and
Phytophthora.
The first release of the Phytophthora Database in 2006 supported accurate and rapid
molecular identification of newly isolated Phytophthora using multi-locus sequences from known
Phytophthora species. Molecular phylogenetics has played an important role in evolutionary
studies using available genetic markers (e.g., ITS, Beta-tublin, EF-1alpha, and HSP90 regions for
Phytophthora phylogenetics). The evolutionary relationship among 82 Phytophthora species was
studied and the results were archived in the database along with the description of the each
species. Here, we make public the second version of the Phytophthora Database in 2012. In this
revision, 117 formally described Phytophthora species and 21 provisional species are reported
and characterized using multi-locus DNA markers. Multiple mitochondrial loci were added to
complement phylogenetic analyses and diagnostics. I discussed the updates to the Phytophthora
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Database and the future direction of the database in Chapter 2. Major improvements include
visualization of the geographic origins of chosen isolates on global-scale maps, comparison of
genetic similarity between isolates via microsatellite markers to support population genetic
studies within species, a comprehensive review of molecular diagnostics tools, and an online
community forum for sharing and preserving experience and knowledge. The database currently
has ~640 registered users from 50 countries with ~2,500 visits per month.
The genus Fusarium includes many important plant, animal, and human pathogens. The
genus has been intensively studied, and Penn State houses the world’s largest collection of
Fusarium cultures, many of which have been characterized. Data from the genus Fusarium were
used to build CiF (Cyber-infrastructure for Fusarium), and I discussed the results and the major
components in Chapter 3. FUSARIUM-ID archives phylogenetic marker sequences from most
known species and species complex along with the basic information associated with
characterized isolates. The Fusarium Genomics Platform provides a comprehensive resource for
Fusarium genomics, including multiple functional database and bioinformatics tools. A blogbased community platform will accumulate knowledge of scientific endeavors among Fusarium
researchers, increasing communications and on-line based discussion. Actually, the user basis of
CiF is larger than that of Phytophthora Database and continues to grow in the number of
members and functionalities.
Species recognition in the Fusarium oxysporum species complex has been challenging,
but addressing this question is critically important to understand the diversity and evolutionary
dynamics of this species complex. High-resolution phylogenomic analyses have been proposed,
and the results of the conducted phylogenetic analysis are discussed in Chapter 4. Using the
sequenced genomes of members of the F. oxysporum species complex and F. verticillioides as an
out-group, 40 multi-locus regions were selected with well-defined criteria and used to build
phylogenetic trees. We discussed the factors of incongruency among the single gene phylogenies
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and the strength of the multi-locus approach on the phylogenetic reconstruction. Phylogenomic
approaches using multiple whole-genome sequences are applicable to evolutionary studies in the
Fusarium oxysporum species complex, and the result reconciles the incongruency of the single
gene phylogenies.
As I discussed earlier, multiple informatics platforms have constructed and support
phylogenetics and genomics for the fungal and oomycete community. We demonstrated
informatics platforms that can facilitate phylogenomic approaches using the bioinformatics
pipelines and the constructed databases. Based on the already constructed databases, many
additional sequenced genomes and systematic functional annotations will be incorporated. There
are useful web-based databases that fungal biologists can employ. Those bioinformatics resources
have been developed with easy-to-use interface through the internet such as CFGP, JGI
MycoCosm, Broad Fungal Genomics, Galaxy, SGD, and FungiDB. These platforms will help
many fungal biologists to organize and retrieve the sequenced genomes with comparative
genomic approaches. Furthermore, the plant pathogen databases will continue supporting plant
pathologists by archiving the molecular diagnostics database, up-to-date literature, and
conference presentations. With the advance of sequencing technology and informatics platforms,
fungal biologists and plant pathologists can ask questions, and the informatics platforms help
them find the answers or guide them closer to the answers.
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Appendix B
The list of the described Phytophthora species
117 formally described Phytophthora species and 21 provisional species have been archived in
the Phytophthora database with the associated isolates, genetic marker sequences, and the
references.
1. Formally described species
Species name

# of the isolates

# of the sequences

Phytophthora alni subsp. uniformis

1

1

Phytophthora alni subsp. multiformis

1

1

Phytophthora alni subsp. alni

19

58

Phytophthora alticola

10

19

2

6

12

38

Phytophthora aquimorbida

1

1

Phytophthora arenaria

1

2

Phytophthora asparagi

11

35

Phytophthora austrocedrae

4

11

Phytophthora bilorbang

1

5

Phytophthora bisheria

4

21

Phytophthora amnicola
Phytophthora andina

74

Phytophthora boehmeriae

15

30

Phytophthora borealis

6

18

Phytophthora botryosa

8

27

Phytophthora brassicae

8

65

Phytophthora cactorum

130

185

5

17

68

120

3

15

105

372

Phytophthora captiosa

3

30

Phytophthora chrysanthemi

1

1

182

468

Phytophthora cinnamomi var. robiniae

1

6

Phytophthora cinnamomi var parvispora

7

46

119

229

Phytophthora citrophthora

83

135

Phytophthora clandestina

1

13

Phytophthora colocasiae

22

43

Phytophthora constricta

1

2

Phytophthora cryptogea

88

148

Phytophthora drechsleri

228

297

9

16

23

61

4

36

Phytophthora cajani
Phytophthora cambivora
Phytophthora capensis
Phytophthora capsici

Phytophthora cinnamomi

Phytophthora citricola

Phytophthora elongata
Phytophthora erythroseptica
Phytophthora europaea
75

Phytophthora fallax

3

20

Phytophthora fluvialis

1

5

Phytophthora foliorum

5

48

Phytophthora fragariae

18

55

Phytophthora frigida

6

12

Phytophthora gallica

1

1

Phytophthora gemini

1

1

Phytophthora gibbosa

4

14

Phytophthora glovera

4

29

Phytophthora gonapodyides

31

52

Phytophthora gregata

10

30

Phytophthora hedraiandra

17

47

Phytophthora heveae

16

57

Phytophthora hibernalis

4

32

Phytophthora himalayensis

1

1

Phytophthora himalsilva

1

1

Phytophthora humicola

3

27

Phytophthora hydropathica

1

1

Phytophthora idaei

1

13

Phytophthora ilicis

4

30

331

515

Phytophthora inflata

5

9

Phytophthora insolita

3

24

Phytophthora inundata

9

28

Phytophthora infestans

76

Phytophthora ipomoeae

3

39

Phytophthora iranica

2

14

Phytophthora irrigata

1

1

Phytophthora katsurae

28

63

Phytophthora kernoviae

5

57

Phytophthora lacustris

1

1

Phytophthora lateralis

24

33

Phytophthora litoralis

5

17

Phytophthora macrochlamydospora

7

55

Phytophthora meadii

7

30

10

40

Phytophthora medicaginis x cryptogae

6

13

Phytophthora megakarya

7

44

51

104

Phytophthora melonis

7

34

Phytophthora mengei

7

21

Phytophthora mexicana

1

13

Phytophthora mirabilis

8

32

Phytophthora morindae

1

1

Phytophthora multivesiculata

6

41

Phytophthora multivora

12

48

Phytophthora nemorosa

5

26

Phytophthora nicotianae

116

207

1

1

Phytophthora medicaginis

Phytophthora megasperma

Phytophthora obscura
77

Phytophthora palmivora

45

111

Phytophthora parsiana

3

10

Phytophthora phaseoli

7

51

Phytophthora pini

1

1

Phytophthora pinifolia

3

6

Phytophthora pistaciae

2

22

Phytophthora plurivora

50

97

Phytophthora polonica

2

23

Phytophthora porri

7

39

Phytophthora primulae

3

37

Phytophthora pseudosyringae

5

29

Phytophthora pseudotsugae

3

21

Phytophthora psychrophila

3

25

Phytophthora quercetorum

6

17

Phytophthora quercina

9

37

Phytophthora quininea

3

21

Phytophthora ramorum

163

109

Phytophthora richardiae

6

62

Phytophthora riparia

7

21

Phytophthora rosacearum

2

2

Phytophthora rubi

1

6

Phytophthora sansomeana

3

15

Phytophthora sinensis

1

13

Phytophthora siskiyouensis

6

41

78

Phytophthora sojae

21

46

Phytophthora syringae

19

48

Phytophthora tentaculata

3

25

Phytophthora thermophila

8

35

Phytophthora trifolii

2

21

Phytophthora tropicalis

20

58

Phytophthora uliginosa

2

24

Phytophthora undulata

1

8

Phytophthora vignae

2

16

2407

5623

There are 117 formally described species

2. Provisional species
Species name

# of the isolates

# of the sequences

Phytophthora sp. "brasiliensis"

7

39

Phytophthora sp. "canalensis"

1

12

Phytophthora sp. "cuyabensis"

5

36

Phytophthora sp. "erwinii"

1

5

Phytophthora sp. "hungarica"

1

2

Phytophthora sp. "kelmania"

7

24

Phytophthora sp. "lacrimae"

1

4

Phytophthora sp. "lagoariana"

2

22

Phytophthora sp. "napoensis"

1

4

79

Phytophthora sp. "niederhauserii"

8

37

Phytophthora sp. "novaeguine"

1

6

Phytophthora sp. "ohioensis"

2

11

Phytophthora sp. "personii"

7

28

Phytophthora sp. "sulawesiensis"

1

12

Phytophthora taxon aquatilis

1

1

Phytophthora taxon emzansi

2

10

Phytophthora taxon Forestsoil

1

1

Phytophthora taxon Oaksoil

1

1

42

65

Phytophthora taxon Riversoil

1

1

Phytophthora taxon Walnut

1

1

94

322

Phytophthora taxon Pgchlamydo

There are 21 provisional species
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Appendix C
The incongruent single gene phylogeny

The above diagram is a phylogeny for Fusarium using 40 nuclear loci (47,616 sites). Numbers on
nodes represent bootstrap support values for maximum likelihood. For the concatenated
phylogenomic analysis, jModelTest 2.1.2 was utilized to find the best models. The general time
reversible nucleotide substitution model with gamma-distributed rate variation and a proportion
of invariable sites was selected with the highest score based on the hierarchical likelihood ratio
test and the Akaike Information Criterion (AIC). Maxium likelihood tree were reconstructed with
general time reversible model using MEGA 5.0. Gaps and missing data were treated with
complete deletion mode. 12 incongruent single gene phylogenetic trees were generated using
MEGA 5.0 with ML method and 100 bootstrap replications. The incongruent patterns of
phylogeny were summarized based on the section ‘Phylogenetic Analysis using individual loci’.
The constructed 40 single gene phylogeny will be accessible via Fusarium Genomics Platform
(http://genomics.Fusariumdb.org/mlst.php)
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1. FOXG_10995, Type (3) – Conflicts in clade 2

2. FOXG_01192, Type (3) – Conflicts in clade 2
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3. FOXG_06412, Type (1) – Incongruent topology due to the grouping of F. oxy II5

4. FOXG_08724, Type (3) – Conflicts in clade 2
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5. FOXG_07575, Type (1) – Incongruent topology due to the grouping of F. oxy II5

6. FOXG_04115, Type (1) - Incongruent topology due to the grouping of F. oxy II5
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7. FOXG_15395, Type (1) - Incongruent topology due to the grouping of F. oxy II5

8. FOXG_01629, Type (1) - Incongruent topology due to the grouping of F. oxy II5
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9. FOXG_03515, Type (2) - Conflicts in clade 1b.

10. FOXG_15690, Type (2) - Conflicts in clade 1b
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11. FOXG_09927, Type (1) - Incongruent topology due to the grouping of F. oxy II5

12. FOXG_13236, Type (1) - Incongruent topology due to the grouping of F. oxy II5
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Appendix D
Polymorphic site analysis using exon-intron genomic regions
The further analysis includes the polymorphic site analysis using the additional exon and intron
genomic regions of the selected loci (54,039 sites). Also, RPB1 (1,607 sites) has been added as
traditionally used loci from Chromosome 1. This analysis supports the identification of candidate
markers for further investigation of evolutionary patterns within FOSC, demonstrating the utility
of the Fusarium Comparative Genomics Platform for performing phylogenomic studies in this
group. The preliminary phylogenetic analysis has conducted, and the result will be shown on the
Fusarium Comparative Genomics Platform (http://genomics.fusariumdb.org).

# of
Chromo

Length

# of Polymorphic sites

exons

Fol strains

including

Additional

(exon / intron)

outgroup (Fv)

Information

-somes

Locus name

Chr1

FOXG_10995 a

1

1053

52 / 0

137

FOXG_11304

1

1287

23 / 0

98

FOXG_00390

1

1833

40 / 0

108

FOXG_00591

1

1224

23 / 0

69

FOXG_00887 b

3

1607

26

84

FOXG_01192 a

1

921

27 / 0

0

FOXG_05721

5

2179

44 / 43

430

gaps (Fv)

FOXG_06228 b

5

1674

22 / 12

90

B-tub

FOXG_06412 a

1

1560

57 / 0

237

FOXG_08433 c

2

750

16/ 3

87

FOXG_08724 a

2

1463

56 / 29

252

FOXG_07575 a

2

1588

31 / 1

231

Chr2

Chr4

88

RPB1

Chr5

Chr7

Chr8

Chr9

Chr10

Chr11

FOXG_07897

1

1311

30 / 0

222

FOXG_03734

1

1114

31 / 0

131

FOXG_04115 a

2

1084

49 / 1

86

FOXG_04447

1

963

42 / 0

98

FOXG_15395 a

1

1625

150 / 0

301

FOXG_01629

4

1940

21 / 4

128

FOXG_01862

2

2177

35 / 0

115

FOXG_02215 a

8

2438

19 / 7

162

FOXG_02470

1

1869

83 / 0

229

FOXG_04846 a

1

654

71 / 0

161

variation in II5 d

FOXG_10639 b

3

2421

41 / 0

148

RPB2, exon1

FOXG_05213

1

669

14 / 0

55

FOXG_05470

1

630

24 / 0

66

FOXG_02766 c

1

501

12 / 0

58

FOXG_03134 c

1

753

17 / 0

45

FOXG_03515 a,b

4

1681

18 / 32

115

EF1a

FOXG_15690 a

3

1713

109 / 16

411

variation in II5 d

FOXG_09037

1

849

14 / 0

47

FOXG_09373

3

2388

30 / 2

122

FOXG_12795

1

1626

32 / 0

126

FOXG_13010 c

2

1536

94 / 9

215

FOXG_13805

2

1513

25 / 5

284

FOXG_11435 a

1

1203

42 / 0

145

FOXG_11777

1

1236

68 / 0

140

FOXG_09578

1

684

28 / 0

92

FOXG_09927 a

1

888

30 / 0

106

89

variation in II5 d

Chr12

Total

FOXG_13236 a

1

720

93 / 0

140

FOXG_14559

1

711

27 / 0

72

1,666 / 164

5,948

(3.4%)

(11.0%)

40MLSTs

54,039

variation in II5 d

a

Fourteen loci that were incongruent with the multi-locus consensus tree

b

Commonly used genetic marker regions

c

Four loci with un-resolved gene trees due to the low bootstrap support (less than 80%)

d

Four loci with relatively large numbers of polymorphic sites due to differences between

Fusarium oxysporum strain II5 and the other F. oxysporum
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