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Fungal and oomycete pathogens of plants and animals are 
a major global problem. In the last 15 years, many genes 
required for pathogenesis have been determined for over 
50 different species. Other studies have characterized effec-
tor genes (previously termed avirulence genes) required to 
activate host responses. By studying these types of pathogen 
genes, novel targets for control can be revealed. In this re-
port, we describe the Pathogen-Host Interactions database 
(PHI-base), which systematically compiles such pathogenic-
ity genes involved in pathogen-host interactions. Here, we 
focus on the biology that underlies this computational re-
source: the nature of pathogen-host interactions, the experi-
mental methods that exist for the characterization of such 
pathogen-host interactions as well as the available compu-
tational resources. Based on the data, we review and ana-
lyze the specific functions of pathogenicity genes, the host-
specific nature of pathogenicity and virulence genes, and 
the generic mechanisms of effectors that trigger plant re-
sponses. We further discuss the utilization of PHI-base for 
the computational identification of pathogenicity genes 
through comparative genomics. In this context, the impor-
tance of standardizing pathogenicity assays as well as inte-
grating databases to aid comparative genomics is discussed.  

Additional keywords: gene disruption, yeast. 

Pathogens are defined as species that are able to infect and 
cause disease on a host to complete their life cycle. Of the 
12,000 fungal species known to exist, most are nonpathogenic 
(Knogge 1996). However, many diseases of plants are caused 
by fungal and oomycete pathogens and these infect one to nu-
merous hosts (Agrios 1997). Each plant pathogenic species has 
evolved a special way to invade plants and to cause disease. 
Some penetrate host surfaces directly, while others enter through 
natural openings or via wounds. Once within the plant tissue, 
three main strategies of colonization are deployed to utilize the 
host plant as a substrate for growth and development: i) 
necrotrophy, in which the plant cells are killed; ii) biotrophy, 
in which the plant cells remain alive; and iii) hemibiotrophy, in 
which the pathogen initially keeps plant cells alive but kills 
them at a later stage of the infection process. Research over the 

last 15 years has begun to reveal that, although different 
groups of pathogen species have distinct modes of infection, 
many common gene products are required to cause disease in 
both cereal and noncereal species. 

Symbiosis is the description for an intimate association be-
tween two or more organisms of different species that benefits at 
least one of them (de Bary 1879). Symbiosis is, in most cases, of 
mutual benefit. However, pathogenic interactions in which one 
organism is affected detrimentally are also included within this 
original term. Although the outcomes of pathogenic and mutu-
alistic interactions are very different, the infection mechanisms 
and the molecular processes in the pathogen-host interactions 
are often very similar. Pathogenicity is a qualitative description 
of the ability of a microorganism in a symbiotic relationship to 
cause disease to its host. In contrast, virulence (or aggressive-
ness) is a quantitative measure of pathogenicity (Shaner et al. 
1992). Effector genes in fungi (previously termed avirulence 
genes) encode proteins that trigger a hypersensitive response 
in a plant host that possesses one or more corresponding resis-
tance genes (van Dijk et al. 1999). Some effector genes, e.g., 
NIP1 in the wheat leaf pathogen Rhyncosporium secalis, have 
also been demonstrated to be a pathogenicity factor (Rohe et al. 
1995). 

One approach to understand the networks and processes that 
allow a microbe to become pathogenic and colonize a plant or 
animal is to identify the genes that control its disease-causing 
ability. By understanding which pathways, proteins, and genes 
are key components of the pathogenic process, targets in the 
fungus can be identified for chemical control (fungicides or anti-
fungal drugs) or targets in the host can be modified to reduce 
their susceptibility to the pathogen, e.g., through the use of 
genetically modified crop genotypes or viral therapeutics. 

As a result of molecular genetic studies, many pathogenicity 
and virulence genes are now recognized and comprehensive 
reviews of this topic have been published recently (Idnurm and 
Howlett 2001; Talbot 2004; Xu 2000). High throughput forward 
genetic studies have been applied to identify novel pathogenicity 
genes in several plant pathogens (Dufresne et al. 1998; Sweigard 
et al. 1998). For example, Agrobacterium tumefaciens or pro-
toplast transformation is used to create a library of mutants 
with single plasmid insertions so that the mutation is tagged by 
the inserted plasmid (de Groot et al. 1998; Lashkari et al. 
1997b). Reduced virulence or nonpathogenic mutants are then 
identified through infection assays. One of the first patho-
genicity genes discovered was the Cochliobolus carbonum 
HTS1 gene, which is essential for HC-toxin production and 
pathogenicity on maize leaves (Panaccione et al. 1992). In the 
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rice blast fungus Magnaporthe grisea, the ABC1 gene is a 
pathogenicity gene and the abc1 mutant is nonpathogenic in 
several different infection assays (Urban et al. 1999). Virulence 
genes affecting the degree of disease-causing ability include 
the M. grisea CPG1 gene coding for a cyclophilin protein. The 
Δcpg1 mutants are less virulent than the wild-type parent 
strain (Viaud et al. 2002). Frequently, when homologs of veri-
fied pathogenicity or virulence genes are disrupted in other 
species (reverse genetics), mutants are nonpathogenic or less 
virulent than the wild-type parent strains (Viaud et al. 2003; 
Wang et al. 2001). Disruptions in genes with functions as di-
verse as signaling (Talbot et al. 1993), biosynthesis of phyto-
toxic compounds (Johnson et al. 2000), sporulation (Klimpel et 
al. 2002), infection structure formation (DeZwaan et al. 1999), 
and detoxification of plant defense compounds (Wasmann and 
VanEtten 1996) have all been shown to affect pathogenicity. 
Overall these molecular genetic studies have focused on a hand-
ful of species that are easily studied in the laboratory (Idnurm 
and Howlett 2001). This has led to in-depth knowledge of 
pathogenicity components for several fungal species, for 
example, the ascomycete rice blast fungus M. grisea (Talbot 
2004) and the basidiomycete corn smut fungus Ustilago may-
dis (Feldbrugge et al. 2004). Many of the early studies focused 
on the identification of pathogenicity genes required for pene-
tration. However, in the recent past the emphasis has shifted 
towards the identification of the genes required for local or 
systemic (or both) host tissue colonization and, indeed, other 
aspects of the life-cycle, such as sporulation and spore dis-
semination. 

For comparative gene-function studies, it is important to 
include fungal and oomycete pathogens of animals and other 
organisms with plant pathogens and saprophytes. Some studies 
have shown that a single pathogen species requires different 
genes for pathogenesis in animal and plant hosts (Ortoneda et 
al. 2004). However, other genes are virulence factors in animal 
pathogens but not in plant pathogens. For example, the homo-
logue of the Saccharomyces cerevisiae mitogen-activated pro-
tein (MAP) kinase HOG1 is a major virulence factor of Can-
dida albicans in its murine host (Alonso-Monge et al. 1999) 
but does not affect the pathogenicity of the rice blast pathogen 
M. grisea (Dixon et al. 1999). In contrast, homologs of other 
genes are conserved virulence factors in distantly related patho-
gens of both plants and animals. For example, the basidiomy-
cete Cryptococcus neoformans (Kraus et al. 2003), the asco-
mycete Candida albicans (DiezOrejas et al. 1997), and several 
plant pathogens (Hou et al. 2002; Kojima et al. 2002; Xu et al. 
1998) all require homologs of another S. cerevisiae MAP 
kinase, SLT2, for full pathogenicity. In cases like the MAP 
kinase gene family that is found in both pathogenic and sapro-
phytic species, these sequences have clearly evolved to perform 
specific functions during pathogenic and nonpathogenic growth, 
development, or both. 

Four new approaches to identify candidate pathogenicity 
genes have recently emerged in the genomic and postgenomic 
eras. The first is to create a library of cDNA clones from patho-
gen genes transcribed either when the pathogen is in associa-
tion with the host or when the pathogen is grown in vitro under 
conditions that are presumed to simulate the host environment. 
The library can then be partially sequenced to create a set of 
expressed sequence tags (EST). Although EST only give an 
incomplete representation of the genome, as not all genes are 
transcribed simultaneously, EST have been used in transcrip-
tomic studies to identify candidate pathogenicity genes (Keon 
et al. 2005a; Soanes et al. 2002; Torto et al. 2003). One spec-
tacular success achieved by this approach was the identifica-
tion of ATR13, the first effector gene of the obligate biotroph 
Hyaloperonospora parasitica (Allen et al. 2004). The COGEME 

(Consortium for the Functional Genomics of Microbial Eukar-
yotes) database now offers researchers a total of 59,765 unique 
sequences from 15 plant pathogens, submitted by several dif-
ferent groups. The database allows searches by keyword, 
BLAST sequence similarity searches (Altschul et al. 1997), 
and in silico analysis of RNA abundance in cDNA libraries 
prepared from different stages of the pathogen’s life cycle 
(Altschul et al. 1997; Soanes 2005; Soanes et al. 2002). The 
second approach to identify candidate pathogenicity genes is 
to sequence a part or the full genome. Full-genome sequence is 
already available for 11 plant pathogens, including Ashyba 
gossypii and M. grisea, and 12 animal pathogens (discussed 
below) (Broad Institute 2005; Dean et al. 2005; Feldbrugge et 
al. 2004; Soanes 2005). The genomes of many additional patho-
genic and nonpathogenic microbes will become available in 
the next two years. By applying various sequence similarity 
search algorithms to either EST collections or newly sequenced 
genomes, it is relatively simple to identify potential functional 
homologs of experimentally verified pathogenicity, virulence, 
and effector genes in other species. The third approach to iden-
tify candidate pathogenicity genes is the study of holistic 
changes of transcription in response to changes in their envi-
ronment. This has already been used successfully to reveal the 
role of genes in S. cerevisiae (DeRisi et al. 1997; Lashkari et 
al. 1997a). The use of microarrays printed with thousands of 
EST or oligonucleotides to represent a large proportion of the 
genome has greatly increased the amount of data that can be 
gathered about changes in gene expression. A transcriptomic 
approach to discover candidate pathogenicity genes has re-
cently been described for three cereal-attacking pathogens, M. 
grisea, Blumeria graminis, and Mycosphaerella graminicola 
(Both et al. 2005; Keon et al. 2005b; Takano et al. 2003), and 
the human pathogens Candida albicans and Cryptococcus 
neoformans (Kraus et al. 2004; Lee et al. 2004). However, ex-
pression of a gene during infection or invasion of a host does 
not necessarily mean that the gene affects pathogenicity. The 
role of a putative pathogenicity gene has to be verified experi-
mentally by targeted gene or transcript disruption and viru-
lence assays on the host. The development of gene-silencing 
technologies for various fungi and oomycete species is assist-
ing in the functional evaluation of candidate gene lists (Kamoun 
et al. 1998; McDonald et al. 2005). The final approach has 
been successfully applied to obligate biotrophs to identify ef-
fector genes. By sequencing candidate genes in many virulent 
and avirulent strains, it was possible to identify that a specific 
gene sequence variant was always associated with the ability 
to activate plant defense responses. To confirm these effector 
genes induced resistance, gene-mediated plant cell death with 
the appropriate specificity, either Agrobacterium tumefaciens–
mediated transient expression of the gene was undertaken in a 
range of host genotypes, the effector gene was stably expressed 
in a susceptible host, or both, and an F1 seedling lethal or 
stunted growth phenotype was observed when the transgenic 
host plant line expressing the effector gene was crossed to 
resistant lines containing the corresponding functional resistance 
gene (Catanzariti et al. 2006; Dodds et al. 2004). 

When studying host-pathogen relationships, another very 
important requirement, especially for effective comparative 
studies, is the use of ontologies and controlled vocabularies for 
describing the function, localization, tissue specificity, and 
other characteristics of gene products. The necessity for systems 
such as the gene ontology became more apparent as the ge-
nomes of model species were sequenced and annotated. To 
avoid the confusion that can arise when different genes that 
have the same function in different (or even the same) organ-
isms are described using different words, the Gene Ontology 
(GO) consortium was founded in 1999 (Ashburner et al. 2000). 
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Other ontologies were soon added, many of which are now 
assembled under the Open Biological Ontologies umbrella or-
ganization for structured shared controlled vocabularies and 
ontologies for use within the genomics and proteomics do-
mains. When ontologies or other controlled vocabularies such 
as the enzyme nomenclature are used for gene annotation, all 
genes that have the same function can be identified and re-
trieved using the same term. A specific interest group, the 
Plant-Associated Microbe Gene Ontology Interest Group 
(PAMGO), was set up in 2004 to ensure that specific GO terms 
are developed for plant-microbe interactions (Lindeberg et al. 
2005). Several terms have already been created, including a 
general term for pathogenesis (GO:0009405) as well as more 
specific terms, such as host cell invasion (GO:0030260) and 
avoidance of host defenses (GO:0044413). This should aid 
comparisons of gene product function between plant pathogens 
with diverse infection biologies, especially as more specific 
GO terms are created for gene products involved in pathogenesis 
(PAMGO website). 

Although knowledge about pathogens and nonpathogenic mi-
crobial species is accumulating rapidly, it is often difficult to 
access full data sets and compare results because this informa-
tion is mainly available in the literature or in the laboratories of 
individual investigators. The establishment of a web-accessible 
database to collate, cross-link, and categorize genotypic and 
phenotypic information of individual pathogens and gene dele-
tion mutants will greatly facilitate an increased understanding of 
general pathogenicity mechanisms. For example, the identifica-
tion of homologous genes in multiple species required for patho-
genicity or triggering a host response could potentially reveal 
new generic targets for drug design and may result in the 
development of novel disease control strategies. However, a reli-
able source of collated data is an absolute prerequisite to achieve 

this objective. Also, by using an accurate source of collated data, 
the annotation of newly sequenced genomes can be achieved by 
using sequence similarity searches and homologs of verified 
pathogenicity, virulence, and effector genes rapidly detected. 
Electronic gene annotation currently suffers from the poor reli-
ability of such predictions. Gene functions are often indirectly 
inferred based on sequence similarity from genes that them-
selves have been annotated based solely on sequence similarity 
(Gattiker et al. 2003). Often, it is not possible to identify the 
gene that was originally annotated with a given function based 
on experimental evidence. Even if such sources can be identi-
fied, the experimental evidence of a given gene function is fre-
quently weak. Thus, a database that systematically annotates 
genes based on strong experimental evidence is needed. Only 
then can the successful exploitation of sequence similarity based 
electronic methods reliably identify putative homologs of patho-
genicity genes in newly sequenced genomes. 

In this paper, we describe the biology that underlies a new 
computational resource as well as the plans for its future devel-
opment. This resource is called the Pathogen-Host Interactions 
database (PHI-base), and it contains expertly curated molecular 
and biological information on genes proven to affect the out-
come of pathogen-host interactions. The technical details used 
to develop and maintain this resource are described elsewhere 
(Winnenburg et al. 2005). 

RESULTS 

Word searches and literature curation. 
Using the keyword search terms, only 10% of the returned 

articles included information about the disruption and charac-
terization of genes. Figure 1 shows, on a yearly basis, the num-
ber of articles returned with the search term and the sought-

 

Fig. 1. Number of publications returned with the search term specified in the text and the number of pathogenicity, virulence, and effector genes experimentally
verified each year in fungal and oomycete pathogens. Also indicated are significant dates in the history of fungal genomics: a = Saccharomyces cerevisiae genome 
sequenced (Goffeau et al. 1996); b = first Magnaporthe grisea expressed sequence tag deposited in GenBank; c = Candida albicans genome sequenced (Jones et 
al. 2004); d = Ashbya gosypii genome sequenced (Dietrich et al. 2004); e = first version of COGEME made available online (Soanes et al. 2002); f = Neurospora 
crassa genome sequenced (Galagan et al. 2003); and g = Magnaporthe grisea genome sequenced (Dean et al. 2005). 
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Fig. 2. Screenshots of PHI-base. A, Homepage showing the different search fields available to retrieve information from the database. B, Details page showing an 
example of the results retrieved after a search for the Magnaporthe grisea MMT1 metallothionein gene. 
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after subset that were the required functionally characterized 
pathogenicity, virulence, and effector genes. Overall, there has 
been a steady increase in the number of pathogenicity genes 
discovered during the last decade. To date, more than 350 genes 
have been experimentally verified as pathogenicity or virulence 
genes. In addition, a smaller number of pathogen effector genes 
have been demonstrated to be required to trigger plant re-
sponses. The annual rate of pathogenicity gene discovery has 
increased from nine in 1995 to 55 in 2004. During this time 
period, the efficiency of pathogen transformation has increased 
through the use of Agrobacterium and improved protoplasting 
techniques. New methods have emerged for the identification of 
gene function, e.g., by gene silencing and the sequencing of 
multiple allele variants. Also, the availability of genomic se-
quence permits the identification of highly homologous genes in 
other species and simplifies the construction of disruption cas-
settes. The rate of gene function discovery can be expected to 
increase further in the future. Interestingly, a high proportion 
(52%) of the total entries in PHI-base were recovered from just 
five journals. These were Molecular Plant-Microbe Interactions, 
Molecular Microbiology, Infection and Immunity, The Plant 
Cell, and Eukaryotic Cell. The remaining 48% of PHI-base 
entries were obtained from an additional 45 journals. 

Entry annotation. 
The data, which is currently still curated in a spreadsheet 

above, is transferred to a web-enabled database. This database 
uses a relational database management system in the backend 
(PostgreSQL) and the HTML-embedded scripting language 
PHP to generate the webpages that can be used for searching 
and retrieving information from the database. The data from 
the spreadsheet are transferred by a parser, which also inte-
grates further information from other external data sources 
with the data from the spreadsheet. Currently, nucleotide and 
protein sequences, GO annotations, as well as enzyme com-
mission numbers are extracted from the European Bioinfor-
matics Institute databases and are included in PHI-base. The 
parser also generates hyperlinks to external resources, such as 
the National Center for Biotechnology Information (NCBI) 
Taxonomy database, Pubmed links, and GO terms. In addition, 
the parser checks and enforces syntactic correctness of the data 
in the spreadsheet before incorporating information into PHI-
base. These technical methods are described in greater detail 
by Winnenburg and associates (2006). 

A web-based interface has been designed to allow keyword 
searches of the database. Drop-down menus give options to se-
lect for individual pathogens, hosts, genes, or diseases. PHI-
base currently contains gene entries from 62 fungal and oomy-
cete pathogen species, of which 176 are from animal pathogens, 
226 from plant pathogens, and three from pathogens with a 
fungal host. Screenshots of the online database are displayed 
in Figure 2. From the front page (Fig. 2A), it is possible to en-
ter a word or phrase within the Quick Search function or to use 
the advanced search function and select from the various drop-
down menu lists either a gene or disease name or a host or 
pathogen species. On the follow-up details page, accessed by 
clicking on the word ‘details’ (Fig. 2A, circled), are the full 
descriptions of the interaction on each host species tested. For 
example, PHI-base entry 366, deletion of the MMT1 gene en-
coding a metallothionein from Magnaporthe grisea, was evalu-
ated on host species rice and barley and was found to have a 
penetration defect on both species. The details page also re-
veals when a range of phenotypes have been recorded when a 
single gene-deletion strain is inoculated onto different host 
species. For example, PHI-base entry 44, deletion of the Tri5 
gene coding for the enzyme trichodiene synthase from Fusa-
rium graminearum details six different interactions on four 
different cereal plant hosts. By inclusion of the reference ID or 
citing the actual reference on the details page, it is also possi-
ble to access additional information from the original article. 
The details page for PHI-base entry 7 (Avr9 of the tomato 
pathogen Cladosporium fulvum) also illustrates how PHI-base 
can be used not only to find the original publication (van Kan 
et al. 1991) but also provides immediate access to the relevant 
pre- and follow-up publications on a well-studied gene, protein, 
and interaction. Also in the details page, there are action link-
outs to EMBL, NCBI, Pubmed, and Expasy to permit the 
immediate retrieval of additional information. 

The curation of this database is a continual process as new 
literature is published. 

Species contents. 
Version 2.1 of PHI-base contains information on 62 patho-

genic species. Closer inspection reveals that 284 of the 405 
entries, i.e., 70%, come from experiments on nine species (Table 
1). This table also reveals that approximately a quarter of the 
database contains entries from Candida albicans gene disruption 
experiments. 

 

Fig. 3. Cumulative number of species with one or more experimentally verified pathogenicity, virulence, or effector genes. 
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Studies on pathogenicity genes through targeted gene dis-
ruption experiments commenced at the start of the 1990’s. 
Since 1994, a steady increase in the number of species with at 
least one experimentally verified virulence, pathogenicity, or 
effector genes published has been seen (Fig. 3). 

Predicted and known gene function. 
Using the MIPS classification scheme (Ruepp et al. 2004), 

the functional categories within PHI-base were investigated 
(Fig. 4). Over 75% of all entries could be assigned to just four 
categories: i) cellular communication/signal transduction, ii) 
metabolism, iii) cell rescue, defense, cell death and aging, and 
iv) transcription. However, this distribution may be somewhat 
biased by the number of genes for which function was discov-
ered through sequence homology searching followed by a re-
verse genetics experiment. The striking feature of this analysis 
is the lack of the category ‘unknown function.’ 

Genes specifically required  
for pathogenicity on plant or animal hosts, or both. 

Further analyses of all the PHI-base entries revealed that 15 
genes with distinct functions have been disrupted in both plant 
and animal pathogens and shown to abolish pathogenicity or 
reduce virulence (Table 2). Some of these gene products could 
be suitable as generic targets for intervention and thereby pro-

vide broad-spectrum species control. In contrast, the number 
of genes solely required for animal pathogenicity is currently 
two, while five gene products appear to be specifically required 
to infect and cause disease on a plant host. The latter two 
datasets should, however, be interpreted with caution, because 
the lack of evidence may simply reflect the fact that experi-
ments are still in progress or not yet attempted. The entries 
pectate lyase and endopolygalacturonase are likely to be solely 
a plant pathogen–specific requirement because these function 
to breakdown the complex carbohydrates constituting the plant 
cell wall. 

PHI-base entries of special biological significance. 
Effector genes that activate or suppress plant defense re-

sponses. Although the effector category is small in PHI-base 
(22 entries), these sequences are of great interest because, either 
through a direct or indirect recognition process, effectors acti-
vate host defense responses in host genotypes expressing the 
corresponding resistance genes. These molecular events cause 
interspecies incompatibility and minimal disease formation 
occurs. Twelve effectors have been described for fungal asco-
mycetes. These are cysteine-rich secreted proteins Avr2, Avr4, 
Avr9, and Ecp2 from Cladosporium fulvum (PHI: 472, 18, 7, 
and 71, respectively), Nip1 from Rhynchosporium secalis 
(PHI: 38), Avr-Pita (originally called Avr2-YAMO), PWL1, 

Table 1. Species with ten or more experimentally verified pathogenicity, virulence and effector genes in PHI-base 

Species Name Host Taxonomy Number of genes 

Candida albicans Animal Ascomycota 102 
Cryptococcus neoformans Animal Basidiomycota 50 
Magnaporthe grisea Plant Ascomycota 44 
Ustilago maydis Plant Basidiomycota 29 
Aspergillus fumigatus Animal Ascomycota 13 
Botrytis cinerea Plant Ascomycota 12 
Fusarium graminearum Plant Ascomycota 12 
Fusarium oxysporum Plant Ascomycota 12 
Colletotrichum lagenarium Plant Ascomycota 10 

Fig. 4. MIPS classifications of the PHI-base entries. 
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PWL2, and Ace1 from Magnaporthe grisea (PHI: 201, 41, 42, 
and 325, respectively), AvrL567-A, AvrL567-B, AvrM, AvrP4, 
and AvrP123 from Melampsora lini (PHI: 532, 533, 535, 536, 
and 537), AvrLm1 from Leptosphaeria maculans (PHI: 25), 
and SIX1 from Fusarium oxysporum f. sp. lycopersici (PHI: 
379). For pathogenic oomycetes and using map-based cloning 
or gene-silencing technologies, five effectors have been func-
tionally verified. These are INF1 and Avr3a from the potato 
late blight pathogen Phytophthora infestans (PHI: 111 and 
473, respectively), Avr1b-1 from the soybean pathogen Phy-
tophthora sojae (PHI: 530), and ATR13 and ATR1NdWsB from 
the downy mildew Hyaloperonospora parasitica (PHI: 328 
and 531). Some effectors have been shown to suppress defense  
activation in nonhost species (e.g., entry INF1) and this leads 
to host susceptibility. Sequence similarity searches with effec-
tor genes reveal that most of these sequences are pathogen spe-
cies–specific. However, the oomycete effector genes share a 
conserved RXLR motif within 32 amino acids of the predicted 
signal peptide that is similar to a host-targeting signal from 
malaria parasites. The effector category has not been defined 
by researchers investigating human- and animal-attacking fun-
gal and oomycete pathogens. Interestingly, most of the effector 
sequences are small, secreted proteins within the size range of 
28 to 284 amino acids. The two exceptions are the M. grisea 
entries Avr-Pita and Ace1, which both code for larger cytoplas-
mically localized proteins thought to have an enzymatic func-
tion. In addition, Pep-13 derived from a 42-kDa cell-wall trans-
glutaminase (from various Phytophthora species PHI: 39) and 
NPP1 from H. parasitica (Fellbrich et al. 2002) are recognized 
as inducers of defense responses in the nonhost species parsley. 

Gene disruptions that lead to hypervirulence phenotype. 
Most of the PHI-base entries report on gene disruption experi-
ments that lead to either a loss of pathogenicity or reduced 
virulence. However, in five cases, a single gene disruption lead 
to an increase in virulence, i.e., hypervirulence. These are tran-
scription factor ACE2 for Candida glabrata (PHI: 326), the 
regulatory protein PKR2 and G protein CRG1 for Cryptococcus 
neoformans (PHI: 372 and 345, respectively), and the PacC 
transcription actor of Fusarium oxysporum (PHI: 315) when 

infecting its tomato but not murine host, as well as the chitin 
synthase gene CHSV when infecting its murine host (PHI: 
285). Overall, these results indicate that different negatively 
regulated feedback loops are operating during the infection 
process of both animal and plant host species. 

DISCUSSION 

In this article, we describe the curation of literature that has 
been verified through experimentation to be functionally rele-
vant to pathogen-host interactions. We also describe the crea-
tion of a database called PHI-base, which provides, for the first 
time, this comprehensive and reliable information at a single 
source. In the first instance, PHI-base is expected to be a use-
ful resource for researchers working on pathogenicity genes of 
plant and animal pathogens. However, it is also envisaged to 
become a useful tool for researchers in the wider fungal and 
oomycete research community investigating saprophytes and 
nonculturable species through the increasing use of compara-
tive genomics. A database of verified pathogenicity genes 
should be useful to PAMGO researchers developing more spe-
cific GO terms for plant pathogens. 

One major obstacle to the curation of PHI-base was the 
varying approaches that are taken to phenotype mutants. At-
tempts to categorize mutants into those that have a pathogenic-
ity defect before, during, or after penetration has sometimes 

Table 2. Gene functions required for infection of plant and animal hosts 

Gene Function Plant Pathogena Animal Pathogen

Required by both plant and animal pathogens  
MAP kinase 12 2 
G protein subunit 10 2 
ABC transporter 5 1 
Adenylate cyclase 4 2 
Chitin Synthase 3 2 
PKA catalytic subunit 3 2 
Polyketide synthase 3 2 
MAP kinase kinase kinase 3 2 
MAP kinase kinase 3 1 
Cyclophilin 2 1 
Isocitrate lyase 2 1 
Fatty acid synthetase 1 1 
Methionine synthase 1 1 
Trehalose-6-phosphate synthase 1 1 
Superoxide dismutase 1 3 

Required by plant pathogens    
Adenylate forming enzymes 3 0 
Tetraspanin 3 0 
Endopolygalacturonase 3 0 
Pectate lyase 2 0 
PKA regulatory subunit 2 0 

Required by animal pathogen    
Aspartyl proteinase 0 1 
Phospholipase B 0 2 

a Number of species in which disruption of this gene type has resulted in
an altered pathogenicity or virulence phenotype. 

Table 3. Publicly available complete genome sequences of fungal and 
oomycete pathogens and databases 

Fungus Sequence coverage Sourcea (Reference) 

Plant Pathogens   
Ashbya gossypii 4.2 × 9 Mb A-2004  

(Dietrich et al. 2004) 
Botrytis cinerea 4 × 30 Mb B-2005 
Fusarium graminearum 10 × 36 Mb B-2003 
Fusarium verticillioides 4 × 46 Mb B-2005 
Magnaporthe grisea 7 × 39 Mb B-2002  

(Dean et al. 2005) 
Phanerochaete 

chrysosporium 
11 × 30 Mb C- 2005 

Phytophthora infestans 1 × ~237 Mb D- 2005  
(Randall et al. 2005) 

Phytophthora sojae 9 × 95 Mb C-2005 
Phytophthora ramorum 7 × 65 Mb C-2005 
Stagonospora nodorum 10 × 37 Mb B-2005 
Ustilago maydis 10 × 19 Mb B-2004  

Human pathogens   
Aspergillus fumigatus 10 × 28 Mb E-2005  

(Nierman et al. 2005)
Aspergillus terreus 11 x 35  Mb B-2005 
Cryptococcus 

neoformans serotype A 
11 × 19 Mb B-2005 

Cryptococcus 
neoformans serotype B 

6 × 17 Mb B-2005 

Candida albicans 11 × 16 Mb F- 2004  
(Jones et al. 2004) 

Candida dubliniensis 9 × 16 Mb G- 2005  
(Sanger 2005) 

Candida glabrata 10 × 14 Mb H- 2005 
Candida guilliermondii 12 × 11 Mb B-2005 
Candida lusitaniae 9 × 12 Mb B-2005 
Candida tropicalis 10 × 40 Mb B-2005 
Chaetomium globosum 7 × 34 Mb B-2005 
Coccidioides immitis 10 × 29 Mb B-2005 
Histoplasma capsulatum 7 x 28 Mb B-2005 
Rhizopus oryzae 10 × 40 Mb B-2005 
Unicinocarpus reesii 5 x 30 Mb B-2005 

a Letters indicate websites as follows: A = Swiss Institute of Bioinformatics; 
B = Broad Institute-; C = Joint Genome Institute; D = National Center for 
Genome Resources; E = University of Manchester; F = Institut Pasteur;
G = Sanger Institute; H = Center for Bioinformatics, Bordeaux. 
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proved to be difficult. Some researchers do not publish enough 
experimental details to be able to verify whether a reduction in 
virulence is caused by a penetration defect or a defect in post-
penetrative growth. The development of PHI-base will be 
greatly aided if each research community agrees to carry out a 
set of ‘gold standard’ pathogenicity tests for each pathosystem 
to assess the phenotype of mutants. Examples of good tests for 
interspecific comparisons would be microscopy analyses of the 
plant infection process for evidence of infection structure for-
mation, penetration defects, as well as local and systemic 
growth patterns through host tissues. Comparisons between 
wounded and intact host surfaces would indicate whether a re-
duction in pathogenicity is only due to an inability to penetrate 
the host. For example, the global Fusarium community imple-
mented in 2005 a standardized score card scheme to permit 
mutant phenotype comparisons between laboratories on multi-
ple hosts (Rothamsted Research website). In the near future, 
molecular genetic studies on host-pathogen interactions will 
extend to exploring sporulation rates, plant-to-plant spread, 
and season-to-season survival. We plan to capture these types 
of new data in PHI-base. 

A second major obstacle to the curation of PHI-base was 
finding the relevant articles. For example, it was noted during 
curation that some journals found in the Web of Science 
(WOS) database are not represented in PubMed and vice versa 

(Fig. 1). In addition, WOS and PubMed together do not repre-
sent a comprehensive summary of all published literature. Fu-
ture curation of the database will become semiautomated with 
the use of the text-mining framework ONDEX (Koehler et al. 
2005). This will allow the precision and recall of relevant arti-
cles from literature databases to be higher than simple key-
word searches. Articles identified from the novel text-mining 
methods are carefully curated and checked by a domain expert 
prior to inclusion in PHI-base to ensure the same high level of 
quality assurance as used in the manual approach. 

The necessity for a continually updated pathogenicity gene 
database has been demonstrated during the annotation of EST 
and genomic sequences from the oomycete Phytophthora in-
festans (Randall et al. 2005). In this study, homologs of fungal 
pathogenicity genes were identified by sequence similarity to 
104 pathogenicity genes, including the 79 plant pathogen 
genes cited in a review by Idnurm and Howlett (2001). How-
ever, since 2001, the number of verified pathogenicity and 
virulence genes for plant pathogens has tripled. A publicly 
available database of pathogenicity, virulence, and effector 
genes would be of great utility for annotating genomes and EST 
in studies with similar objectives to those done by Randall and 
associates (2005). 

The COGEME database, in addition to containing EST data 
for many plant-pathogenic fungi, also allows researchers to de-

Fig. 5. External data sources to be interlinked with PHI-base in the future. 
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posit expression data from their studies (Both et al. 2005; 
Soanes 2005). It is envisaged that future curation of PHI-base 
could be aided by direct submissions from the fungal patho-
genicity research community. This could take the form of data 
from gene disruption studies that are not published. Such infor-
mation would be indicated as not published but may contain 
crucial details in comparative studies. For example, the growth 
rates of gene deletion mutants on a range of media are only 
rarely published in detail in research articles (Tonukari et al. 
2000). 

Eventually PHI-base will contain all genes that have been 
disrupted and phenotyped in all pathogenic fungi and oomy-
cetes, irrespective of whether the disruption affects patho-
genicity or not. This will be useful to researchers who wish to 
know whether a putative pathogenicity gene of interest has, in 
fact, been shown NOT to affect pathogenicity in another spe-
cies. This information may reveal functional redundancy in 
fungi. For example, the plant cell wall–degrading enzymes 
called endopolygalacturonases expressed by several fungi dur-
ing pathogenesis are encoded by a multigene family in fungi. 
The disruption of individual endopolygalacturonase genes in 
Fusarium oxysporum and Cochliobolus carbonum did not af-
fect virulence, because other wild-type enzymes are retained 
that are able to degrade plant cell walls (Garcia-Maceira et al. 
2001; Scott-Craig et al. 1990). 

Over the last decade, a wealth of full-genome sequence in-
formation has become available for many organisms. Since 
2003, the number of genomes available for pathogens of plant 
and animal hosts has steadily increased (Table 3). PHI-base 
already permits the downloading in FASTA format of all the 
sequences contained in the database. These sequences can be 
used to interrogate each newly sequenced genome as well as to 
explore the chromosomal context within which a pathogenic, 
virulence, and effector gene resides. Future versions of the 
database will allow users to BLAST search against all the nu-
cleotide or protein sequences of the entries in the database. A 
batch BLAST function will permit users to query the database 
with many sequences. This will allow the immediate identifi-
cation of pathogenicity gene homologs in studies involving 
large numbers of genes, e.g., in transcriptomic studies to ex-
plore gene networks. 

Effective annotation and analysis during comparative ge-
nomic studies requires diverse information including genome 
sequence, expression data, protein function, and metabolic 
pathway information, as well as data from gene disruption ex-
periments. A system to integrate such data for S. cerevisiae, 
called the Genome Information Management System has been 
developed and is available online (Cornell et al. 2003). An-
other database, called e-Fungi, will integrate sequence and 
similarity search information from the nonpathogenic model 
fungi, with data from many plant and animal pathogens as well 
as saprophytes. It is planned to improve interoperability of 
PHI-base with external data sources by providing linkouts or 
bidirectional links to related entries. This will cover the CO-
GEME and e-Fungi databases as well as pathway information 
in KEGG (Kanehisa et al. 2002). These linkouts are described 
in Figure 5. Grid computing will allow data resources to be 
shared and computing power to be combined to create a uni-
fied resource for researchers to access and analyze data (Jacq 
et al. 2004). 

Future versions of PHI-base will include information on host 
mutations that compromise or enhance host defense responses 
(Manger and Relman 2000). We have already compiled, from 
peer-reviewed publications, more than 100 Arabidopsis thaliana 
mutants and transgenic lines that modify different types of inter-
actions (Hammond-Kosack and Parker 2003). In addition, for 
many plant host species, the molecular identity of various 

classes of disease resistance genes are now known, as well as the 
function of specific gene variants in the activation of plant re-
sponses (Meyers et al. 2005). The curation of this experimen-
tally verified host literature alongside the corresponding patho-
gen information for many interactions should further facilitate 
the identification of common themes and unique components as 
well as when information is lacking or incomplete. In addition, 
plant pathogenic bacterial and viral virulence factors are cur-
rently not curated in any database; these could be included in 
future versions of PHI-base. Recently, we have started to include 

Table 4. Column headings from database (PHI-base) 

Column name and 
gene ontologies 

 
Description 

PHI-base accession Stable accession number for each database 
entry to aid curation 

EMBL accession Link-out to EMBL Nucleotide Sequence 
Database 

Gene name Name of the fungal gene that was disrupted in 
the published study 

Pathogen NCBI 
Taxonomy ID 

NCBI taxonomy ID of the pathogenic fungus 

Pathogen species Systematic name of the pathogenic fungus 
Disease name Name of the disease caused by the pathogen 

host interaction 
Monocot / Dicot plant Number of cotyledons, if the host is a plant 
Host NCBI Taxonomy ID NCBI taxonomy ID of the host organism 
Experimental host Common name of the host organism 
Function Function of the disrupted gene 
Linkout accession Accession number for gene function and 

ontology databases 
Database Identifier for gene function and ontology 

databases 
Pathway Name of the pathway the disrupted gene is 

involved in 
Phenotype GO:0009405 Pathogenicity phenotype of the fungus after 

gene disruption: reduced virulence, 
nonpathogenic or pathogenic 

Mating defect Yes/No If the gene disruption causes a mating 
defect affecting pathogenicity 

Pre-penetration defect Yes/No If the gene disruption causes a block 
in the disease process before penetration, 
e.g., formation of appressoria 

Penetration defect 
GO:0044409 

Yes/No If the gene disruption causes a block 
in the disease process at penetration 

Post-penetration defect 
GO:0044412 

Yes/No If the gene disruption causes a block 
in the disease process after penetration 

Vegetative spores 
GO:0030435 

Defects in asexual sporulation caused by the 
gene disruption e.g reduced sporulation 

Sexual spores 
GO:0000909 

Defects in sexual sporulation caused by the 
gene disruption e.g reduced sporulation 

In vitro growth Growth defects in culture caused by the gene 
disruption e.g. reduced growth 

Spore germination 
GO:0009847 

Defects in spore germination caused by the 
gene disruption 

Essential gene  Lethal effect from gene disruption 
Inducer For cases where a particular compound is 

needed to induce gene expression, e.g., pectin 
Host response Details any difference in the host defence 

response to a pathogen with a disrupted gene
Experimental evidence The experimental method that is applied to 

disrupt the gene 
Entered by Name of the curator who entered the 

interaction to the database 
Manual or text mining Method of information retrieval 
Literature ID Accession number for the published article 
Literature source Name of library or information resource 

containing the publication 
Full citation Full citation of the article if no ID is available 
Author email Email address of the author of the article 
Amino acid sequence Amino acid sequence of the gene product 
Nucleotide sequence Nucleotide sequence of the gene  
Comments Field provided for any further free text 

information 
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entries in which no defect in pathogenicity was observed when 
the gene was disrupted, even though, in another pathogenic spe-
cies, a pathogenicity defect was observed following the disrup-
tion of a similar gene sequence. 

PHI-base already represents a unique resource providing 
comprehensive information for pathogen species that invade 
plant, animal, or fungal hosts. Other complementary databases 
provide functional information on a single organism, for exam-
ple, the rice blast websites or a small group of closely related 
pathogens, e.g., the Phytophthora PFGD website. We envisage 
typical users of this database will be medical and agricultural 
scientists, bioinformaticians, and evolutionary biologists, who 
need easy access to peer-reviewed data on multiple pathogen 
species from a single internet resource. 

MATERIALS AND METHODS 

The data in PHI-base are compiled from scientific publica-
tions and subsequently curated into PHI-base. As already dis-
cussed in the introduction, only pathogenicity genes that have 
been verified using ‘strong’ experimental evidence have been 
included in the database, i.e., from forward or reverse genetic 
approaches. The challenge is to identify the publications that 
describe such experiments and, then, to extract and curate all 
information that is important for the characterization of a given 
pathogenicity gene in a systematic way. 

Key word search  
of the literature databases PubMed and WOS. 

The key word search term (fung* or yeast) and (gene or fac-
tor) and (pathogenicity or virulen* or avirulence gene*) was 
used, and the returned articles of interest were those with in-
formation about the disruption and characterization of genes. 

Curation of information. 
Each pathogenicity, virulence, and effector gene found 

through the literature searches was initially recorded in a spread-
sheet. In addition, further relevant publications were obtained 
from the recommendations of colleagues. Each relevant article 
was then manually curated by a domain expert. Up to 30 details 
about gene function and the phenotype of gene disruptants were 
also recorded. Table 4 shows how the experimental data from 
the papers were categorized in PHI-base. This approach revealed 
that, for many articles, information was either incomplete or 
entirely missing and that a range of infection tests were used to 
test the same pathogen-host interaction. 
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