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The fungal pathogen Fusarium graminearum (telomorph Gibberella zeae) is the causal agent of several
destructive crop diseases. Identifying interactions among F. graminearum proteins and understanding
their functions can provide insights into pathogenic mechanisms underlying F. graminearum—host
interactions. F. graminearum protein—protein interaction (FPPI) database provides comprehensive
information of protein—protein interactions (PPIs) of F. graminearum predicted based on both interologs
from several PPl databases of seven species and domain—domain interactions experimentally
determined based on protein structures. FPPI contains 223 166 interactions among 7406 proteins for F.
graminearum. To the best of our knowledge, it is the first PPl map for this destructive fungus, which
is thereby expected to shed light on biological functions of F. graminearum proteins. The predicted
interactome covers about 52% of the whole F. graminearum proteome, and each interaction is assigned
a score as the confidence for the predicted PPI. In particular, we constructed a core PPl data set with
high confidence that consists of 27 102 interactions and 3745 proteins. To verify the reliability of the
predicted interactome, we conducted yeast two-hybrid experiments over 3 randomly selected predictions
from the core PPl data set, among which one pair of proteins was confirmed to indeed interact with
each other, thereby proving high confidence on the core PPl data set. In addition, FPPI contains other
functional information for F. graminearum genes, including homologues in other species deposited in
different databases and the inferred functional characteristics, and so on. We further constructed an
intuitive query interface for the database that provides easy access to the important features of proteins.
In summary, FPPIl is a rich source of information for system-level understanding of gene functions and
biological processes in F. graminearum. Public access to the FPPI| database is available at http://
csb.shu.edu.cn/fppi.
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Introduction

Fusarium graminearum (Gibberella zeae) is the most com-
mon causal agent of Fusarium head blight of wheat and barley,
and Gibberella stalk rot of maize.! It is estimated that F.
graminearum causes economical losses of $3 billion in the U.S.
between 1991 and 1996.% Therefore, it is necessary to investigate
the mechanism underlying the pathogenic process of this
fungus, in order to facilitate the searching for an efficient way
to control it. Although some pathogenicity genes have been
identified for this fungus, such as pathogenicity genes deposited
in PHI-base,® the molecular mechanism by which F.
graminearum overcomes plant defense barriers and causes a
disease is still largely unknown. On the basis of our current
understanding of pathogenicity of model pathogens,* F.
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graminearum is thought to organize a complex network of
proteins and other molecules, including those that might be
secreted into host cells, to adapt the life inside its host plant.
Therefore, revealing the functions of proteins can provide
insights into biological processes of F. graminearum, and help
to understand the pathogenic process of this destructive
fungus. Although the whole genome of F. graminearum has
been sequenced and partly annotated,” there are only about
4000 proteins that have been annotated in MIPS F.
graminearum Genome Database (FGDB),® which is far from
complete. On the other hand, proteins generally exert their
functions by interacting with each other in living organisms.
Therefore, protein—protein interactions (PPIs) not only provide
the basic building-blocks to construct protein interaction
networks, but also give important hints about protein functions.

Recently, a large amount of protein—protein interaction data
have been accumulated through high-throughput technologies.
For example, there are interactome data for Saccharomyces
cerevisiae,” Caenorhabditis elegans,® Drosophila melanogaster,®'°
Homo sapiens,"* and so on. These interactomes are becoming
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invaluable resources in systems biology by analyzing biomo-
lecular networks formed by pairwise protein—protein interac-
tions,'? which provide biological insights into signaling and
regulatory pathways as well as cellular functions of proteins.
Unfortunately, there is no public accessible interactome for F.
graminearum now, although it is strongly demanded. Detecting
protein—protein interactions through high-throughput ap-
proach (e.g., yeast two-hybrid) is not feasible for this fungus
due to the cost and time-consuming experiments. Therefore,
computational methods provide an alternative way to predict
protein—protein interactions for this fungus, and the prelimi-
nary computation results can serve as guideline for future
experiment verification. In literature, a number of computa-
tional methods have been developed to predict PPIs based on
various attributes and data types, such as interaction-ortholog
(interolog),'® gene expression profiles,' gene annotations,'®
domain compositions,'® '8 and coevolution.'® Among all com-
putational methods, the interolog method is widely used, and
it deduces interactions from experimentally determined inter-
actomes of other species. In interolog approach, a pair of
proteins in the organism of interest is regarded as interacting
pair if their corresponding orthologs in other species interact
with each other accordingly. The interolog method depends
on accurately predicted ortholog genes, and the predicted
interactome is limited to interactions among the most con-
served proteins. On the other hand, PPIs are generally assumed
to be mediated by domain—domain interactions (DDIs).'® With
experimentally determined DDIs, we can predict PPIs for
proteins that contain interacting domains (even without in-
teracting orthologs), thereby complementing the interolog
approach.

In this work, we predicted 223 166 interactions among 7406
proteins for F. graminearum based on interologs and DDIs.
Although the predicted PPIs cover only about 52% of the whole
F. graminearum proteome, it is the first PPI map for this
destructive fungus, thereby shedding light on biological func-
tions of F. graminearum proteins. Furthermore, we developed
a score for each interaction as the confidence to evaluate the
predicted PPIs. In particular, we constructed a core PPI data
set with high confidence that consists of 27 102 interactions
and 3745 proteins. By conducting yeast-two hybrid experi-
ments, we verified one predicted interaction from 3 randomly
selected predictions in the core data set, thereby confirming
the reliability of the FPPI database. In addition, FPPI contains
other functional information for F. graminearum genes, includ-
ing homologues in other species deposited in different data-
bases and the inferred functional characteristics, and so on.
We further constructed an intuitive query interface that pro-
vides easy access to the important features of F. graminearum
proteins. In summary, FPPI is a rich source of information for
system-level understanding of gene functions and biological
processes in F. graminearum. Public access to the FPPI
database is available at http://csb.shu.edu.cn/fppi.

Methods

In this section, we present two approaches for predicting
protein—protein interactions for F. graminearum based on
interologs and domain—domain interactions, respectively.
Figure 1 shows the schematic overview of predicting F.
graminearum protein—protein interactions based on interologs
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Figure 2. Flowchart for predicting F. graminearum protein
interactions based on the interolog approach.

and domain—domain interactions. The details of each method
will be addressed in the following parts.

Predicting Protein—Protein Interactions for F.
graminearum Based on Interologs. The approach to predict
PPIs based on interaction-ortholog (interolog) is widely used
in the literature. In this work, we identified F. graminearum
protein orthologous from seven well-studied species, including
S. cerevisiae, D. melanogaster, C. elegans, H. sapiens, Mus
musculus, Schizosaccharomyces pombe and Escherichia coli by
utilizing INPARANOID.?® The sequence data for F.
graminearum were downloaded from Broad Institute (http://
www.broad.mit.edu/annotation/genome/fusarium_group/Mul-
tiDownloads.htm), while the sequence data for other species
were obtained from Ensembl?! except S. pombe and E. coli,
which were downloaded from NCBI (ftp://ftp.ncbi.nih.gov/).
In particular, only individual pairs of orthologues from each
family were chosen. Although this may omit potential interac-
tions, many more false positives especially those involving
divergent inparalogs are discarded. Interactome data sets for
the seven organisms were obtained from HPRD (8-22-2007
release),??> MINT (4-8-2008 release),”®> BIOGRID (version
2.0.44),>* INTACT (2008 release)?® and DIP (10-14-2008 re-
lease).?® Figure 2 shows the flowchart of predicting protein
interactions by the interolog approach. Since interactome data
and ortholog data involve different gene identifiers, all the
identifiers were mapped to UniProt identifiers, whereas those
proteins that do not have any match in UniProt were regarded
as not verified and were discarded. F. graminearum proteins
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were mapped to the collected interactome data through
orthologs in other species, where a pair of interacting proteins
in a reference species have orthologs in F. graminearum. In
such a way, the PPIs or a PPI network for F. graminearum can
be obtained based on the interolog approach.

Predicting Protein—Protein Interactions for F.
graminearum Based on Domain—Domain Interactions. De-
spite the success of various computation methods on numeri-
cally predicting domain—domain interactions, the rates of false
positives and false negatives are very high.?” To alleviate this
problem, in this work, only the DDIs experimentally deter-
mined based on protein structures were used to predict PPIs,
where the DDIs were extracted from iPfam?® and 3did.?° With
DDIs available, we can determine whether a pair of proteins
interact through following probabilistic model:

PPy=1=1- [] a-Pd,, =1 o)

dpne Pij

Where P,(+) means the probability of (+), P; = 1 means that
protein i interacts with protein j, d,,, € P; means that domain
m lies in protein i while domain 7 lies in protein j, and d,,, =
1 means that domain m interacts with domain n. The idea
behind eq 1 is that protein i interacts with protein j as long as
there exists a pair of interacting domains in protein pair (i),
that is, P/{d,,, = 1) = 1. Since the DDIs collected in this work
are just annotated with either interaction or noninteraction (i.e.,
P/(d,, = 1) €{0,1}), the probability that the corresponding
protein pair (i,j) interact is either 0 or 1, that is, P,(P;= 1) €{0,1}.
Therefore, no threshold is needed to determine whether protein
pair (i,j) interact.

To get the domain—domain interactions for F. graminearum,
we first downloaded gene sequence data from Broad Institute
(http://www.broad.mit.edu/annotation /genome/fusarium-
_group/MultiDownloads.html), where genes have been mapped
to Pfam-A domains from Pfam database.?® With the domains
available for each gene, a pair of proteins (or corresponding
genes) are assumed to interact with each other according to
eq 1 if they contain a pair of interacting domains.

Protein—Protein Interaction Confidence. To make it easy
for biologists to choose predicted PPIs with high confidence,
each PPI is assigned a score representing the interaction
confidence. For PPIs predicted by interologs, it is more
convincing if the interaction is predicted by more different
interactome data sets and interologs in more species. The
confidence score S for each pair of interacting proteins
predicted by interologs is defined as follows:

S;= N, N, (2)

ij interactome* ‘species

where S; is the confidence score for interacting protein pair
(i,)), Ninteractome is the number of interactome data sets that
support the predicted PPI, and Nyyecies is the number of species
in which the predicted PPI occurs. The predicted interactions
are divided into low confidence (S; = 1), medium confidence
(1 < S;j < 4) and high confidence (S; > 4). The predicted PPIs
with low confidence may contain false positives that are
observed by some high-trhoughput techniques such as yeast
two-hybrid. Since false positives are seldom observed in
multiple species and different interactome data, the PPIs with
medium confidence will contain few false positives, whereas
the PPIs supported by multiple specieses and interactome data
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sets are more reliable, and therefore PPIs with score S; > 4 are
regarded as high confident.

For PPIs predicted based on DDIs, the predicted PPIs are
classified into three groups, that is, low confidence, medium
confidence and high confidence groups. For a pair of interact-
ing proteins, it is regarded as medium-confidence if each
protein in the pair contains only one domain and the domain
pair involved in the protein pair is an interacting pair.
Especially, the interaction is assumed to be high-confidence if
more than 50% of sequence length is covered with the domain
sequence in each protein of medium-confident interactions.
Otherwise, the interacting protein pair is regarded as low-
confident because the proteins in the pair may contain multiple
domains or motifs, and PPI may be not mediated by DDI, for
example, domain—motif interaction.

Verification of Predicted PPIs. To verify the reliability of the
predicted PPIs, we examined the extent of coexpression for the
predicted PPIs, where a pair of interacting proteins are generally
assumed to be coexpressed. Coexpression of a pair of proteins
is determined using Pearson Correlation Coefficients (PCCs)
calculated based on gene expression data. The microarray data
obtained from F. graminearum Affymetrix GeneChip° were
downloaded from Plant Expression Database (PLEXdb, http://
www.plexdb.org/ index.php), which is a unified public resource
for gene expression data of plants and plant pathogens. In
particular, the expression data collected in vitro were used in
this work, including expression profiles measured in carbon
and nitrogen starvation conditions, in vitro sexual development,
conidia germination stages, and in vitro sexual development
of Fusarium Cchl calcium channel deletion mutant. To see
whether the predicted PPIs’ coexpressions are enriched against
random pairs, the random pairs were generated by randomly
shuffling the links among proteins in predicted PPI network
while reserving the degree for each node. Coefficients for the
predicted PPIs were calculated and compared against those for
the random pairs.

In addition, F. graminearum annotations were downloaded
from MIPS FGDB, where a small number of genes have been
annotated with different functions. Generally, a pair of interact-
ing proteins are assumed to share similar functions through
“Guilt by association” rule.*! Therefore, function enrichment
analysis can verify interactions to some extent. The function
enrichment was investigated for the predicted PPIs against
random pairs generated as described above. We compared the
proportion of PPIs sharing at least one function term in the
predicted network against that for random protein pairs.

A straightforward way to verify the predicted interactions is
to conduct biological experiments in lab. We randomly selected
a set of protein interaction pairs from our predictions, and
performed yeast two-hybrid assay to test the interactions in
vivo.*? The full-length ORF regions of the selected genes were
amplified from genomic DNA extracted from the F.
graminearum PH-1 strain, and in-frame inserted into pBD-
GAL4 and pAD-GAL4 vectors of yeast two-hybrid system
(Stratagene, La Jolla, CA). Individual pairs of pAD and pBD
plasmids were transformed into yeast PJ69—4A strain and
plated on synthetic complete medium without Leu and Trp for
transformants. The transformants were titrated on synthetic
complete medium without Leu, Trp, His and Ade for interaction
tests. The interactions were further confirmed by LacZ assay
with X-gal.
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Table 1. The Predicted Interactions Based on Interologs from
Seven Species

species predicted interactions
M. musculus 272
C. elegans 723
E. coli 1138
D. melanogaster 1669
S. pombe 2350
H. sapiens 4056
S. cerevisiae 35697

Results and Discussion

F. graminearum PPI Map. Protein—protein interactions
were predicted using interolog approach based on the assump-
tion that evolutionarily conserved proteins tend to have
conserved interactions. The F. graminearum orthologs were
respectively identified in S. cerevisiae, D. melanogaster, C.
elegans, H. sapiens, M. musculus, S. pombe, and E. coli by
utilizing INPARANOID. A pair of proteins was regarded as an
interacting pair if their corresponding orthologs interact in one
of the seven species. Consequently, the predicted PPI data from
different species were combined into a PPI network for F.
graminearum. In this work, 41 267 interactions among 3241
proteins were obtained based on interolog approach. Table 1
lists the interactions predicted from different species.

It can be seen that most of predictions are from yeast
(86.50%), which is reasonable from perspective of evolution
considering that yeast is close to F. graminearum in the
phylogeny tree.® The predictions from M. musculus are much
less than those from other species due to the limited number
of PPIs available for M. musculus. Furthermore, we established
interaction confidence for each prediction based on the
number of different species from which the interaction was
predicted and the number of databases in which the interaction
occurs. With the assessment, the predicted PPI data were
classified into high-confidence, low-confidence and medium-
confidence. Figure 3a shows the predictions with different
confidence by interologs. We can see that most of predictions
are low-confident, that is, most of predictions are inferred from
only one species.

Since interolog approach identifies only conserved interac-
tions across species, the coverage of predicted interactome is
generally small. With protein-domain mapping and DDIs from
iPfam and 3did, we predicted PPIs with DDIs based on the
assumption that PPIs are mediated by DDISs. In this work, 5634
DDIs among 3663 Pfam-A domains were utilized. It has been
found that some proteins comprise multiple domains, where
the interactions among these proteins may be accomplished
through multidomain interactions instead of single interacting
domain pair'®?” or even by domain—motif interactions like
those described in 3did. In this case, the protein interactions
predicted based on DDIs possibly contain false positives. On
the other hand, we have high confidence in proteins that
contain only one domain, where the protein interactions are
more possibly accomplished through the corresponding DDIs.
As a consequence, the PPIs predicted based on DDIs were
classified into low-confidence, medium-confidence and high-
confidence sets as described in Methods. Figure 3b shows the
predictions with different confidence based on DDIs. From the
results, we can see that most predictions are low-confidence.

By integrating predictions by interologs and DDISs, we finally
obtained 223 166 interactions among 7406 proteins in total, and
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Figure 3. The statistics of predicted protein interactions based
on DDIs and interologs.

Figure 4. The protein interaction network for the core data set
visualized in Cytoscape.

each protein has 30 partners in average. Figure 3¢ shows the
Venn diagram between PPIs predicted based on interologs and
those based on DDIs. It can be seen that the overlap between
PPIs predicted with distinct approaches is very small, and
therefore, the two approaches can complement each other.
With the definition of interaction confidence for predictions,
we further constructed a core PPI set that consists of only high-
confidence interactions, where the interaction is highly con-
fident if it is predicted as high-confidence by either interologs
or DDIs. Furthermore, the interactions that can be predicted
by both DDIs and interologs are also regarded as high-
confidence even though they are not high-confidence in either
DDI based predictions or interolog based predictions. As a
consequence, the core PPI data set consists of 27 102 interac-
tions among 3745 proteins and each protein has 7.24 partners
in average. Figure 4 shows the network of core PPI data
visualized in Cytoscape,® where only the giant connected
component is shown for clearness. It can be seen from the core
PPI network that most proteins have few interaction partners
while a small number of proteins have a large number of
interactions.
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Figure 5. Distributions of correlation coefficients for PPIs from
core data set and random protein pairs, respectively.

Verification of Predicted PPIs. To validate the predicted
interactome, we investigated whether an interacting protein
pair coexpress based on the assumption that interacting
proteins tend to have similar gene expression profiles. Note
that the lack of coexpression does not necessarily mean that
the predicted PPIs do not exist in practice. The coexpression
was assessed by Pearson Correlation Coefficients (PCCs), where
a high PCC means that the corresponding gene pair is coex-
pressed and strengthens the confidence of the predicted PPI.
We calculated PCCs for predicted interactome against those
for random network, which was generated by shuffling links
in the predicted PPI network while reserving the degree
distribution. Figure 5 shows the distribution of PCCs for PPIs
from core data set against those for random protein pairs. It
can be learned from the results that most predicted PPIs have
higher PCCs than random protein pairs, and this is much
clearer for higher correlation coefficients close to 1, which
demonstrates that our predicted PPIs are more reliable than
random protein pairs.

Furthermore, to verify our predicted PPIs, we investigated
the functions of proteins involved in interactions with the
assumption that interacting proteins generally have similar
functions. Right now, there are 4321 proteins that have been
annotated in MIPS FGDB, where 2975 proteins involved in the
predicted PPIs have been annotated. To see whether the
predicted PPI pair tends to have similar functions, we defined
a function similarity score for a pair of proteins:

LD N fipl

1) U fil )

s(i, ) =

where s(i,j) is the function similarity score for interacting
protein pair (i,j), fli) represents the set of functional terms from
FGDB for protein i, N is the intersection of two sets, U is the
union of two sets, and || means the number of elements in
the set, that is, cardinality of the set. The higher s(i)) is, the
higher confidence the interaction pair (i,j) has. The predicted
PPIs were compared against random protein pairs which were
generated by shuffling links in the predicted PPI network while
reserving the degree distribution. Figure 6 shows the distribu-
tion of functional similarities for interacting proteins in core
data set against those for random protein pairs, where percent-
age means the percentage of PPIs that have similar functions
with similarity score s(i,j). It can be seen from Figure 6 that
the predicted PPIs more likely have similar functions than
random ones, which verifies the reliability of our predicted PPIs.
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Figure 6. Distributions of function similarity for PPls from core
data set and random protein pairs, respectively.

To have a taste test of experimental verification of the
predicted PPIs, we randomly selected two hubs, that is,
FGSG_10313 and FGSG_06385. We further selected 12 pairs of
proteins related to these two hubs, where 3 pairs occur in core
PPI data set. The 12 pairs of interactions are FGSG_10313 and
FGSG_00306, FGSG_10313 and FGSG_09229, FGSG_10313 and
FGSG_07404, FGSG_10313 and FGSG_06103, FGSG_10313 and
FGSG_10822, FGSG_10313 and FGSG_10963, FGSG_06385 and
FGSG_00306, FGSG_06385 and FGSG_05535, FGSG_06385 and
FGSG_09778, FGSG_06385 and FGSG_10822, FGSG_06385 and
FGSG_10963, FGSG_06103 and FGSG_07404. Among the 12
predicted pairs, three pairs, thatis, FGSG_10313and FGSG_07404,
FGSG_06385and FGSG_10822, and FGSG_06103 and FGSG_07404,
belong to our core PPI data set. We verified the randomly
selected predictions by yeast two-hybrid assay, which is a
widely used method for testing protein—protein interactions
in vivo. Among the randomly selected 12 predictions, one pair
of interaction (FGSG_06103 and FGSG_7404) shows clearly
interaction (see Figure 7), which is one of the three pairs in
the core PPI data set. FGSG_06103 is a probable phosphopro-
tein phosphatase 3-a catalytic chain, while FGSG_07404 is a
probable calcineurin B, which can be a regulatory unit for
phosphatase. Our theoretical and experimental results revealed
that this particular pair of phosphatase and calcineurin B
interact with each other. Note that the verified interaction pair
is among the three randomly selected pairs from our core data
set. Although one of 12 randomly selected prediction pairs is
verified, one out of 3 predictions from the core PPI data set is
proved to be true, which demonstrates that our PPI prediction
does provide useful leads for experimental tests. Besides the
verified interaction pair, one pair of interactions also predicted
in the core data sets is the interaction between FGSG_07404
(the probable calcineurin B) and FGSG_10313, which is MGV1,
a mitogen-activated protein (MAP) kinase required for plant
infection of F. graminearum.*® It has been reported in a human
fungal pathogen Cryptococcus neoformans that the calcineurin
pathway and cell wall integrity MAP kinase Mpkl pathway
cooperate in regulating responses to high temperature stress,®
while the linking molecules between these two pathways has
not been identified. Recently in mammal, a calcineurin B has
been found in the same complex with a MAP kinase ERK,
probably through indirect interaction.*” Therefore, it is possible
that the calcineurin B (FGSG_07404) interacts with the MAP
kinase MGV1 (FGSG_10313) in F. graminearum. Another pair
of interaction from the core PPI data set is the interaction
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Figure 7. Yeast two-hybrid testing the predicted interactions. (Left
panels) The growth of yeast transformants harboring the indi-
cated plasmids on synthetic complete medium without Leu and
Trp, which indicates the transformants harbouring bout pAD and
pBD plasmids. (Right panels) The same transformants with same
dilution as the left panel were placed on synthetic complete
medium without Leu, Trp, Ade and His. The colonies can only
grow if there is an interaction between tested protein pairs. The
last row shows the positive control.

between FGSG_06385, which is MAP1/GPMK1, a MAP kinase
required for pathogenicity®®*° and FGSG_10822, which is
annotated as a probable Gim complex component GIM3 (GIM
represents genes involved in microtubule biogenesis). FGSG_10822
is annotated as a probable GIM3 which belongs to prefoldin
family function as chaperones. On the basis of a recent report
identifying proteins associated with all known 63 chaperones
with TAP-tag in S. cerevisiae,*® the yeast Gim3 is among the
groups of promiscuous chaperones functioning mainly in
cytosol, a complex with more than 200 proteins which including
some protein kinases. Therefore, it is not surprising that
FGSG_10822 might interact with MAP1 (FGSG_06385) in F.
graminearum. More information from literature about proteins
involved in our predictions can be found in Supplementary
Table 2. Because we used a stringent condition in yeast two-
hybrid, it is possible that we may miss weak or transient
interactions in our positive lists. In fact, we did find that all
the yeast transformants habouring testing protein pairs can
grow on synthetic medium without Leu, Trp, Ade, which is less
stringent condition for interaction tests (see Supplemental
Table 1).

Through coexpression analysis and function investigation,
we can see that the predicted interacting proteins tend to
express together and more likely have similar functions com-
pared against random protein pairs. Although there are only
limited gene expression and function annotation data available
for verification of our predicted PPIs, the comparison of
predicted PPIs against random ones clearly shows that the
predicted PPIs are reliable and ready for use. Furthermore,
yeast two-hybrid experiments on 12 randomly selected predic-
tion pairs verified one predicted interaction, which is among
3 pairs of interactions from the core PPI data set and proves
the reliability of our predictions.

Usage of the FPPI Database. We built an interactive Web
server for the FPPI database, which can be accessed through
the following link: http://csb.shu.edu.cn/fppi. Figure 8 shows
the interface of FPPI database. FPPI database contains all
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predicted protein interactions for F. graminearum, and the core
PPI data set with high confidence. In addition, FPPI database
also contains functional information for this fungus, including
gene information, such as gene sequence, upstream 1k se-
quence, downstream 1k sequence, and protein sequence
information. Furthermore, the database includes the best hits
of F. graminearum proteins found by BLAST in other databases,
including NCBI nonredundant sequence database (RefSeq),*!
KOGS database,*? UniProt database*® and MEROPS database,**
where the corresponding P-values and descriptions for the best
hits are available, and the homology information can provide
insight into functions of F. graminearum genes. Especially, we
listed the hierarchical function definitions for the best hits of
F. graminearum proteins from general functions to more
specific functions. In addition, FPPI database contains homol-
ogy information of F. graminearum proteins in other fungi,
including F. graminearum, Fusarium verticillioides, Fusarium
oxysporum, Ashbya gossypii, Ustilago maydis, Phytophthora
sojae, Neurospora crassa, Aspergillus nidulans, and S. cerevisiae.
In particular, the number of hits of each F. graminearum
protein in other fungi was listed with respect to different
E-value thresholds by BLAST so that it will be easy for biologists
to see the evolutionary information among different fungi,
which provides valuable hints on pathogenicity of F.
graminearum.

Conclusions

In this paper, an interactome map was constructed for F.
graminearum based on evolutionarily conserved interactions
across species and domain—domain interactions experimen-
tally determined based on protein structure. Each predicted
interaction is assigned a confidence score based on the domain
interaction information and the number of organisms that
support it. To evaluate the reliability of predicted PPIs, we
investigated whether the predicted interacting proteins tend
to be coexpressed. With in vitro gene expression data for F.
graminearum under different conditions, the predicted inter-
acting proteins were found and indeed tend to be coexpressed
compared with random ones. Furthermore, we investigated the
functions of interacting proteins to see whether interacting
proteins tend to have similar functions. The annotations from
MIPS FGDB for F. graminearum demonstrate that our predicted
interacting protein pairs more likely have similar functions
compared with random pairs. Although the predicted interac-
tome is far from complete and there are possible false positives
in it, the predicted interactome can provide insights into both
functions of F. graminearum proteins and the mechanism
underlying pathogenicity genes.

In addition, we performed yeast two-hybrid experiments to
verify a small set of interactions randomly selected from our
predictions. Twelve pairs of interactions were tested, where
three experiments are designed for each interaction. All 12 pairs
of interactions passed at least one experiment and therefore
show at least weak interactions, whereas only one pair of
interaction (from the core PPI data set) passed all three
experiments and is regarded as real interaction, which verified
the effectiveness of the proposed method. Although only a
small set of randomly selected predictions were tested in lab,
the results prove the reliability of the predicted interactome to
some extent. In addition, information from literature show that
some other predictions are possibly real interactions. FPPI also
contains other functional information for F. graminearum
genes, including homologues in other species deposited in
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In this page, one can query interactions frorm all predicted PPIs that consist of
223,164 interactions among 7,406 proteins for F. graminearum. A pair of proteins
will be treated as interacting pair if their coresponding ortholgs interacting in ong
species, i.e. interolog bosed approach. Furthermore, a pair of proteins will be
predicted to interact if they contain an interacting domain pair with the
assumption that proteins interact with each other through domain-domain
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Figure 8. The interface of FPPI database.

different databases and the inferred functional characteristics,
and so on. In summary, FPPI is a rich source of information
for system-level understanding of gene function and biological
processes in F. graminearum.
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