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Determination of gene function is particularly problem-
atic when studying large-gene families because redun-
dancy limits the ability to assess the contributions of
individual genes experimentally. Phylogenomics is a
phylogenetic approach used in comparative genomics
to predict the biological functions of members of large
gene-families by assessing the similarity among gene
products. In this report, we describe the application of
the Rice for elucidating functions of individual members
of this gene family.

Biological information raises the usage of
phylogenomics

Despite the importance of rice (Oryza sativa) and its emer-
gence as a model species for genetic studies, assignment of
gene function has progressed slowly [1-3]. A major obstacle
is functional redundancy, which is due to gene duplication
and therefore metabolic redundancy [4,5]. Approximately
50% of all non-transposable element-related rice genes are
potentially subject to functional redundancy [6,7]. For
example, the Rice Genome Annotation Project (RGAP,
http://rice.plantbiology.msu.edu/) recently identified 3842
rice paralogous gene families comprising 20 729 protein
sequences [6,7].

To help to address these obstacles we recently developed
two phylogenomics databases for 1508 rice kinases (Rice
Kinase Database, RKD; http://rkd.ucdavis.edu) [8] and 769
glycosyltransferases (Rice Glycosyltransferase Database,
RGTD; http://phylomics.ucdavis.edu/cellwalls/gt/) [9].
These databases present diverse data in a phylogenetic
context, including gene annotations, orthologous gene pre-
dictions information about gene indexed mutants as well as
transcriptome data from ESTs, massively parallel signature
sequencing (MPSS), and microarray analyses. Table S1
describes other databases that are useful for phylogenomic
approaches in plant species (see supplementary material
online). Information in these databases is mostly dependent
on various analyses with predicted protein sequences and
therefore biological information for the databases is still
limited.

The RKD integrates protein-protein interaction data
based on high-throughput yeast two hybrid (Y2H) and in
vivo tandem affinity purification (TAP) pull-down screens.

Corresponding author: Ronald, P.C. (pcronald@ucdavis.edu).

In this report, we describe how the RKD can be used to
elucidate the functions of individual members of the large
rice kinase gene-family.

Application of phylogenomics databases

Here we describe two applications of the RKD: (i) identifi-
cation of mitogen-associated protein kinase (MAPK-
MAPKK-MAPKKK) signaling cascades that are coex-
pressed in response to a broad range of stress responses,
and (ii) prediction of five functional interactions of a light-
inducible kinase by integrating gene expression patterns
with the protein—protein interaction map.

Identification of eight MAPK genes that are predicted to
function in the same signaling cascade

A MAPK signaling cascade consists of a MAP kinase, MAP
kinase kinase (MKK or MAP2K), and MAP kinase kinase
kinase (MKKK or MAP3K). In general, the MAP3K phos-
phorylates a serine or threonine residue on a MAP2K,
which sequentially activates a MAPK, the last protein in
the cascade. The activated MAPK leads to the phosphory-
lation of downstream transcription factors that regulate
various responses such as stress signaling, pathogen re-
sponse, and hormone signaling [10]. The function of most
MAPKs (MAP3K-MAP2K-MAPK) in rice is not known,
with the exception of MCKI1, OsMSRMKZ2, OsMAPK4,
OsMAPK5, OsMAPK6, OsBWMKI and OsWJUMKI
[10-13].

To identify the functions of the unknown MAPKSs, we
integrated diverse gene expression data from various de-
velopmental organs or tissues. We also included the fol-
lowing datasets, which compare cytokinin-treated leaves
with dimethylsulfoxide-treated leaves and abiotic stress-
treated leaves with untreated leaves and pathogen-treated
leaves with mock-treated leaves (Figure 1a) [7].

On the basis of phylogenetic analysis, MAPKs are clas-
sified into four subgroups (Figure 1). Clustering analysis
with developmental expression patterns of all rice MAPKSs
identified a set of MAPK components that appear to func-
tion in the same signaling cascade as the one shown in
Figure la. Further support for this putative signaling
cascade comes from protein—protein interaction data indi-
cating that MAPK Os03g17700 and MAP2K Os02g54600
physically interact [14]. Therefore, we predict that MAP2K
0s02g54600 is located upstream of the MAPK Os03g17700
and regulates various downstream stress responses.
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Figure 1. Identification of eight MAPK genes predicted to function in the same signaling cascade. (a) The left panel shows phylogenomics data for each MAPK, MAP2K, and
MAP3K subfamilies and the right panel shows hierarchical clustering (HCL) analysis of normalized Affymetrix gene expression data for all subfamilies in 32 types of
anatomically- or development-related tissues or organs. Corresponding Affymetrix differential expression data following exposure to various biotic or abiotic stresses is
also shown. Asterisks (*) indicate eight genes grouped by HCL analysis, using normalized expression levels, including one MAPK, one MA2PK, and six MA3PKs. These
genes are similarly regulated under various biotic or abiotic stresses. (b) A proposed regulatory model for the six MAPKs, MAP2Ks and MAP3Ks identified in (a). Biotic or
abiotic stresses are perceived by receptors represented by four color-filled boxes. Stress perception is transferred from the receptors to downstream responses via a MAPKs
cascade. Lines with two dark-filled circles indicate the protein—protein interactions confirmed by yeast two hybrid screening assays.

Similarly, six MAP3Ks (0s01g50370, Os05g46760,
0s01g50400, Os01g50410, Os01g50420 and Os05g46750)
are predicted to be upstream of the MAPK and MAP2K
genes in examined developmental stages and in response
to various stress challenges. Notably, the six MAP3K genes
show similar expression patterns in diverse developmental
organs or tissues: suspension cells, germinating seedlings,
leaves or shoots, roots, coleoptiles, flag leaves, developing
inflorescences, and developing seeds (Figure 1a). The ob-
served differential expression patterns in response to biotic
or abiotic stresses are also similar: drought, salt, cold,
fungal and viral pathogens induce the expression of these
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genes, whereas cytokinin (trans-Zeatin, tZ) treatment of
leaf tissue represses transcript levels (Figure 1a).

These data suggest that these six MAP3K genes play a
key role in a broad range of stress responses, including
responses to biotic/abiotic stresses. Rice might have evolved
an enhanced response to these stresses by retaining multi-
ple gene family members that perform critical functions.
The application of phylogenomics data to all MAPK sub-
families effectively revealed components in the same signal-
ing pathway (Figure 1b). A parallel approach can be used to
predict other gene sets that are co-expressed and therefore
predicted to be commonly regulated.
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Figure 2. |dentification of biologically functional interacting regulators of a target kinase by using integrated protein-protein interaction maps and transcriptomics data. (a) The
process of integrating transcriptome data onto the interaction map of a TAP-tagged kinase (Os01g10450) to generate a functional model. The interactomes on the left and the
right represent models before and after integration of gene expression data into the interaction map of Os01g10450, respectively. (b) Microarray and MPSS data derived from
comparisons of light- and dark-grown seedlings were integrated into the interaction map of a TAP-tagged kinase (0s01g10450). Light- and dark-grown seedlings of four rice
varieties: Nipponbare (N), IR24 (1), Kitaake (K) and Taipei 309 (T). Log, ratios of light (L) over dark (D) were generated for the four varieties (left) [5,7]. Log,-transformed normalized
NSF45K intensity under light and dark conditions and the log,-transformed MPSS signature under light and dark conditions are shown (middle). (¢) Model for the function of
0s01g10450, encoding a Raf kinase, in response to light or dark. In the dark, binding of the regulatory adapter protein 14-3-3 with the Raf kinase stabilizes the basal inactive Raf-1
conformation. Because the AMP:ATP ratio is high at night, excess AMP might preferentially bind an AMP-associated kinase (AMPK, e.g. SNF1) instead of the CBS domains in
0s09g02710. During the day, CBS-bound ATP likely forms and accumulates during photosynthesis because tandem pairs of CBS domains act as sensors of cellular energy
status. Thereafter, binding of CBS-bound ATP (0s09g02710) to a Raf kinase might contribute to maintaining the active state of the kinase. In turn, the activated Raf kinase is
supposed to phosphorylate components in the downstream signaling pathway. Red letters, lines, circles, boxes, rectangles and arrows indicate upregulation in the light or
downregulation in the dark; light yellow symbols indicate slight upregulation in the light or downregulation in the dark; and green symbols indicate downregulation in the light
or upregulation in the dark. Blue and yellow bars indicate the intensity of gene expression based on microarray data. Black and red bars indicate the frequency of MPSS
signatures. TAP-tagged kinase and nine co-immunoprecipitated interactors are represented as TIGR locus identifiers (Locus Ids). IP, immunoprecipitated.
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Prediction of biological function by integrating protein—
protein interaction maps with phylogenomics data

We previously identified interacting proteins for 116
kinases using the Y2H system and identified co-immuno-
precipitated proteins for 83 TAP-tagged kinases using
mass spectroscopy [14,15].

The biological relevance of these putative kinase inter-
actors can be further enhanced by integrating transcrip-
tomics data. We identified nine interactors (http:/
rkd.ucdavis.edu/TAPbaitprey.php?id=0s01g10450) that
co-immunoprecipitated with one of the TAP-tagged
kinases (Os01g10450, Raf kinase). To these data, we in-
corporated gene expression data derived from the NSF45K
light versus dark dataset for each of the Os01g10450-
associated interactors (Figure 2a, b).

The combined analysis allowed us to identify interaction
partner(s) co-regulated with the Raf kinase in response to
light. For example, Os09g02710, which encodes a
cystathionine beta-synthase (CBS), shows expression pat-
terns that are most similar to that of Os01g10450.
0508236320 encoding glutamate decarboxylase (GDC),
0s08g29110 encoding a thioredoxin family protein, and
Os11g34450 encoding a 14-3-3 protein are positively asso-
ciated with Os01g10450. We also found that Os04g38870,
encoding a 14-3-3 protein, is significantly downregulated in
the light. These results suggest that five out of nine inter-
actors are positioned in the light-responsive regulatory
pathway positively linked to Os01g10450. Expression pat-
terns of the five genes are similar in both microarray
(NSF45K light versus dark array) and MPSS analyses of
10-d-old seedlings grown in the dark (10 d seedling_D) and
14-day-old seedlings grown in light (14 d leaf L)
(Figure 2b) [5].

Based on these results we present a model for Raf kinase
function (Figure 2C). In the dark, binding of the regulatory
adapter protein 14-3-3 with the Raf kinase stabilizes the
basal inactive Raf-1 conformation, as previously shown for
yeast Raf-1 [16]. Because the AMP:ATP ratio is high at
night, excess AMP might preferentially bind an AMP-asso-
ciated kinase (AMPK, e.g. SNF1), which accumulates during
times of energy deficiency. Even if the CBS domains from
both AMPK and Os09g02710 can interact with both ATP
and AMP, the CBS domain of AMPK preferentially binds to
AMP because the AMPK gene is much more stimulated at
night than 0Os09g02710. During the day, CBS-bound ATP
probably forms and accumulates by photosynthesis because
tandem pairs of CBS domains act as sensors of cellular
energy status [17]. Thereafter, binding of CBS-bound ATP
(0Os09g02710) to a Rafkinase might contribute to maintain-
ing the active state of the kinase. In yeast, a light-induced
14-3-3 protein also functions as cofactor to stabilize an
activated Raf kinase by binding to a phosphorylated serine
residue on the kinase [18]. Similarly, a light-stimulated 14-
3-3 protein (0Os11g34450) can interact with the Raf kinase
(0Os01g10450) and play a role in maintaining the active state
of the kinase (Figure 2b), thereby enabling this active
enzyme to phosphorylate light-stimulated GDC or thiore-
doxin and turn on related downstream signaling pathways
(Figure 2¢). Roles of different 14-3-3 proteins in activation or
inactivation of Raf kinase were also reported in a previous
study of a Rafkinase in yeast [18]. These predictions can be
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further validated with available genetic materials (knock-
out or RNAI or activation tagging lines) to study the func-
tions of these genes.

Perspectives

The RKD provides a practical framework for exploring
diverse and high-throughput expression data in a phylo-
genetic context. Recently, we used similar methods to
dissect functions of 12 AP2 or ERF's transcription factors
identified from genome-wide transcriptome analysis to
compare the submergence tolerance line M202(Sub1) with
the intolerant control M202 [19]. Because rice is a valuable
model for candidate bioenergy grass crops, integration of
orthologous gene information from other recently se-
quenced grasses such as sorghum (Sorghum bicolor), Bra-
chypodium, maize (Zea mays), foxtail millet (Setaria
italica), and switch grass (Panicum virgatum) into the rice
RKD should facilitate the prediction of gene function in
these species [8,9].
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