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Understanding Plant Responses to Infection, 
Using Pathway Studio

A UNIQUE RESOURCE FOR PLANT RESEARCHERS 
With a growing backlash against genetically-modified foods (GMO), 
plant researchers need new tools to help guide breeding programs 
designed to improve crop yield and disease resistance.
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EXECUTIVE SUMMARY
Diseases affecting economically-important crops can devastate already strained food-
supplies. With a growing backlash against genetically-modified foods (GMO), plant 
researchers need new tools to help guide breeding programs designed to improve crop 
yield and disease resistance. 

Pathway Studio Plant provides plant researchers with a unique resource that encap-
sulates virtually all current research data about the key model plant organisms 
Arabidopsis, corn, and rice. Sophisticated analytical tools enable plant researchers to 
infer functionality in their organism of study by homology to the model organisms, 
helping to drive new insights into plant biology. 

In this paper we demonstrate how this capability can be used to identify potentially 
important target proteins involved in modulating a rice plant’s resistance to infection 
by agents such as rice blast M.grisea.

INTRODUCTION
The world population is expected to increase by two billion people, reaching nine billion 
by 2050 (Figure 1) placing an even greater demand for increased crop yields. 

Driving new insights into plant biology.

Rice is one of the most important food staples that helps to feed half of the world’s 
population. Yields for this crop, along with others, need to double before 2050 to meet 
food intake of the growing population1,2 (Figure 2).

Cultivated rice suffers from more than 50 bacterial, viral, parasitic, and fungal dis-
eases, of which rice blast, caused by the fungus Magnaporthe grisea, is one of the 
most devastating. It can destroy 10-30% of the yield – an amount that could feed more 
than 60 million people for one year2. This loss can be decreased by applying protective 
measures and using fungicides, but protective measures have limited effectiveness, 
and fungicides are costly and pose risks to humans. An alternative way to control the 
disease would be the use of resistant strains. However, this also has drawbacks, as rice 
blast overcomes resistance within a couple of growing seasons.

Figure 1.  Chart of World Population spanning 1950 to 2050. towards the presence of auxins.

Figure 2.  Crop yield decreasing faster than 
slowing population growth
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Rice isolates vary in terms of vulnerability to rice blast infection. There is evidence that 
a large part of this difference can be explained quantitatively3,4. The disease provokes 
gene activation of the same defense mechanisms across isolates, but in plants suscep-
tible to rice blast this happens slower and to a lesser extent leaving them vulnerable 
to infection. In addition, specific susceptibility genes can be triggered by rice blast to 
promote its own growth5.

METHODS
A deeper understanding of plant immunity and response to blast infection may lead 
to new cultivars resistant to M. grisea as it adapts. By using Pathway Studio to analyze 
experimental results in the context of previously published data, we hope to gain a  
better understanding of plant response to blast infection, which in turn may provide 
relevant information to improve breeding programs.

Pathway Studio Plant is a solution that integrates experimental data analysis, data 
mining and visualization tools with the most comprehensive and up-to-date knowl-
edgebase of literature-based molecular interactions between plant genes, proteins, 
miRNAs, small molecules, cell processes and diseases. Pathway Studio Plant also con-
tains over 1250 expertly curated, plant-specific metabolic and signaling pathways. 

For this analysis a publicly available microarray experiment (GDS3441 in GEO database 
http://www.ncbi.nlm.nih.gov/geo/) was used. This experiment studied leaves of rice 
isolate FR13, which is susceptible to M. grisea, four days post infection (dpi), and used 
untreated leaves as the control. The experimental data was imported into Pathway 
Studio Plant and an Analysis Workflow was applied (Figure 3).

OBSERVED TRENDS IN RICE YIELDS

• Rice yields peaked in 1985 and have 
decreased year over year at a faster 
rate than population growth has 
slowed. 

• If this trend continues the crop 
yields will not keep pace with 
growing populations.

Figure 3.  Workflow Schema used to analyze experimental data GDS3441 in Pathway Studio Plant Enterprise.

Figure 4.  Rice proteins known to be involved in resistance/susceptibility to blast. Lines represent 
type of relations that were automatically extracted from literature. Of 53 genes connected to rice 
blast in Pathway Studio Plant knowledgebase, 13 were shown to contribute to disease susceptibility/ 
resistance (based on manual curation of literature references supporting each relation).  Pro-resistance 
genes are shown to the right, pro-susceptibility to the left. Red: up-regulated in the experiment; 
blue: down-regulated in the experiment; grey: not measured in the experiment or have  -value>0.05. 
See Supplementary Table 1 for the full list of differentially expressed genes connected to rice blast in 
Pathway Studio Plant database.

RESULTS AND DISCUSSION
Baseline the current knowledge 
Pathway Studio Plant’s knowledgebase 
contains automatically extracted plant 
specific information from over 190,000 
abstracts and 60,000 full-text scientific 
publications. This deep pool of literature-
based evidence helps researchers quickly 
put experimental findings into the context 
of current knowledge. Figure 4 shows 
differentially expressed genes found using 
Pathway Studio that contribute to suscep-
tibility or resistance to rice blast. 

Up-regulation of “pro-susceptibility” 
genes, such as OsWRKY285 and OsCBT6, 
and down-regulation of “pro-resistance” 
genes, such as OsRac17 and OsGA18, may 
be a signature of plant susceptibility to 
blast infection.
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The Experiment Summary Analysis Tool (Figure 6) runs eight analyses simultaneously, 
generating a report that contains:

• A list of top 50 up/down regulated genes;

• Top metabolic pathways from RiceCyc, 
AraCyc and MaizeCyc collections (http://
www.gramene.org/pathway/) identi-
fied by Gene Set Enrichment Analysis 
(GSEA). This algorithm ranks experi-
ment results by the absolute value of 
the fold change and identifies known 
gene sets (in this case canonical path-
ways) that are statistically enriched 
based on this ranking6,7. The results 
of the analysis are a list of the most 
significantly enriched pathways ranked 
by p-value;

• Top Arabidopsis signaling pathways 
identified by GSEA;

• Top 10 expression regulators identified 
by Sub-Network Enrichment Analysis 
(SNEA), which is an extension of the 
Gene Set Enrichment Analysis where 
the “gene sets” used in the enrichment 
analysis are small networks calcu-
lated de novo from all the data in the 
knowledgebase8;

• Top 10 cell processes identified by 
SNEA;

• Top 10 diseases identified by SNEA.

RUN ANALYSES
Import expression data into PathwayStudio 
Researchers can easily import experimental data into Pathway Studio and calculate  
differential expression using an Import Data Wizard. A screenshot of the final data 
import step is shown in Figure 5. 

Figure 5.  Screenshot from Pathway Studio of the final step of the Import Data Wizard showing 
differential expression of the genes in the GDS 3441 data set. Up-regulated genes are shown in red, 
down-regulated are shown in blue.

The Pathway Studio Plant enriched 
knowledgebase provides a current 
source of information and tools 
that enable researchers to quickly 
analyze and interpret experimental 
data in the context of plant biology.

CORE CONTENT AND 
KNOWLEDGEBASE

• 165,000+ relationships

• 96,000+ full-text articles

• 253,000 PubMed abstracts

• 1,250+ curated pathways

• Arabidopsis, Maize and Rice 
models can be explored
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This set of analyses allows the researcher to ask and explore deeper mechanistic-based 
questions. Results generated from this tool are described in the following sections.

Top differentially expressed genes 
Among the top 50 up-regulated genes there are two chitinases (OsCH6 and 
Os11g0702100) – enzymes able to degrade chitin – the main component of fungal 
cell walls. Chitin degradation plays a dual role in plant defense. First, it inhibits fungal 
growth, and second, it generates elicitors of defense reactions. This dual role is further 
demonstrated with relationships from the literature-based molecular interaction in 
Pathway Studio. Figure 7 shows literature-based evidence from Pathway Studio Plant 
knowledgebase documenting the connections between chitinases play in a variety of 
cellular processes and diseases.

Another gene, Os06g0649000, a rice homolog of WRKY18 from Arabidopsis, is also 
one of the top up-regulated genes. WRKY18 was recently shown as a repressor of anti-
fungal response and a component of a feedback repression system controlling basal 
defense9. Overexpression of defense repressors during fungal infection can contribute 
to susceptibility.

Figure 6.  Experimental Summary Analysis Tool 
set up page showing the three steps. All eight 
analyses are run in three minutes or less.

Figure 7.  Supporting evidence found in Pathway 
Studio Plant for plant diseases and defense-
related cell processes connected to chitinase. 
These results are independent of the expression 
data described in this paper.

KEY FINDINGS

Chitinases have a major role in 
multiple cell processes and plant 
diseases as they inhibit fungal growth 
and activate plant defense reactions
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Overexpression of defense 
repressors during fungal infection 
can contribute to susceptibility to 
rice blast infection.

Top cell processes – sub-network enrichment analysis (SNEA)  
The top ranked cell processes affected by rice blast infection, identified by SNEA, are 
shown in Supplementary Table 2. 

Out of the ten top cell processes, five are aligned to plant defense and immune 
response, and another three to other types of stress. This evidence further supports  
a strong plant defense response to rice blast.

Metabolic pathways – gene set enrichment analysis (GSEA)  
The top metabolic pathways identified by GSEA (Supplementary Table 3) include several 
components of the phenylpropanoid biosynthesis pathway, which results in the genera-
tion of structural and signaling molecules involved in plant defense10,11. Biosynthesis of 
cell wall components enhances this physical barrier, thus preventing the pathogen from 
further spreading, and increasing the production of salicylate, known as a systemic 
signal in plant disease resistance, including resistance to rice blast12. 

Salicylate is a hytohormone that is a well-known participant of plant immune response. 
In Arabidopsis, mutants that are deficient in salicylic acid biosynthesis or signal-
ling pathways exhibit enhanced susceptibility to biotrophic pathogens. To find out if 
increased expression of enzymes involved in salicylate biosynthesis results in increased 
salicylate signaling we examined the salicylate signaling pathway.

Figure 8. Screenshot of Experiment Summary 
Analysis showing cell processes. One of the 
processes is expanded to show particular 
differentially expressed genes connected 
to “Plant defense” with literature-extracted 
relations. Red: up-regulated in the experiment; 
blue: down-regulated in the experiment.
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There was no information in the 
knowledgebase about 44 percent 
of the proteins in the inferred 
Rice Salicylate Signaling Pathway. 
Additional work to better characterize 
them could provide new insights into 
the defensive mechanisms against 
rice blast infection. 

Figure 9. “Create Pathway by Homology” tool allows researchers to infer proteins and molecular 
interactions using sequence homology between two organisms. In this example a signaling pathway 
from Arabidopsis  is the baseline to infer a rice signaling pathway.

CREATE RICE SPECIFIC PATHWAYS 
Although rice is a subject of extensive research, substantial amounts of data are also 
generated using other plant model organisms, such as Arabidopsis thaliana. Adding this 
data to the rice models helps researchers to fill the gaps and to infer functions and rela-
tions of rice proteins not yet well studied. 

A common way to transfer knowledge from one model organism to another is by 
using homology information. Pathway Studio Plant supports creating new pathways 
from existing pathways (it can be one of the 1250 pathways in the knowledgebase or a 
pathway created by user) by utilizing similarity between proteins from different plant 
organisms13 (Figure 9).

From Arabidopsis...

Hypothetical relations 
connect homologius 
proteins

Proteins from Arabidopsis 
that have homology with rice 
proteins were replaced with 
rice proteins

...to inferred rice pathway
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Applying the “Create Pathway by Homology” tool to the Arabidopsis “Salicylate sig-
naling pathway” automatically generates an inferred pathway where proteins from 
Arabidopsis are replaced with rice orthologs, and known Arabidopsis relations are 
replaced with inferred rice relations (Figure 10).

Along with less-studied genes, other key known members of the salicylic signaling 
pathway also have increased expression during rice blast infection, such as OsNPR1 – 
the key regulator of salicylic acid-mediated resistance14. The role of OsNPR1 in blast 
resistance has been reported recently; it was shown to play a role in reallocation of 
energy and resources through negative regulation of the genes involved in photo-
synthesis and chloroplast translation and transcription15. Interestingly, repressed 
“Chlorophyllide a Biosynthesis” is one of the top 10 rice metabolic pathways identified 
by gene set enrichment analysis (Supplementary Table 3).

Another interesting observation is that 44% of proteins on the inferred salicylic acid 
signaling pathway have no relations associated with them in the knowledgebase. This 
means that they are not well-characterized in scientific literature. Without experimental 
data, homology is the only tool to infer functions of such proteins and connect them to 
a certain pathway or mechanism. These predicted interactions can be further investi-
gated in the lab. 

Rice chitinase, OsCH6, was among the top up-regulated genes in the experimental 
data. The inferred pathway provides a possible explanation of its up-regulation through 
salicylate/rice homolog of TGA6/OsPR1b pathway.

Figure 10. The inferred salicylic acid signaling pathway in rice showing differential gene expression 
from the GDS3440 data set analyzed in Pathway Studio. Red: up-regulated in the experiment; blue: 
down-regulated in the experiment; grey: not measured in the experiment or have p-value>0.05.
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To connect observed changes in metabolic pathways with increased salicylate signaling 
(Figure 11), genes that are, first, involved in cell wall biosynthesis, and, second, down-
stream from salicylate signaling pathway should be examined. However, rice-specific 
literature-based information in Pathway Studio did not provide any candidates satisfying 
both of these criteria. Expanding the analysis scope by leveraging the Arabidopsis-
specific knowledge through the use of the “Create pathway by homology” tool, the 
rice homolog of PAL1 (Os05g0427400) was identified as a potential mediator between 
salicylate signaling and cell wall biosynthesis – Figure 12 shows a possible pathway 
explaining the connection. PAL1 up-regulation may lead to increased production of cell 
wall components and salicylate, therefore enhancing plant defense response.

Figure 11. Activated salicylate biosynthesis leads to activation of salicylate signaling, which may in 
turn regulate metabolic changes observed in the experiment.

Figure 12. Hypothetical pathway connecting salicylate signaling pathway to phenylpropanoid 
metabolism in rice  through activation of rice ortholog of PAL1 (Os05g0427400) by rice salicylate-
induced protein kinase and NPR1.

Salicylate Biosynthesis Salicylate Signaling Cell Wall Components
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CREATE RICE SPECIFIC PATHWAYS 
Analysis of gene expression data can shed light on the mechanisms of plant immunity 
and enhance the development of cultivars resistant to diseases such as rice blast. By 
examining the experimental data in the context of existing biological knowledge, using 
a tool like Pathway Studio, researchers can more fully understand the underlying biol-
ogy of the infection, and a plant’s response to it. 

With ever-increasing demands for crops with enhanced yield and improved disease 
resistance, researchers need cutting-edge technology to rapidly interpret their experi-
mental results. The ability to infer function based on homology data from model 
organisms is a powerful tool for plant researchers trying to deepen their understanding 
of plant biology.

In this report, we used Pathway Studio to:

• Reconstruct key regulatory pathways for rice;

• Suggest Os06g0649000, a rice homolog of WRKY18, as a factor of susceptibility to rice 
blast;

• Find cell processes and metabolic pathways affected by blast, including: activation of 
disease and stress responses, cell wall biosynthesis and salicylate production;

• Suggest OsSIPK, OsNPR1 and PAL1 as mediators between salicylate signaling cascade 
and cell wall biosynthesis.

These findings may be used to help researchers develop robust rice cultivars with 
increased immune response that could potentially reduce yield loss due to rice blast 
infections.
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SUPPLEMENTARY

Supplementary Table 1

Rice genes differentially expressed 4 days dpi connected to rice blast disease in Pathway 
Studio Plant Database.
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Supplementary Table 2

Top cell processes identified by Sub-Network Enrichment Analysis.

Cell Process Total # of
Neighbors

# of
Measured
Neighbors

Measured Neighbors Median 
Change P-value

Cold acclimation 117 15
OsDRE 1B, OsGH 32, OsMYB4, OsCBF1, OsACRE 111B, 
OsMPK5, OsCBF3, OsrHsf7, OsDRR 2, OsENO , OsRWC 3, 
OsCI PK3, OsMAP3, OsRAN -B1, OsPhyA

1.19052 0.000371

Innate immue 
response 61 12

OsWR KY76, OsWR KY28, OsDnaK, OsXa21, OsXB15, 
OstufM, OsMPK6, OsSgt1, OsHS P90,
OsrbohB, OsBAK1, OsRac1

1.304151 0.000665

Disease 
Resistance 213 37

OsGH 32, OsPR1b, OsPR10, Os03g0816800, OsWR KY28, 
OsWR KY13, OsMPK5, OsBWMK2,
OsXa21, OsP2C34, OsRAC BP, OsWR KY45, OsMPK6, 
OsPR10a, OsSgt1, OsHS P90, OsSL 11,
OsMAP3, OsGER 4, OsMlo, OsEDR 1, OsPti1, OsAGD 2, 
OsWR KY6, OsCCR , OsMPK12, OsXB3,
OsXA5, OsWR KY30, Os12g0611000, OsMAP2,
OsGF 14E, OsWA K1, OsBAK1, OsGH 38, OsRac1, 
Os05g0375400

1.032195 0.001319

Plant Defense 215 9
OsERG 1, OsPR10, OsNAC 19, OsNPR1, OsCBT, OsSI PK, 
OsWR KY30, OsHIR 1, OsRac1 1.344594 0.001683

Drought 
Tolerance 123 20

OsRER J1, OsLEA , OsMIO X, OsERF 40, OsMT-I-1, Osap2, 
OsPR4, OsWR KY45, OsSQS, OsHO X22, OsNE K6, 
OsSPK, OsGF 14C, OsGS 1;1, OsDBF2,
OsGS 2, OsNAC 1, OsWR KY30, OsPK7, OsPHY B

1.161263 0.002731

Defense 
Response 371 41

OsCH 6, OsPR-1a, OsWR KY28, OsWR KY13,
Oschib1, Oswrky38, OsCE BIP, OsPHB, OsCHI 5, OsXa21, 
Os12g0240900, OsCBT, OsWR KY53, OsCSLF 6, OsRAC 
BP, OsWR KY45, OsLS , OsTPS3, OsERF 3, OsSgt1, OsGH 
35, OsACRE 276, OsALD 1, OsGER 4, OsCI PKE, OsPti1, 
OsAGD 2, OsLO X1, Os03g0317300, OsWR KY6, OsGH 
3, OsGH 3-11, OsMPK12, OsNAC 1, OsWR KY30, Osubl, 
OsMT2B, OsGH 38, Os06g0145800, OsRac1, OsLSD 1

1.080016 0.003493

Developmental 
process 185 11

OsEL 2, OsABI2, Osap2, OsGS K1, OsADL 1, OsBRI 1,
OsGID 1, Os07g0124700, Os05g0595400, OsRWC 1,
OsCyp1

1.149643 0.007682

Immune 
Response 71 5 OsXa21, OsNO X, OsXB15, OsHS P90, OsRac1 1.344051 0.015259

Abiotic stress 104 12
OsZFP182, OsERF 40, OsMPK5, OsNPR1, OsCBF3,
OsUGE 1, OsSPL1, OsWN K1, OsTPS, OsRR 6,
OsNAC 1, Rice Drought and salt tolerance protein

1.052844 0.021815

Seed Germination 496 34

OsJAMyb, OsMYB4, OsGR P2, OsPR10, OsRK1,
OsARF 5, Rice PLD beta 1, OsHO X22, OsRI P1,
OsRWC 3, OsSPK, OsORYA , OsABI5, OsPNG 1,
OsPhy, Os1CP, OsCI PKV, OsWR KY2, OsARF 8,
OsARF 7, OsSnRK1A, OsHO 1, OsGAI , OsHFA 2E,
OsSUT 1, OsTR XH1, OsSPK3, OsMT2B,
OsITL 1, OsARF 6, OsPHY B, OsRWC 1, OsPhyA,
Os05g0375400

-1.007698 0.02633
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Supplementary Table 3

Top metabolic pathways from RiceCyc collection identified by Gene Set  
Enrichment Analysis.

Name
# of 

Entities

Expanded 
# of 

Entities

# of 
Measured 

Entities
Measured Entities

Median 
Change

P-value

Suberin
biosynthesis 32 80 12

Os02g0626600, Os4CL 5, Os04g0518400, OsZB8,
Os4CL 3, Os02g0626400, OsPAL 1, Os4CL 4,
Os12g0520200, Os04g0518100, Os4CL 1, Os4CL 2

1.497656 0.000372

Phenylpropanoid
biosynthesis,
initial reactions

10 32 7

Os02g0626600, Os04g0518400, OsZB8,
Os02g0626400, OsPAL 1, Os12g0520200,
Os04g0518100

1.497656 0.000966

Salicylate
biosynthesis 23 44 7

Os02g0626600, Os04g0518400, OsZB8,
Os02g0626400, OsPAL 1, Os12g0520200,
Os04g0518100

1.497656 0.000966

Galactose
degradation II 22 65 13

Os12g0443500, Os03g0757900, OsSuS1,
Os09g0323000, Os12g0443600, Os03g0340500,
OsUGE 1, OsSS 2, OsSS 3, Os08g0374800,
Os04g0309600, Os02g0831500, Os09g0526700

1.052844 0.002451

Chorismate
biosynthesis 22 37 7 OsDAH PS2, OsSK2, OsEPSPS, OsDAH PS1, OsCS ,

OsSK1, OsSK3 1.39148 0.002559

UDP-D-xylose
biosynthesis 9 28 5 Os12g0443500, Os03g0757900, Os12g0443600,

OsUXS-2, OsUXS-1 1.321375 0.004516

Sucrose
degradation
to ethanol
and lactate
(anaerobic)

43 210 46

OsSuS1, Os03g0672300, Os06g0668200,
Os07g0181000, OsAdh1, Os03g0340500,
Os01g0276700, Os12g0145700, OsLD ,
Os08g0120600, Os01g0118000, Os05g0402700,
Os01g0841600, Os02g0601300, OsENO ,
Os11g0148500, Os03g0266200, Os01g0660300,
Os09g0465600, Os10g0571200, OsFBPAC 1,
Os02g0169300, OsGPC, Os03g0248600,
Os04g0677500, OsFKI, OsGA PC2, OsSS 2,
OsALD P, Os03g0325000, OsADH 2, OsSS 3,
OsLDHA , Os06g0608700, OsFK2, Os08g0478800,
Os11g0216000, Os09g0535000, Os06g0136600,
OsG6PIA , OsG6PIB, OsTPI, OsFDH , Os01g0800266,
Os04g0309600, Os02g0831500

1.066313 0.004585

Glycolysis I 28 150 35

Os03g0672300, Os06g0668200, Os07g0181000,
Os01g0276700, Os12g0145700, Os08g0120600,
Os01g0118000, Os05g0402700, Os01g0841600,
Os02g0601300, OsENO , Os11g0148500,
Os03g0266200, Os01g0660300, Os09g0465600,
Os10g0571200, OsFBPAC 1, Os02g0169300, OsGPC,
Os03g0248600, Os04g0677500, OsGA PC2, OsALD P, 
Os03g0325000, Os06g0608700, Os08g0478800,
Os11g0216000, Os09g0535000, Os06g0136600,
OsG6PIA , OsG6PIB, OsTPI, Rice chloroplast F16P1,
OsF16P2, Os01g0800266

1.07873 0.004995

Chlorophyllide
a biosynthesis 30 47 6

OsUPD2, Rice magnesium chelatase, OsCPO, Rice
Protoporphyrinogen-IX Oxidase, OsUPD, Rice
Magnesium chelatase subunit I

-1.17309 0.00727

Glycolysis IV
(plant cytosol) 28 141 29

Os03g0672300, Os06g0668200, Os07g0181000,
Os01g0276700, Os12g0145700, Os08g0120600,
Os01g0118000, Os05g0402700, Os01g0841600,
Os02g0601300, OsENO , Os11g0148500,
Os03g0266200, Os01g0660300, Os10g0571200,
OsFBPAC 1, Os02g0169300, OsGPC, Os03g0248600,
Os04g0677500, OsGA PC2, OsALD P, Os03g0325000,
Os06g0608700, Os11g0216000, Os09g0535000,
Os06g0136600, OsTPI, Os01g0800266

1.121699 0.007754
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GET STARTED

To learn more about how Pathway Studio can 
help you and your organization achieve your 
research goals, contact your Elsevier sales 
representative, or request more information  
or a product demonstration by visiting  
elsevier.com/online-tools/pathway-studio
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