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Start Date of the Project: 19 Nov, 2019

Approved Objectives :

•What are the available genomic, transcriptomic, epigenomic, metabolomic and phenomic dataset generated in diverse crop plants
during combined biotic and abiotic stresses?
•Is the combined stress response signature is unique and independent of the single stress conditions, or additive of both individual
stresses?
•What are the common and unique pathways and processes differentially regulated during single and double stresses?
•Is there any novel signal cross talk mechanism in crop plants during the combined exposure the biotic and abiotic stress signals?
•How the single and concurrent stresses affect the phenotype?
•How does the topological connectivity of the gene co-expression network changes between single and combined stresses?
•Can we predict the molecular and phenotypic response behavior of the crop plants during combine stress using machine-learning
algorithms?
• What is the role of non-coding RNAs in single and combined plant stress responses?

Ph.D. Produced/ Likely to be :  1

Technical Personnel Trained :  2

Deviation made from original objectives (If Any)  :

The effect of single and concurrent stresses on the phenotype of a plant couldn't be completed on time due to the lockdown for the
COVID-19 outbreak and non availability of relevant data.

Total Expenditure : 16,85,016 (INR)

Date of completion: 18 Feb, 2022

Concise Research Accomplishment :
1.CroPCS: We have developed Combined Stress Knowledgebase in Crop Plants (CroPCS) The first of its kind knowledgebase on
combined stress in crop plants. CroPCS was developed by collecting, correlating, and organizing all available OMICS (Genomic,
Transcriptomic, Proteomic, Metabolomic, and Phenomic) scale data generated on important crop plants under various combined biotic
and/or abiotic stress conditions. CroPCS contains data from 13 different combined stress conditions in 13 crop plant species.
Manuscript under preparation. YRL: http://www.tezu.ernet.in/cropcs 2.RNA-Seq data analysis pipeline: Using open-source software,
we have developed our in-house modular and scalable RNA-Seq data analysis pipeline.  [Roy et  al . ,  2020
(https://doi.org/10.1007/s12031-020-01738-x), Sahu et al., 2020 (https://doi.org/10.1016/j.ygeno.2020.08.028). 3. Lnc-RNA
identification pipeline: Using publicly available software, tools, and databases, we have developed an end-to-end computational
pipeline that takes raw transcriptomic data as input and identifies and quantifies all known as well as novel lncRNAs. LINK:
https://github.com/PranganNath/LncRNA-identification-pipeline. 4.Rice plants respond to low and high temperatures during Xoo
infection: We performed RNA-Seq data analysis on rice plants using public datasets generated under high heat, low heat, and Xoo
(Xanthomonas oryzae pv. oryzae) infection, and found that rice plants initiate conventional transcriptome expression under low
temperature and while focusing on growth and development under high heat and Xoo through crucial signal crosstalk events. Published
manuscript (https://doi.org/10.1016/j.ygeno.2020.08.028). 5.Transcriptome analysis reveals signal crosstalk mechanism in Maize plants
under combined salinity and boron stress: Integrative systems-level analysis of transcriptome data I maize under combined salinity and
boron stress identified important hub proteins like GOLS2, ALDH, pmpm4, mlg3 and COR410 transcription factors like HSFs, NAC,
ATAF 1-2, CUC2, play a crucial role in combined stress tolerance. Manuscript published (https://doi.org/10.1155/2022/1027288).
6.Transcriptome response of Barley to combined biotic and abiotic stress: Transcriptomic data analysis on barley under combined
drought and spidermite stress was conducted and it was found that under combined stress and single spidermite stress barley
sysnthesizes defense-related compounds while under drought stress focuses more on nucleotide and fatty acid synthesis. Manuscript
under preparation.
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 Experimental/ Theoretical Investigation carried out

1.Mining Publicly Available Datasets for OMICS experiments and creation of CroPCS knowledgebase: All publicly available OMICS
scale datasets and literature related to crop plants under various combined stress were mined in different repositories like Google
scholar, PubMed, Scopus, NCBI, GEO, ENA, DDBJ etc. OMICS studies related to combined stress in various crop plants were listed
and considered for further analysis. Collected literature was carefully examined and supporting data like differentially expressed genes
(DEGs), differentially expressed proteins (DEPs), differentially expressed metabolites (DEMs), lncRNA, and miRNA were
downloaded, analyzed, and organized in a systematic manner. Additional information like nucleotide FASTA, protein FASTA,
nucleotide accession number, protein accession number, description, Uniptot ID, and PubChem ID were collected from databases like
NCBI, ENA, UniprotKB, STRING, PubChem, Phyozome. Using HTTP, SQL servers, PHP, JavaScripts, HTML markup language, and
integrating all the collected data, first of its kind knowledgebase on combined stress in crop plants called CroPCS (Combined Stress
Knowledgebase in Plants) has been developed. 2. Transcriptomic data analysis on rice plants exposed to low and high temperatures
under bacterial blight pathogen infection:  A RNA-Seq dataset on an IR24 rice variety, under combined low temperature 29/21 °C
(day/night), high temperature 35/31 °C (day/night), and bacterial blight pathogen Xanthomonas oryzae pv. oryzae at 3 time points i.e. 3
hpi, 72 hpi and 120 hpi was considered for the study.  Raw transcriptomic data was downloaded from the NCBI SRA database
(PRJNA314700) and analyzed using our in-house data analysis pipeline.  After differential expression (DE) analysis, obtained DEGs
(with p-adjusted value 0.05) were processed for downstream analysis like Gene Set Enrichment Analysis (GSEA) using AgriGO,
Transcriptional Regulatory Network (TRN) analysis using MEME suite of FIMO tools with PWMs (position weight matrix) and
upstream sequence datasets from CIS-BP and RSAT Plants respectively. Networks were created using Cytoscape v3.8.2. 3.
Transcriptomic data analysis on Maize plants under combined salinity and boron stress:  Raw transcriptomic data on combined salinity
(150mM NaCl) and boron stress on Maize plants were retrieved from the NCBI-SRA database (PRJNA327501) and analyzed using
our in-house data analysis pipeline. The plants were first grown under normal conditions for two weeks and then subjected to combined
salinity (150mM NaCl) and boron stress for 3 and 96 hours.  Similarly, After differential expression (DE) analysis, obtained DEGs
(with p-adjusted value 0.05) were used for Gene Set Enrichment Analysis (GSEA) using AgriGO, Transcriptional Regulatory Network
(TRN) analysis using MEME suite of FIMO tools with PWMs and upstream sequence datasets from CIS-BP and RSAT Plants
respectively. Networks were created using Cytoscape v3.8.2. 4. Transcriptomic data analysis on Barley plants under combined abiotic
(drought) and biotic (spider mite) stress:  For this study we have used a publicly available transcriptomic dataset generated on barley
plants under drought (initiated by water deprivation) and spidermite infestation.  The RNA-Seq data were first retrieved from the ENA
database (PRJEB25386) and analyzed using our in-house RNA-Seq data analysis pipeline.  Differential expression analysis resulted
with the DEGs (with p-value 0.05). Gene Ontology analysis for the biological processes was performed using g:Profiller, pathway
enrichment analysis performed using Phytozome v13 and transcriptional regulatory network analysis using MEME suite of FIMO tools
with PWMs and upstream sequence datasets from CIS-BP and RSAT Plants respectively. Networks were created using Cytoscape
v3.8.2. 5.Transcriptomic data analysis on Soybean plants under combined heat and drought stress:  To investigate time specific
response of plants to combined stress, we used a publicly available transcriptomic dataset generated on drought-resistant soybean
cultivar ‘Heinong44’ which was first grown at optimal conditions till V3 stage and then exposed to heat (40 °C) and drought (PEG-
6000) stress. Tri-foliate leaves were collected at 8 h and 24 h and sequenced,  The RNA-Seq data were retrieved from the NCBI SRA
database (SRP115717) and analyzed using our in-house RNA-Seq data analysis pipeline. Obtained DEGs were then further analyzed
with gene ontology analysis using g:Profiller, pathway enrichment analysis was performed using KEGG database and transcriptional
regulatory network analysis with PWMs and upstream sequence datasets from CIS-BP and RSAT Plants respectively using MEME
suite of FIMO tools. Networks were created using Cytoscape v3.8.2. ** All experimental procedures are explained in Figure 1.
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Detailed Analysis of result

1. Development of knowledgebase (Figure 2)  Databases/knowledgebase related to the stress response of plants are rare. To the best of
our knowledge, CroPCS is the first-of-its-kind knowledgebase on combined stress in crop plants.  CroPCS houses all OMICS scale
(transcriptomics, genomics, proteomics, metabolomics, and phenomics) datasets across 13 different crop species under 13 combined
stress conditions. Backend data contains a total of 1,41,415 DEGs, 47 DEPs, 71 metabolites and 19 miRNAs and can be searched using
respective gene ID, Uniprot ID, metabolite name, and miRNA ID.  Using the search option, users can query their input genes, proteins,
metabolites, and miRNA and find out their expression under combined stress conditions.  A resource tab is also made available which
contains information related to recent databases and literature on combined stress in crop plants. 2. Transcriptomic data analysis on rice
plants exposed to low and high temperatures under bacterial blight pathogen infection (Figure 3):  Results showed that the highest
number of DEGs at 3 hpi in both high-temperature, as well as low-temperature samples and the number of DEGs, were found to be
reduced with an increase in time of infection. We also observed that the number of down-regulated DEGs was more as compared to the
up-regulated DEGs.  Gene Ontology (GO) analysis suggested that the transcriptomic response of rice is more directed toward defense
processes during low temperatures rather than growth and development.  TFs like ERF3, ERF68, PLT9, and ONAC6 were identified as
hub TFs under low temperature at 3 hpi (hour post-infection) under high temperature at 3hpi TFs like ERF19, DREB2A, ERF118, and
DUF260 were identified as hub transcription factors.  At 72 hpi, under low temperature, unique hub TFs were ERF91, ERF118,
bZIP46, R2R3-MYB, and ERF104. No unique hub TFs were found under high temperatures at the same time point.  A total of five
unique hub TFs viz. SUB1B, WRKY28, WRKY14, WRKY24, and WRKY 62 were found Under low temperatures at 120 hpi.
Similarly, a total of unique hub TFs viz. ERF104, ERF83, ERF91, ERF118, and ERF47 have detected at high temperatures Rice plants
respond to a combination of high temperature + Xoo pathogen and low temperature + Xoo pathogen differently. It was observed that
on combined stress of high temperature + Xoo, rice plants reduced the expression of pathogen-specific genes and pathways and
concentrated more on growth and development. 3. Transcriptomic data analysis on Maize plants under combined salinity and boron
stress (Figure 4):  The transcriptome data analysis on maize under combined salinity and boron stress found a total of 615 and 171
DEGs in leaf and root tissues respectively. Among these, 561 DEGs were found to be up-regulated in the leaf and all 171 DEGs in the
root. Out of these, 94 DEGs were found to be



commonly expressed in leaf and root, with varying levels of expression.  The processes like ‘oxidation-reduction process’, ‘inorganic
substance’, ‘abscisic acid’, ‘abiotic stimulus’, and ‘temperature stimulus’ were among the top 5 biological processes in the leaf whereas
‘response to chemical’, ‘organic substance’, ‘oxygen-containing compound’, ‘lipid’ and ‘hormone’ were found to be the top 5
biological processes in the root.  Proteins in the leaf were found to be LTI65, Pro1, P5CS, ALDH, Glo1, and GOLS2 were found to be
hub proteins in the leaf whereas proteins like pmpm4, NAC44, HSP101, BMY1, GOLS2, HSP70, COR410, MLG3, LTI65 were found
to be hub proteins in root tissue.  Top hub TFs in the leaf was found to be hb41, NAC44, HSF18, HSF1, HSF28, HSF8, MYBR24, and
dbf1 while in the case of roots hb41, NAC44 and HSF17 were the hub TFs.  Transcription factors contribute to internode development,
hypocotyl cell elongation, root elongation, late stamen development, and activation of defense-related genes through a systemic signal
crosstalk mechanism, thus helping the plant to cope with the individual as well as combined stresses. 4. Transcriptomic data analysis
on Barley plants under combined abiotic (drought) and biotic (spider mite) stress (Figure 5):  A total of 603 up-regulated and 255
down-regulated genes were found to be differentially expressed in the combined drought and spider mite stress. Further, 129 and 340
DEGs were found to be up-regulated in single drought and single spider mite stress, respectively. The number of down-regulated DEGs
was 63 and 47 for the same.  GO analysis suggested that plants coordinatively regulated important biological and metabolic processes
like ‘organonitrogen compound metabolic process’, ‘cellular metabolic process’, ‘organic substance metabolic process’ under
combined drought and spidermite stress. Under single spider mite stress, biological processes like ‘response to stimulus’, ‘response to
stress and similar to single drought stress’, ‘metabolic process’ were found to be highly regulated.  Pathway Enrichment Analysis
concluded that barley plant advanced with pathway-centric responses like ‘jasmonic acid (JA) biosynthesis’, ‘phospholipases’,
‘phenylpropanoid biosynthesis’, ‘triacylglycerol degradation’ and ‘phosphatidylcholine acyl editing’ under combined drought and
spider mite stress and almost similar kind of response were observed under single spider mite stress. Whereas during single drought
stress conditions a reverse situation was observed. Here the plants focused on synthesizing important molecules like triacylglycerol,
sesamin, pyrimidine, cutin, etc by activating pathways such as ‘triacylglycerol biosynthesis’, ‘sesamin biosynthesis’, ‘pyrimidine
deoxyribonucleotide biosynthesis from CTP’, ‘pyrimidine deoxyribonucleotides de novo biosynthesis I’, and ‘cutin biosynthesis.  A
total of 6 hub TFs viz. HAT2, GATA16, SGR5, LBD6, AHL13, and Dof 5.1 are found across all experimental groups (combined
drought and spidermite stress, single drought, and single spidermite stress). LEP was present across all down-regulated groups.
ERF021 was found as hub TF during single stress conditions whereas not expressed during combined stress conditions while RAX3
was acting as a hub in combined and single drought stress conditions. During single spider mite stress, MYC2 was found to be down-
regulated and TCP21 and AGL6 were found to be up-regulated.  Barley plants activated more genes during combined stress as
compared to single stresses and focused on synthesizing defense-related molecules like jasmonic acid and phospholipases. Similar
kinds of responses were observed during single mite stresses. However, during drought stress, triglyceride and nucleotide synthesis
was primarily upregulated. Barley plants also focused on ROS (reactive oxygen species) scavenging, floral development, circadian
rhythm, etc during single as well as combined stress conditions. 5. Transcriptomic data analysis on Soybean plants under combined
heat and drought stress:  A total of 4867 DEGs were found to be up-regulated and 4292 DEGs were found to be down-regulated at 8 h
time points. Similarly, 4604 DEGs were found to be up-regulated and 3780 DEGs were found to be down-regulated at 24 h time points.
Interestingly, 1897 DEGs were found to be commonly upregulated while 1917 DEGs were commonly down-regulated.  Pathways like
‘protein processing in endoplasmic reticulum’, ‘ribosome biogenesis in eukaryotes, and ‘circadian rhythm - plant’ were found to be
upregulated at 8h time points. Similarly, at 24 h time point, pathways like ‘metabolic pathways’, ‘biosynthesis of secondary
metabolites, and ‘carbon metabolism’ were found to be up-regulated.  Also, pathways like ‘metabolic pathways’, ‘biosynthesis of
secondary metabolites’, and ‘plant-pathogen interaction’ were found to be the down-regulated pathways at the 8 h time point and
pathways like ‘metabolic pathways, ‘plant-pathogen interaction’ and ‘photosynthesis’ were down-regulated at 24 h time point.  A TF
Dof5.8 was found to be both up-regulated as well as down-regulated at all time points. SHN3 was specifically up-regulated at 8h.
REM19 was uniquely down-regulated at all time points but also found to be up-regulated at 24 h. Dof1.7 was found to be up-regulated
at 8h but was down-regulated at 24 h.  At the time of early perception of the stress signal, soybean plants focus more on protein
synthesis by activating protein processing and ribosome biogenesis pathways. Additionally, plants also activate genes related to the
circadian clock in order to control the expression of genes during morning and evening. After 24 hrs or stress perception, the plant
activates pathways related to metabolism and also synthesizes secondary metabolites, and reduces the photosynthesis process.









Conclusions

Combined stress has been recognized as a real threat to plants. Plants face not single but multiple stress simultaneously in the field
condition. Studies have so far focused on studying single stresses on plants. Studies on crop plant response to combined stress are rare.
Here, we conducted a transcriptomic analysis of available datasets to understand how crop plants respond to various combinations of
stresses. We have built CroPCS which is a first-of-its-kind user-friendly knowledgebase. This knowledgebase houses various multi-
OMICS datasets generated on 13 crop plant species under 13 different combined stress conditions. We found that rice plants perceived
high-temperature and low-temperature stress differently under bacterial blight pathogen infection. rice plants initiate conventional
transcriptome expression under low temperatures while focusing on growth and development under high heat and Xoo through crucial
signal crosstalk events. A possible signal crosstalk mechanism between the leaf and root of maize under salinity and boron stress was
also proposed. The developed computational tools, methods, and resources will be of benefit for studying and carrying out integrative
analysis of plant combined stress OMICs dataset. To study how plants perceive and act on single and combined biotic and abiotic
stresses, we have analyzed a transcriptome dataset generated on barley. A conventional transcriptome response was observed under
combined stress for example defense and signaling-related genes were activated in this condition. Interestingly, it was found that
during single drought stress plants focused on energy storage. Further, the time-specific transcriptome response of soybean under heat
and drought stress revealed some important molecular signatures that play a key role during combined stress conditions at different
times. Responding to early stress signals, plants elevates protein synthesis by activating protein processing and ribosome biogenesis
pathways while responding to late stress signals plants activate metabolism and also synthesize secondary metabolites, and reduce the
photosynthesis process. In summary, we have created a first-of-its-kind knowledgebase including omics scale datasets under combined
stress. Our study has identified some key molecular signatures, and mechanisms that are involved in the perception and processing of
combined stress signals and finally help the plant cope with the stressful environment. We believe that our findings will help the
researchers in developing multi-stress resilient crop plants.



Scope of future work

The collected uniform datasets will be analyzed to identify the lncRNAs which may be playing important roles in crop plants under
combined stress conditions. Data in the field of crop plant research are expanding. The CropCS knowledge base will be updated from
time to time with the new type of data generated on crop plants under combined stress. The newly collected datasets will be analyzed
and correlated to identify some more important molecular signatures which will be helpful in developing multi-stress-resistant crops. In
context with the severe climate change, we will conduct field-level experiments to see the effect of combined biotic and abiotic stress
on plant phenotype. Also, we will validate some of the molecular signatures identified using different laboratory methods. The
developed computational tools, benchmarked methods, and resources will be of benefit for studying and carrying out integrative
analysis of plant combined stress OMICs dataset.
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Equipment Details :

Plans for utilizing the equipment facilities in future:

We have installed the procured hardware as the scaled-out architecture of a High-Performance Computing Facility for Big data analysis
developed by the PI. The server and hard drive have been on regular use to analyze in-house multi OMICs data as well as data from
collaborative labs.














