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Supplementary Table S1. Genome, transcript sequence assembly (TSA) and annotated 
sequence resources used for mining legume MKKs and MAPKs. The available data at NCBI and 
Phytozome 11 was also used. 

S. 
No. Legumes Resources References 

1 Arachis duranensis 
Bioproject ID:PRJNA258023, PRJNA316327 
http://legumeinfo.org/home 
http://www.peanutbase.org/download Bertioli et al., 2016 

2 Arachis ipaensis Bioproject ID:PRJNA258025, PRJNA316874 
http://www.peanutbase.org/download 

3 Cajanus cajan Bioproject ID: PRJNA72815 Varshney et al., 
2012 

Bioproject ID: PRJNA68667 Singh et al., 2012 

4 Cicer arietinum Bioproject ID: PRJNA190909 Varshney et al., 
2013 

Bioproject ID:PRJNA78951 Parween et al., 2015 
5 Glycine max Bioproject ID:PRJNA19861 Schmutz et al., 2010 
6 Lotus japonicus http://www.kazusa.or.jp/lotus/ Sato et al., 2008 

7 Lupinus angustifolius 

BioProject ID: PRJNA356456; PRJNA299755 
http://legumeinfo.org/home 

http://www.lupinexpress.org 
Hane et al., 2016 

Bioproject ID: PRJNA179231 Yang et al., 2013 

Bioproject ID: PRJNA248164 Kamphuis et al., 
2015 

8 Medicago truncatula http://jcvi.org/medicago/ 
Bioproject ID: RJNA30099 

Tang et al., 2014; 
Young et al., 2011  

9 Phaseolus vulgaris 
http://denovo.cnag.cat/genomes/bean/ 
Bioproject ID: PRJNA41439  Schmutz et al., 2014 

Bioproject ID: PRJNA221782 Vlasova et al., 2016 

10 Pisum sativum 

Bioproject ID:PRJNA211622 Duarte et al., 2014 

Bioproject ID:PRJNA277074, PRJNA277076 Sudheesh et al., 
2015 

Bioproject ID:PRJNA284856 Zhukov et al., 2015 

http://bios.dijon.inra.fr/files/Peptides_PsUniLowCopy.fa Alves-Carvalho et 
al., 2015 

11 Trifolium pratense Bioproject ID: PRJNA219226 
http://legumeinfo.org/home Vega et al., 2015 

12 Trifolium 
subterraneum 

http://clovergarden.jp/index.html 
Bioproject ID: PRJDB2012 

Hirakawa et al., 
2016 

13 Vicia faba TSA (Bioproject ID: PRJNA225881) Webb et al., 2016 
https://www.coolseasonfoodlegume.org/   

14 Vigna angularis var. 
angularis 

Bioproject ID: PRJDB3778 Sakai et al., 2015 
Bioproject ID: PRJNA261643 Yang et al., 2015 
Bioproject ID: PRJNA210126, PRJNA253346 Kang et al., 2015 
http://viggs.dna.affrc.go.jp   

15 Vigna radiata TSA (Bioproject ID: PRJNA260767) Li et al., 2015 
Bioproject ID: PRJNA243847 Kang et al., 2014 

16 Vigna unguiculata Bioproject ID: PRJNA325510  
Bioproject ID: PRJNA290938 Tan et al., 2016 
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Supplementary Table S3. List of primers used in this study. The restriction site sequences are 
highlighted: NotI with red and AscI with blue. 

Name Oligonucleotide sequence Purpose 
A1MPKF 5'GCAGGCTCCGCGGCCGCCATGGCCGGAGTTAATCAAAACG 3' 

Forward 
Primers for 
cloning of 
chickpea 
MAPKs in 
pENTR at NotI 
restriction site 

A2MPKF 5'GCAGGCTCCGCGGCCGCCATGGATGGAGAAGGAGGAGC 3' 
B1MPKF 5'GCAGGCTCCGCGGCCGCCATGTCTGTTGAATCAAGTGAG 3' 
B2MPKF 5'GCAGGCTCCGCGGCCGCCATGGCAACAAAAGAGTCAAACTC 3' 
B3MPKF 5'GCAGGCTCCGCGGCCGCCATGTCTCATAACTCAGATGACAAC 3' 
B4MPKF 5'GCAGGCTCCGCGGCCGCCATGGGTAGCAAAAGCAAAGATAC 3' 
B5MPKF 5'GCAGGCTCCGCGGCCGCCATGGAAAACAACACTGAATCTGAG 3' 
C1MPKF 5'GCAGGCTCCGCGGCCGCCATGGCGACTCCGGTTGAACCAC 3' 
D1MPKF 5'GCAGGCTCCGCGGCCGCCATGGGTGGTGGAGGTACACTC 3' 
D2MPKF 5'GCAGGCTCCGCGGCCGCCATGGGTGGAGGAGGAACAATAG 3' 
D3MPKF 5'GCAGGCTCCGCGGCCGCCATGCATCCTGATCAGAGAAAAAAG 3' 
D4MPKF 5'GCAGGCTCCGCGGCCGCCATGCAGAAAGATCAACTCAAGAAG 3' 
D5MPKF 5'GCAGGCTCCGCGGCCGCCATGACGCAGAAAATTCAGCTCAAG 3' 
D6MPKF 5'GCAGGCTCCGCGGCCGCCATGCAGCAAGATCATAGGAAAAAG 3' 
D7MPKF 5'GCAGGCTCCGCGGCCGCCATGGAGAAAGGAAAGAAATCAATG 3' 
D8MPKF 5'GCAGGCTCCGCGGCCGCCATGCCTCCTGATCAGAGAAAAAAG 3' 
A1CaMPKR 5'AGCTGGGTCGGCGCGCCCTTAAGCATACTCAGGATTGAGTGC 3' 

Reverse closed 
reading frame  
primers for 
cloning 
chickpea 
MAPKs in 
pENTR at AscI 
restriction site 

A2CaMPKR 5'AGCTGGGTCGGCGCGCCCCTACTGCTGATACTCAGGGTTAAATG 3' 
B1CaMPKR 5'AGCTGGGTCGGCGCGCCCTCAGTGAATTGGTGGATCAGGATTG 3' 
B2CaMPKR 5'AGCTGGGTCGGCGCGCCCTTACTGACAGGGTGGATCCGG 3' 
B3CaMPKR 5'AGCTGGGTCGGCGCGCCCTCAATAAATAGGTGGATCAGGATTG 3' 
B4CaMPKR 5'AGCTGGGTCGGCGCGCCCTTATTGAGAGAGTGGATCCGGATTG 3' 
B5CaMPKR 5'AGCTGGGTCGGCGCGCCCCTATTCCAATATCTGCTCCAGGCTG 3' 
C1CaMPKR 5'AGCTGGGTCGGCGCGCCCTCAAGAGCATATCTCTGCATTTTCC 3' 
D1CaMPKR 5'AGCTGGGTCGGCGCGCCCCTAAGCAAGGAGAGCAGCCACC 3' 
D2CaMPKR 5'AGCTGGGTCGGCGCGCCCCTAAGCATGGAGAGCAAGAATTTTATTG 3' 
D3CaMPKR 5'AGCTGGGTCGGCGCGCCCTCAGTACCACTGGCCACCTG 3' 
D4CaMPKR 5'AGCTGGGTCGGCGCGCCCCTATGACAATCCATATTGAAAGCCTG 3' 
D5CaMPKR 5'AGCTGGGTCGGCGCGCCCCTAAAACAACCCATACTGAATGCCTC 3' 
D6CaMPKR2 5'AGCTGGGTCGGCGCGCCCCTAGAACATTCTTGTCATACCGTATTG 3' 
D7CaMPKR 5'AGCTGGGTCGGCGCGCCCTCAATACTTATGGTTAAATCTGATGCTATT 
D8CaMPKR 5'AGCTGGGTCGGCGCGCCCCTACCAGTTACCGCCAGCTCC 3' 
A1CaMPKOR 5'AGCTGGGTCGGCGCGCCCAGCATACTCAGGATTGAGTGC 3' 

Reverse open 
reading frame  
primers for 
cloning 
chickpea 
MAPKs in 
pENTR at AscI 
restriction site 

A2CaMPKOR 5'AGCTGGGTCGGCGCGCCCCTGCTGATACTCAGGGTTAAATG 3' 
B1CaMPKOR 5'AGCTGGGTCGGCGCGCCCGTGAATTGGTGGATCAGGATTG 3' 
B2CaMPKOR 5'AGCTGGGTCGGCGCGCCCCTGACAGGGTGGATCCGG 3' 
B3CaMPKOR 5'AGCTGGGTCGGCGCGCCCATAAATAGGTGGATCAGGATTG 3' 
B4CaMPKOR 5'AGCTGGGTCGGCGCGCCCTTGAGAGAGTGGATCCGGATTG 3' 
B5CaMPKOR 5'AGCTGGGTCGGCGCGCCCTTCCAATATCTGCTCCAGGCTG 3' 
C1CaMPKOR 5'AGCTGGGTCGGCGCGCCCAGAGCATATCTCTGCATTTTCC 3' 
D1CaMPKOR  5'AGCTGGGTCGGCGCGCCCAGCAAGGAGAGCAGCCACC 3' 
D2CaMPKOR 5'AGCTGGGTCGGCGCGCCCAGCATGGAGAGCAAGAATTTTATTG 3' 
D3CaMPKOR 5'AGCTGGGTCGGCGCGCCCGTACCACTGGCCACCTG 3' 
D4CaMPKOR 5'AGCTGGGTCGGCGCGCCCTGACAATCCATATTGAAAGCCTG 3' 
D5CaMPKOR 5'AGCTGGGTCGGCGCGCCCAAACAACCCATACTGAATGCCTC 3' 
D6CaMPKOR 5'AGCTGGGTCGGCGCGCCCGAACATTCTTGTCATACCGTATTG 3' 
D7CaMPKOR 5'AGCTGGGTCGGCGCGCCCATACTTATGGTTAAATCTGATGCTATTTC 3' 
D8CaMPKOR 5'AGCTGGGTCGGCGCGCCCCCAGTTACCGCCAGCTCC 3' 
A1MEKF 5'GCAGGCTCCGCGGCCGCCATGAAGAGAGGATGTTTAGTTCC 3' Forward 



A2MEKF 5'GCAGGCTCCGCGGCCGCCATGACCAAAGGAAACTTGGGC 3' Primers for 
cloning of 
chickpea MKKs 
in pENTR at 
NotI restriction 
site 

A3MEKF 5'GCAGGCTCCGCGGCCGCCATGAAAACCAAGACGCCATTGAAG 3' 
B1MEKF 5'GCAGGCTCCGCGGCCGCCATGTCTGGGTTAGAGGAATTGAG 3' 
C1MEKF 5'GCAGGCTCCGCGGCCGCCATGAGGCCGATTCAACTTCCAC 3' 
D1MEKF 5'GCAGGCTCCGCGGCCGCCATGGCGCTCGTCCACCGCCG 3' 
D2MEKF 5'GCAGGCTCCGCGGCCGCCATGACATTGGTTATCAGAGAAAGAAG 3' 
A1CaMEKR 5'AGCTGGGTCGGCGCGCCCTTATATGGTTGCAAGTGTAGACCCTG 3' Reverse  

Primers for 
cloning 
chickpea MKKs 
in pENTR at 
AscI restriction 
site 

A2CaMEKR 5'AGCTGGGTCGGCGCGCCCTTATAAGGTTGCGAGTGGAGATCC 3' 
A3CaMEKR 5'AGCTGGGTCGGCGCGCCCTCATCTGGTAAAATTTATAGGAGGTTC 3' 
B1CaMEKR 5'AGCTGGGTCGGCGCGCCCTTATTGGCTAATATACAGTTCTTGTTTAAC 3' 
C1CaMEKR 5'AGCTGGGTCGGCGCGCCCTTAAGAAGAAAGAGGCCTTGGTGG 3' 
D1MEKR 5'AGCTGGGTCGGCGCGCCCTTAACAAGTTTCTACATCATTAC 3' 
D2MEKR 5'AGCTGGGTCGGCGCGCCCTCACCCACATAGAACATAATCCTC3' 
A1MEKOR 5'AGCTGGGTCGGCGCGCCCTATGGTTGCAAG 3' Reverse  

open reading 
frame cloning of 
chickpea MKKs 
in pENTR at 
AscI restriction 
site 

A2MEKOR 5'AGCTGGGTCGGCGCGCCCTAAGGTTGCGAG 3' 
A3MEKOR 5'AGCTGGGTCGGCGCGCCCTCTGGTAAAATTTATAG 3' 
B1MEKOR 5'AGCTGGGTCGGCGCGCCCTTGGCTAATATAC 3' 
C1MEKOR 5'AGCTGGGTCGGCGCGCCCAGAAGAAAGAGG 3' 
D1MEKOR 5'AGCTGGGTCGGCGCGCCCACAAGTTTCTAC 3' 
D2MEKOR 5'AGCTGGGTCGGCGCGCCCCCCACATAGAAC 3' 
EEA1MEKF 5'GAGTCTGGTCAAGCAAATGAGTACATTGG 3' 

Forward and 
reverse primers 
for the 
generation of 
constitutively 
active chickpea 
MKKs 

EEA1MEKR 5'CTCATTTGCTTGACCAGACTCAGTATCC 3' 
EEA2MEKF 5'GAATCTGGTCAAGCAAATGAGTTCATTGG 3' 
EEA2MEKR 5'CTCATTTGCTTGACCAGATTCACTTTCC 3' 
EEA3MEKF 5'GAAATGGGCCAAAGAGATGAATTTGTTGG 3' 
EEA3MEKR 5'TTCATCTCTTTGGCCCATTTCACTAGCC 3' 
EEB1MEKF 5'GAAGTTGCAATGTGTGCTGAGTTCGTTGG 3' 
EEB1MEKR 5'CTCAGCACACATTGCAACTTCACTCTCTAAG 3' 
EEC1MEKF 5'GAGATGGATCCGTGCAATGAATCGGTTGG 3' 
EEC1MEKR 5'TTCATTGCACGGATCCATCTCTTGATTC 3' 
EED1MEKF 5'GAGCTTGAAGCGTGTAACGAGTATGTTGG 3' 
EED1MEKR 5'CTCGTTACACGCTTCAAGCTCGCGACC 3' 
CaSymRKENF1 5'TCCGCGGCCGCCATGATGGAGCTACCAGTTATTTG 3' Cloning of 

Chickpea 
SymRK  

CaSymRKENF2 5'TCCGCGGCCGCCGAGAGGTACAAAACTTTGATAGGTG 3' (for kinase 
domain) 

CaSymRKENR 5'GTCGGCGCGCCCTCTCGGTAGTGGGTGTGATAAG 3' 
ENT506448F 5’TCCGCGGCCGCCATGGAACTATCAGATTTGCAAAAC 3’ Cloning of 

chickpea class-I 
TCPs in pENTR 
at NotI  and 
AscI restriction 
sites 

ENT506648R 5’GTCGGCGCGCCCTTGAGAGGTATCAGGAGCATC 3’ 
ENT492981F 5’TCCGCGGCCGCCATGTCTAACTGCAAGGAAACAAC 3’ 
ENT493313R 5’GTCGGCGCGCCCACGATGCTCATCGTCGTCCCGG 3’ 
ENT492963F 5’TCCGCGGCCGCCATGGATCCCAAGAGCTCAAAAC 3’ 
ENT492963R 5’GTCGGCGCGCCCCTGCCCTGAACCTTGAGAATC 3’ 
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Supplementary Fig. S1. Alternative splicing in D group CaMAPKs.

A. The genomic arrangement of the D group MAPKs splice variants are shown. The genomic and the cDNA sequences were

uploaded in the GSDS server to represent the differences in the splice variants. The blocks represent exons and the lines

joining them represent introns. The kinase domain is represented in green.

B. Entry clones of the chickpea D group MAPK splice variants in the pENTR vector were digested with NotI and AscI showing

the difference in insert size.



MATa MATalpha

Yeast mating

pGDHB1 clones
and 

Control vector

pGPR3-N clones
and 
Control vectors

Yeast (NMY51) transformation 
and selection on SD/-L plates

Yeast (NMY61) transformation 
and selection on SD/-W plates

Two rounds of patching and selection of 
mated yeast cells on SD/-L-W plates

3-5 independent colonies of each yeast clone were suspended in 0.9% NaCl solution and 10 µl 

spotted on SD/-L-W and SD/-L-W-A-H plates. Plates were incubated at 30 °C for 3-5 days

SD/-L-W SD/-L-W-A-HSD/-L-W+ X-gal

X-gal agarose
overlay assay

Y2H assay combinations performed (at-least two independent experiments):
7 MKKs + 6 MKKEEs + 20 MAPKs + 3 TCPs in pGDHB1 with pAI-ALg5, pDL2-Alg5 and pPR3-N = 108

Control pDHB1 with 7 MKKs + 6 MKKEEs + 21 MAPKs + 3 TCPs in pGPR3-N = 37

7 MKKs + 6 MKKEEs + 3 TCPs in pGDHB1 with 21 MAPKs in pGPR3-N = 336

20 MAPKs in pGDHB1 with 7 MKKs + 6 MKKEEs + 3 TCPs = 320

7MKKs in pGDHB1 with 7 MKKs in pGPR3-N = 49

Supplementary Fig. S2. Representation of comprehensive strategy used for Y2H  
analysis.
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Supplementary Fig. S3. Expression check of MAPK and MKK bait clones
MAPKs (A) and MKKs (B) fused with C-terminal Ubiquitin (Cub) were transformed in NMY51. The bait expression
positive control containing the constitutively active form of N-terminal ubiquitin (Nubl having isoleucine at position 13)
in the vector pAI-Alg5, and the negative control containing the mutated form of N-terminal Ubiquitin (NubG) in the
vector pDL2-Alg5 were transformed in the yeast strain NMY61. Mating was performed followed by spotting on SD/–
L-W and SD/–L-W-H-A plates. X-gal overlay assay was performed for checking the activation of the LacZ reporter
gene.
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Supplementary Fig. S4. Autoactivation check for MKKs and MAPKs clones
MAPKs (A) and MKKs (B) cloned in pGPR3-N and pGDHB1 were transformed in NMY61 and NMY51,
respectively. These yeast cells were mated with NMY51 and NMY61 containing control vectors pDHB1
and pPR3-N, respectively. After mating, the cells were washed and spotted on SD/–L-W and SD/–L-W-H-A
plates. X-gal overlay assay was performed for checking the activation of the LacZ reporter gene. No yeast
growth on selective plates shows CaMKK and CaMAPK clones are suitable for interaction studies.



10
8

12
7
4

13
9
5

6-1
6-2
1-1
1-2

2

15
16

3-1
3-2
3-3

11

14-1

14-2

7 3 6 1 2 5 7 3 6 1 2 5

CaMKKEEs

C
aM

A
PK

s

SD/–L-W-A-HSD/–L-W+X-Gal

Supplementary Fig. S5. Y2H assay for interaction analysis of MKKs and MAPKs in chickpea.

CaMKKEEs and CaMAPKs from chickpea PUSA 362 variety were cloned in pGDHB1 and

pGPR3-N vectors, respectively, for an exhaustive interaction study. The plasmids were

transformed in separate mating compatible yeast strains. After mating, the cells were washed

and spotted on SD/–L-W and SD/–L-W-H-A plates. X-gal overlay assay was performed for

checking the activation of the LacZ reporter gene. Strong protein-protein interactions showed

growth on SD/-L-W-H-A media and blue colour after X-gal overlay assay. Weak interactions

showed less growth on SD/-L-W-H-A media and light blue colour.
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Supplementary Fig. S6. Reciprocal Y2H interaction check for chickpea MKK-MAPK

CaMKKs and CaMAPKs were fused with N-terminal and C-terminal ubiquitin in the Y2H vectors

pGPR3-N and pGDHB1, respectively. Yeast growth was checked 48 h after spotting.
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Supplementary Fig. S7. Y2H assay for chickpea MKK-MKK interactions

A) Y2H interaction analysis of chickpea MKKs. Chickpea MKKs were fused with with C-terminal

and N-terminal ubiquitin in the split-ubiquitin based Y2H vectors pGDHB1 and pGPR3-N,

respectively. pGDHB1 and pGPR3-N clones were transformed in the mating compatible

yeast strains NMY51 and NMY61, respectively. Mating was performed and following mating

two rounds of spotting was performed on SD/-L-W plates. The yeast cells were then spotted

on SD/–L-W and SD/–L-W-H-A plates. X-gal overlay assay was performed.

B) BiFC to confirm the interaction between CaMKK5 and CaMKK3. CaMKK5 was tagged with

C-terminal half YFP and CaMKK3 was tagged with N-terminal half YFP. Plasmid DNA of

both clones was precipitated on 1µm gold particle and bombarded on onion epidermal cells.

YFP fluorescence suggests interaction between CaMKK3 and CaMKK5.
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Supplementary Fig. S8. Interaction of CaMKK2 with CaSymRK kinase domain in yeast.

CaMKK2 was cloned downstream GAL4 binding and kinase domain of CaSymRK was

cloned downstream to the activation domain of GAL4. These clones were co-transformed

into the yeast strain Y2H Gold. The transformants were selected on SD/-L-W media.

Interaction of CaSymRK kinase domain and CaMMK2 was assessed by ability of the

cotransformed yeast cells on SD/–L-W-H-A plates. Results suggest that CaSymRK kinase

domain interacts with CaMKK2 in yeast.
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