
 Research Paper

www.landesbioscience.com	 Plant Signaling & Behavior	 e27189-1

Research Paper
Plant Signaling & Behavior 8, e27189; November; © 2013 Landes Bioscience

Background

Gene members of Mitogen-Activated Protein Kinase 
(MAPK) family encode proteins involved in signaling pathways 
associated with biotic and abiotic stress responses in all eukary-
otes. The MAPK gene members are identified in a limited num-
ber of plant species, and they are yet to be identified in a majority 
of plant species. The MAPK gene family consists of 3 function-
ally linked subfamilies known as MAPK ( = MPK), MAPKK 
( = MEK or MAP2K), and MAPKKK ( = MEKK), initiating 
a cascade of signaling for various biological responses.1-3 The 
MAPK gene diversity within each subfamily varies widely across 
species. For example, the number of MAPKs and MAPKKs 
are 5 and 1 in Chlamydomonas, 6 and 6 in Sachharomyces, 21 
and 11 in Populus,4 16 and 12 in Brachypodium,5 20 and 10 in 
Arabidopsis,1,2 38 and 11 in Glycine,6 and 15 and 8 in Oryza,4 
respectively.

MAPK gene members are associated with various stress 
related plant signaling mechanisms. MAPK3 and MAPK6 in 
Arabidopsis are found to mediate signals in response to MAMPs 

(Microbe-Associate Molecular Pattern) such as f lagellin (f lg22) 
and chitin elicitors7,8 and control cell death along with the patho-
genic responses by producing (ROS) and indole-derived phy-
toalexin (camalexin).9,10 Orthologs of these 2 genes in rice are 
involved in fungal resistance. However, their upstream MAPKK 
pathways and complete roles are not fully understood.11 Acting 
as an upstream MAPKK, the ortholog of AtMAPKK4 in rice is 
associated with OsMAPK3 [Phytozome accession: LOC_Os03 
g17700].12 Phosphorylation of OsMAPKK4 is undertaken by 
6 upstream MAPKKKs: [Phytozome: LOC_Os01g50370, 
LOC_Os05g46760, LOC_Os01g50400, LOC_Os01g50410, 
LOC_Os01g50420, and LOC_Os05g46750] prompting the 
pathways that regulate myriads of stress responses including 
pathogen, insect, drought, salinity, f lood, and cold.13

MAPK signaling modules are also involved in developmental 
processes in eukaryotes. Some of these modules are well studied 
in yeast. For example, in budding yeast, MAPKs regulate spore 
formation and spore wall assembly14,15; phosphorylation of ste12 
(mating-specific transcription factors) by Fus3 MAPK16,17 is 
activated by pheromone responsive upstream-MAPK cascade18 
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Mitogen-Activated Protein Kinase (MAPK) genes encode proteins that mediate various signaling pathways associ-
ated with biotic and abiotic stress responses in all eukaryotes. The MAPK genes form a 3-tier signal transduction cascade 
between cellular stimuli and physiological responses. Recent identification of soybean MAPKs and availability of genome 
sequences from other legume species allowed us to identify their MAPK genes. The main objectives of this study were 
to identify MAPKs in 3 legume species, Lotus japonicus, Medicago truncatula, and Phaseolus vulgaris, and to assess their 
phylogenetic relationships. We used approaches in comparative genomics for MAPK gene identification and named the 
newly identified genes following Arabidopsis MAPK nomenclature model. We identified 19, 18, and 15 MAPKs and 7, 4, 
and 9 MAPKKs in the genome of Lotus japonicus, Medicago truncatula, and Phaseolus vulgaris, respectively. Within clade 
placement of MAPKs and MAPKKs in the 3 legume species were consistent with those in soybean and Arabidopsis. Among 
5 clades of MAPKs, 4 founder clades were consistent to MAPKs of other plant species and orthologs of MAPK genes in 
the fifth clade—“Clade E” were consistent with those in soybean. Our results also indicated that some gene duplication 
events might have occurred prior to eudicot-monocot divergence. Highly diversified MAPKs in soybean relative to those 
in 3 other legume species are attributable to the polyploidization events in soybean. The identification of the MAPK 
genes in the legume species is important for the legume crop improvement, and evolutionary relationships and func-
tional divergence of these gene members provide insights into plant genome evolution.
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and activation of Fus3 triggers phosphorylation of FAR1 for 
the G1 arrest in cell cycle, probably through inhibition of G1 
cyclins.19 Under the nitrogen-deficit environment, a budding 
yeast alters morphological growth pattern (i.e., occurrence 
of pseudohyphal growth), while under glucose-deficit envi-
ronment, invasive growth,20 also called filamentous growth, 
occurs.21 This filamentous growth in budding yeast is enhanced 
by various MAP kinases including Kss1, and negatively regu-
lated by Fus3.20,22,23 In yeast, MAPKs are also involved in the 
maintenance of cell wall integrity and adaptability to chang-
ing osmotic potential,24 allowing the cell wall to grow continu-
ally under hyper-osmolarity conditions through the initiation 
of High Osmolarity Glycerol (HOG) MAPK pathway.25 A 
MAPKK known as Ste7 that targets Kss1 and Fus3 in yeast,26 is 
found to be vital for the pathways associated with mating17,23 and 

filamentous growth.20,23 
Identification of MAPK 
genes in Arabidopsis has 
led to increasing instances 
of MAPK studies in other 
plant species as their 
genomes became available. 
One of such recent stud-
ies has used Arabidopsis 
MAPKs as reference 
sequences to identify their 
orthologs in rice and pop-
lar,4 and we used a simi-
lar approach to identify 
MAPK gene members in 
soybean.6 MAPK genes in 
other legume species are 
yet to be identified, and 
their evolutionary history 
and functional divergence 
need to be investigated in 
order to enhance research 
on stress signaling and 
legume-microbe interac-
tion in these plants.

Legumes can grow 
in nitrogen-deficit soil 
because of their ability 
to fix atmospheric nitro-
gen through a symbiotic 
association with Rhizobia 
in root nodules. Previous 
studies have shown that 
the root nodule develop-
ment in legumes involves 
various kinase activi-
ties.27,28 One another study 
showed that a gene called 
TDY1, believed to encode 
a MAPK homolog, was 
involved in root nodula-
tion and root-tip devel-

opment in Medicago.29 One of the well-studied MAPKs in 
legumes is MAPK4 ortholog in soybean: this gene is involved 
in negative regulation of defense mechanism while in positive 
regulation of growth and development.30 MAPKs in legumes 
are known to involve in various signaling responses that involve 
root organogenesis—for example, in Lupinus albus, activation 
of MAPKs such as SIMK and SAMK are required for infec-
tion of Bradyrhizobia sp. or other compatible microbes to 
establish symbiotic interactions.31 During biological nitrogen 
fixation in legumes, the mechanisms of signal transduction 
pathways that follow the exchange of signals between legume 
(e.g., f lavonoids) and rhizobia (e.g., nod factors) is being unrav-
eled (reviewed in ref.32): transcription factors belonging to 
NIN, GRAS, and ERF families are involved in the immediate 

Figure 1. Maximum Likelihood analysis of MAPKs of 4 legumes (Soybean, Lotus, Medicago, and Phaseolus) and 
their orthologs in 3 non-legumes (Arabidopsis, rice, and poplar). The values above the branches are bootstrap sup-
port of 100 replicates. The JTT+G+I evolutionary model was employed to perform Maximum Likelihood analysis. 
The members with phosphorylation motif TEY are nested in clade A, B, and C, those with the TDY motif in clade D, 
and members with potential legume specific TQY (denoted by *), and one of the gene members of soybean with 
TVY (denoted by **) motif in clade E and B, respectively. The MAPK gene models were accepted for phylogenetic 
analysis using protein sequences of Serine/Threonine kinase subfamily having conserved Aspartate and Lysine 
residues in their catalytic domain with (D[L/I/V]K) motif and TXY phosphorylation motif in their activation loop.
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responses such as ion fluxes, CCaMK mediated signaling, and 
subsequent activation of MAPK genes (reviewed in ref. 28). It 
is also worth noting that there are similarities in the early plant 
response to infection by pathogenic and symbiotic bacteria.33,34 
Recent studies27,28 have predicted the potential roles played by 
various kinase genes in the root nodulation process.

With the recent identification of soybean MAPKs6 and 
increasing availability of genomic sequences from other legume 
species, it is now possible to identify gene members of MAPK 
and MAPKK subfamilies in Lotus, Medicago, and Phaseolus. In 
our previous study,6 we identified 38 MAPKs, 11 MAPKKs, 
and 150 MAPKKKs in soybean, the plant species with the 
highest number of MAPKs published to date. The main objec-
tives of this study were to identify MAPKs and MAPKKs in the 
genome of Lotus japonicus, Medicago truncatula, and Phaseolus 
vulgaris and assess their evolutionary relationships. The insights 
from this study would contribute to enhance our understanding 
of the evolution of these genes in legumes, and also functional 
characterization of MAPK genes with potential legume specific 
regulatory roles would help in legume crop improvement.

Results

We identified 19, 18, and 15 MAPK members in the genomes 
of Lotus japonicus (Lj), Medicago truncatula (Mt), and Phaseolus 
vulgaris (Pv), respectively. Similarly, we identified 7, 4, and 9 
MAPKK members in Lj, Mt, and Pv, respectively. Maximum 
Parsimony (MP) and Maximum Likelihood (ML) analyses of 
each data set yielded phylogenies with similar topologies but 
with slightly variable bootstrap support (BS). The model test 
performed showed that the Jones-Taylor-Thornton (JTT) model 
with discrete Gamma distribution and Invariant sites (G+I) was 
the best-fit evolutionary model for both MAPK and MAPKK 
protein sequences.

MAPKs
Newly identified MAPKs in Lj, Mt, and Pv along with 

the published MAPKs in Gm and 3 non-legume members 

Figure  2. Heatmap visualization of LjMAPKs. Log 2-based value was 
employed to construct the heatmap for LjMAPKs gene expression in 
different tissues.

Figure 3. Heatmap visualization of MtMAPKs. Log 2-based value was 
employed to construct the heatmap for MtMAPKs gene expression in 
different tissues.
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(At, Os, and Pt), and their phylogenetic relationships are shown 
in Figure 1 and Figures S1 and S2. Maximum Parsimony clado-
gram (Fig. S1) and Maximum Likelihood phylogram (Fig. S2) 
were similar in topologies. The amino acid sequence length for 
the identified MAPK genes ranged from 205 to 590, 340 to 
615, and 368 to 613 in Lj, Mt, and Pv, respectively. The MAPK 
genes from all 3 genomes displayed similar evolutionary patterns 
forming 5 clades. Among these clades, 4 clades (A, B, C, and D; 
see Fig. 1) in all 3 species were consistent to those in Gm, At, 
Pt, and Os. The 5 clades were moderately to strongly supported 
(BS support for clade A, B, C, D, and E in ML tree were 84, 
75, 97, 99, and 100, respectively). The MAPK gene members 
in clade A, B, C, and E had TEY motif, whereas those in clade 
D had TDY motif. The clade-wide placement of MAPK ortho-
logs with specific motifs was consistent to Arabidopsis MAPKs.1 
The MAPK genes in clade E were exclusively from legume spe-
cies where 2 of the MAPK gene members from Glycine and one 
from Lotus, Medicago, and Phaseolus each had a TQY motif. 
The MAPK gene members in each clade also showed similar 
gene structure (Fig.  S3) across the species with similar distri-
bution of exon and introns (for example, the number of exons 
in clade E members were highly multiplied, whereas the gene 
members in clade C had fewer exons). Duplicated MAPK genes 
occurred in all 4 legume species. For some MAPK orthologs 
of Arabidopsis, the number of paralogs in soybean was twice 
as many as those in other legume species. For example, the 

orthologs of MAPK5, MAPK9, MAPK16, and MAPK20 had 
4 copies in soybean, whereas other legume species had either 
one or 2 copies. However, in some cases, such as in LjMAPK7, 
we found more copies in Lj than their counterparts in Gm and 
other legume species. As shown in Figure 1, we did not find the 
orthologs of AtMAPK2, AtMAPK8, AtMAPK10, AtMAPK11, 
AtMAPK12, AtMAPK13, AtMAPK15, AtMAPK17, 
AtMAPK18, AtMAPK19, and OsMAPK21 in Lotus. Similarly, 
orthologs of AtMAPK1, AtMAPK2, AtMAPK8, AtMAPK10, 
AtMAPK12, AtMAPK15, AtMAPK17, AtMAPK18, and 
OsMAPK21 were absent in Medicago. AtMAPK2, AtMAPK8, 
AtMAPK9, AtMAPK10, AtMAPK11, AtMAPK12, AtMAPK14, 
AtMAPK15, AtMAPK17, AtMAPK18, and OsMAPK21 were 
absent in Phaseolus. The expression analyses of MAPK gene mem-
bers across species also indicated that majority of gene members 
in Lotus, Medicago and Phaseolus had high gene expression values 
(Figs. 2–4). Gene members such as LjMAPK7-4, MtMAPK20-3 
and PvMAPK5-2 were among the least expressed genes.

MAPKKs
Newly identified MAPKK genes in Lotus japonicas, Medicago 

truncatula, and Phaseolous vulgaris are shown in Figure  5 and 
Figures S4 and S5. The MAPKK gene members formed 4 dis-
tinct clades (clades A, B, C, and D with BS support of 78, 100, 
98, and 57, respectively) in each species consistent to those in 
Arabidopsis.1 The amino acid sequence length for the identified 
MAPKK genes ranged from 335 to 526, 366 to 519, and 253 to 
519 in Lotus, Medicago, and Phaseolus, respectively. We did not 
find orthologs of AtMAPKK5, AtMAPKK7, and AtMAPKK8 
in Lotus. Similarly, we did not find the orthologs of AtMAPKK1, 
AtMAPKK2, AtMAPKK5, AtMAPKK7, AtMAPKK8, and 
AtMAPKK10 in Medicago and those of AtMAPKK5 and 
AtMAPKK7 in Phaseolus. The expression profile for MAPKK 
gene members in Lotus, Medicago and Phaseolus indicated the 
majority of the gene members had higher expression as compared 
with differentially expressed MAPKs in soybean6 (Figs.  6–8). 
The MAPKK10 orthologs in Glycine,6 Lotus, and Phaseolus had 
no or minimal expression in any of the compared tissues, while 
the orthologs of MAPKK4 and MAPKK5 had high expres-
sion values in both Lotus and Medicago. However, in the case of 
Phaseolus, MAPKK2 and MAPKK3 have comparatively higher 
expression, including little expression of MAPKK8 in the root, 
nodule, and leaf (Fig. 8).

Discussion

Identification and evolutionary history of MAPK members
The diversity of MAPKs differed across species with less 

than half in Lotus, Medicago, and Phaseolus compared to that in 
Glycine. The number of MAPKKs was relatively similar in Lotus 
and Phaseolus, while only 4 MAPKKs were identified in Medicago. 
Number of paralogs of some of the MAPK genes in the 3 legume 
species was almost similar. However, the orthologs of these genes 
in soybean have retained approximately twice as many duplicate 
copies. The larger genome size of soybean (1115 Mb, 2n = 40)35 
compared with other legumes (Lj is 472Mb, [2n = 12],36 Mt is 
ca. 500 Mb, [2n = 32],37 and Pv is 625 Mb, [2n = 22]38) contains 

Figure 4. Heatmap visualization of PvMAPKs. Log 2-based value was 
employed to construct the heatmap for PvMAPKs gene expression in 
different tissues.
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proportionately higher number of the MAPK genes. MEME 
analysis for the approximate sequence pattern including logos 
of protein motifs related to MAPK specific “signals” showed the 
conservation of domains throughout the gene members of each 
subfamily and subgroups (Fig. 9A–C and 10). Some of these con-
served domains as predicted by Pfam and PROSITE for MAPK 
and MAPKKs included protein kinase catalytic domain, MAPK 
conserved site (specific to MAPKs), serine/threonine-active site, 
and ATP binding site.

Evolutionary processes resulting into duplication of indi-
vidual gene, polyploidization of genome, or even segmental or 
chromosomal duplications could contribute to the functional 
complexities of the organism.39,40 The soybean genome has under-
gone at least 2 rounds of whole genome duplications35 resulting 
into its genome expansion. Duplication of genes could have 
occurred through any of unequal crossing over, retroposition 

and chromosomal or genome duplication.40 In addition to the 
GmMAPKs with 2 copies, the MAPK with 4 paralogs such as 
MAPK5, MAPK9, MAPK16, and MAPK20 in soybean are at 
least twice as many as in Lj, Mt, Pv, At, Pt, and Os. Orthologs 
of MAPK 7 and MAPK14 were consistently present in both 
legume and non-legume species, and they were more diversified 
in Lotus and Brachypodium5 than in other species. The ortho-
logs of MAPK7 in Lotus were found to have undergone tan-
dem duplications yielding 4 copies as these paralogs are tightly 
linked in chromosome 4. In Phaseolus however, we were able to 
find only one copy of MAPK ortholog of MAPK7/MAPK14 
paralogs. Loss of functionally redundant duplicate genes could 
be one of the measures to reduce the nitrogen and phosphorus 
expenses in plants during DNA synthesis, especially in plants 
with higher nitrogen requisition such as legumes. This conser-
vation of nitrogen and phosphorus through genome reduction 

Figure 5. (A) Maximum Likelihood analysis of GmMAPKKs and their orthologs in Arabidopsis, poplar, and rice. In the ML phylogram, the values above 
the branches are bootstrap support of 100 replicates. The JTT+G+I evolutionary model was employed to perform Maximum Likelihood analysis. The 
MAPKK gene models were accepted for phylogenetic analysis using dual-specificity protein kinases having conserved Aspartate and Lysine residues 
in their catalytic domain with (D[L/I/V]K) motif and S-X5-T phosphorylation motif along their activation loop. Gene models showing intron/exon 
lengths (right panel) were mapped onto the phylogram. 
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has been reported in free-living prokaryotes.41 We were also 
able to recover the orthologs of MAPK3 and MAPK6 from the 
genomes of all 3 species, and not surprisingly their orthologs in 
soybean had 2 paralogs each. Occurrence of at least 2 copies of 
MAPK5, MAPK20 (exception: MtMAPK20) and MAPK23 in 
Lj, Mt, and Pv and 4 copies in Gm indicates that the expansion 
of these genes occurred before the divergence of these species. 
The emergence of paralogous copies of MAPK23 orthologs 
in Gm, Lj, Mt, and Pv are inferred to have resulted from the 
genome duplication that occurred before the divergence of 
legume species. Two additional copies of GmMAPK23 located 
in the same chromosome (GmMAPK23-3 and GmMAPK23-4 
in chromosome 16) are inferred to have resulted from tan-
dem duplication.6 We found new clade of MAPK members 
in legume, with possible legume specific functions, which 

offers novel research areas to investigate. MAPK gene mem-
bers with TQY motif in potential legume specific clade are 
also unique to nematodes such as Caenorhabditis elegans 
[GenBank: NP_494947.2], Caenorhabditis brenneri [GenBank: 
EGT51072.1], Brugia malayi [GenBank: XP_001896626.1], 
Loa loa [GenBank: XP_003140630.1], Caenorhabditis rema-
nei [GenBank: XP_003109019.1], and Caenorhabditis brigg-
sae [GenBank: XP_002630655.1]. The gene members with 
TQY motif including majority of the gene members in clade 
E also showed high gene expression values. Studies have shown 
that nematodes such as C. elegans are able to identify the bac-
teria for their food needs,42,43 and they mediate in establish-
ing legume-rhizobia symbiotic interactions.44 This presence 
of the MAPK members with TQY motif in distantly related 

Figure 5. (B) Maximum Likelihood analysis of GmMAPKKs and their orthologs in Arabidopsis, poplar, and rice. In the ML phylogram, the values above 
the branches are bootstrap support of 100 replicates. The JTT+G+I evolutionary model was employed to perform Maximum Likelihood analysis. The 
MAPKK gene models were accepted for phylogenetic analysis using dual-specificity protein kinases having conserved Aspartate and Lysine residues 
in their catalytic domain with (D[L/I/V]K) motif and S-X5-T phosphorylation motif along their activation loop. Gene models showing intron/exon 
lengths (right panel) were mapped onto the phylogram.
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organisms is intriguing evolutionary event that warrants fur-
ther investigation.

Phylogenetic reinterpretation of evolutionarily related 
MAPK models

Although the Arabidopsis MAPK model1 provides a sys-
tematic nomenclature to be adopted and expanded to newly 
sequenced genomes, the paralogous/orthologous status of some 
duplicated genes could not be interpreted using this model. 
Later, the MAPK nomenclature model was redesigned in the 
study of rice and poplar MAPKs4 to elucidate the evolution-
ary relationships among the duplicated genes. Nomenclature 
covering gene duplication event would be appropriate to the 
genomes of species that have evolved by genome duplications. 
One of such genomes is Arabidopsis thaliana itself,45 although it 
is commonly treated as a diploid species. In this study, we also 
reinterpreted the evolutionary relationship of the Arabidopsis 
MAPK genes that have been previously studied. Some of the 
MAPK gene members that we infer paralogous in Arabidopsis 
are: AtMAPK1 and AtMAPK2, AtMAPK4 and AtMAPK11, 
AtMAPK7 and AtMAPK14, AtMAPK8 and AtMAPK15, 
AtMAPK18 and AtMAPK19 in MAPK subfamily and 
AtMAPKK1 and AtMAPKK2, AtMAPKK4 and AtMAPKK5 
and AtMAPKK7, AtMAPKK8 and AtMAPKK9 in MAPKK 

subfamily. This interpretation of AtMAPKs and the expansion 
of soybean MAPKs furnish an intriguing array of inferences 
about the evolutionary processes/relationships among dupli-
cated genes. In legumes, most of these genes within each clade 
retain a higher level of sequence identity (more than 70% in 

Figure 6. Heatmap visualization of LjMAPKKs. Log 2-based value was 
employed to construct the heatmap for LjMAPKKs gene expression in 
different tissues.

Figure 7. Heatmap visualization of MtMAPKKs. Log 2-based value was 
employed to construct the heatmap for MtMAPKKs gene expression in 
different tissues.

Figure 8. Heatmap visualization of PvMAPKKs.Log 2-based value was 
employed to construct the heatmap for MtMAPKKs gene expression in 
different tissues.
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most cases) indicating not only divergent evolution and their 
emergence from common ancestry, but also their high level 
of structural and functional conservation as inferred for their 
orthologs in Arabidopsis.1 The gene structure (Fig.  S3) for 
MAPK orthologs in both legumes and non-legumes share a 
similar pattern, for example, the gene members in clade C have 
fewer numbers of numbers of introns as compared with gene 
members in other clades. The gene members in clade E also 
share the similar distribution of exons throughout the species. 

Likewise, as discussed in the study of Arabidopsis4 and 
soybean,46 MAPKK gene members in clade C and 
clade D showed highly conserved pattern of intron/
exon distribution with the presence of only one exon 
(see Fig.  5). However, in the case of very few gene 
members such as MtMAPKK9, PvMAPKK8, or 
GmMAPKK8 are presumably under the influence of 
structural divergence with varying number of exons.

Functional divergence
Orthologs of various MAPK gene members across 

legume species exhibited functional divergence. 
MAPK genes in soybean with a relatively higher 
number of duplicates (paralogs) compared with those 
in Lotus, Medicago, and Phaseolus may be under the 
influence of selection pressure as inferred from gene 
expression values which needs further evaluation using 
selection pressure analysis. Ancient polyploidization 
of the soybean genome must have led to diversification 
of genes, functional divergence, as well as redundancy. 
As expected of polyploidization, many duplicated gene 
members may have undergone neofunctionalization, 
subfunctionalization, hypofunctionalization, or non-
functionalization as discussed in some literature.39,47,48 
Almost all MAPK genes in Lotus and Medicago (except 
LjMAPK7-4 and MtMAPK20-3) have high expres-
sion (Figs. 2–4 and Figs. 6–8), whereas their ortho-
logs and duplicate copies in soybean6 are differentially 
expressed in different tissues. Many MAPK genes 
(particularly one or more duplicates of GmMAPK5, 
GmMAPK9, GmMAPK11 and GmMAPK16) in 
soybean have low to null gene expression values. 
Similarly, gene expression analysis also indicates that 
the paralogs of MAPKK10 and MAPKK8 in legumes 
have no or very low gene expression values consistent 
with the study on their orthologs in rice, poplar, and 
Arabidopsis.4 Orthologs of MAPKK8 and MAPKK10 
in Medicago, however, could not be recovered. As in 
previous findings on rice, poplar, and Arabidopsis,4 
orthologs of MAPKK10 in all legumes lack a com-
plete activation loop (S/TxxxxxS/T), and whether 
these genes in some species are about to undergo 
extinction and they are lost in other requires further 
investigation.

Conclusions

Identification and phylogenetic analyses of MAPKs 
and MAPKKs in 4 legume species have revealed strongly sup-
ported clades consistent to the founder clades in Arabidopsis. 
The numbers of MAPKs were 19, 18, and 15, and that of 
MAPKKs were 7, 4, and 9 in Lotus japonicas (Lj), Medicago 
truncatula (Mt), and Phaseolus vulgaris (Pv) genomes, respec-
tively. Comparative genomics of MAPKs in 4 legumes (Glycine, 
Lotus, Medicago, and Phaseolus) along with their orthlogs in 3 
non-legume species [Arabidopsis thaliana (At), Poplar tricho-
carpa (Pt), and Oryza sativa (Os)] allowed us to: 1) recover a 

Figure  9. (A) Predicted domain structure of GmMAPKs, LjMAPKs, MtMAPKs, 
and PvMAPKs. Conserved domain structures as predicted by MEME analysis of 
GmMAPKs, LjMAPKs, MtMAPKs, and PvMAPKs. Ten different sites were analyzed 
for the prediction of conserved domain structures. Each stack height in the logos 
for 10 different predicted motifs represents the sequence conservation, which is 
measured in bits. The height of each residue within the stack indicates the fre-
quency of corresponding amino acid competing for that position. 
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potential legume specific clade, 2) infer interesting 
evolutionary relationships among genes, and 3) 
assess evolutionary processes/events about expan-
sion or reduction of these genes through genome 
duplication or chromosomal rearrangement. 
Our results indicate the expansion of GmMAPK 
families in soybean relative to Lotus, Medicago, 
and Phaseolus due to the ancient genome dupli-
cations and recent chromosomal rearrangements 
specific to soybean genomes. Expression profiles 
based on transcriptomic data indicates differential 
expression patterns among duplicate genes within 
soybean as opposed to more constant expression 
patterns of these genes within each of Lotus japon-
icus, Medicago truncatula, and Phaseolus vulgaris. 
Diversification and expansion of the MAPK gene 
families through gene/genome duplication may 
result into functional novelties. Identification 
of potential legume specific clade and MAPK 
members with TQY motif in all legume species 
is central to our findings, which need further 
investigation.

Materials and Methods

Identification of MAPK gene members in 
Lotus, Medicago, and Phaseolus

Hidden Markov Model (HMM) based searches 
were performed to identify MAPK and MAPKKs 
in Lotus japonicas (Lj), Medicago truncatula (Mt), 
and Phaseolus vulgaris (Pv) using 20 Arabidopsis 
MAPK and 10 MAPKK aligned protein sequences. 
HMM profile was built using HMM version 3.0 
(http://hmmer.janelia.org/) in our Linux plat-
form, and homology searches were performed 
against the protein data set of Mt, Pv downloaded 
from (phytozome.net), and Lj downloaded from 
(http://www.kazusa.or.jp/lotus). The putative 
MAPK and MAPKK protein sequences within the 
inclusion threshold of e-value 0.01 were selected 
for the BLOSUM based alignment in ClustalW 
version 2.048 as explained in.4 The results were 
accepted only if they possessed consensus for 
MAPK-related motifs and conserved domains.1,2 
MEME (Multiple Expectation-maximization for 
Motif Elicitation) was used to predict similarities 
among protein sequences and visualize conserved motifs in spe-
cific subdomains of MAPK, MAPKK, and MAPKKK employ-
ing 2 conditions: 1) ideal motif width was set to be between 
6 and 50, and 2) the motif search was set to identify 10 motif 
regions.49 Previously identified MAPKs from non-legume spe-
cies (Arabidopsis, TAIR; http://arabidopsis.org,2,3 rice, and pop-
lar4) were used to perform comparative study along with their 
orthologs in the legume species.

Phylogenetic analysis, intron-exon structure, and expres-
sion data

Sequence identity greater than 40% was used to detect homol-
ogy among the protein sequences.50-52 Homology confidence 
among the protein sequences was established using Maximum 
Likelihood estimates of pairwise genetic distances and phylo-
genetic placements. Phylogenetic placements along with the 
high sequence identity (> 40%) among the genes were used to 
define paralogous status of the duplicated genes and to assign 
a number to the identified MAPK and MAPKK gene members 
of Lotus, Medicago, and Phaseolus (Table S1). Both parametric 
(ML) and non-parametric (MP) methods of phylogenetic anal-
yses were performed to infer the orthologous and paralogous 

Figure  9. (B) Predicted domain structure of GmMAPKs, LjMAPKs, MtMAPKs, and 
PvMAPKs. Conserved domain structures as predicted by MEME analysis of GmMAPKs, 
LjMAPKs, MtMAPKs, and PvMAPKs. Ten different sites were analyzed for the predic-
tion of conserved domain structures. Each stack height in the logos for 10 different 
predicted motifs represents the sequence conservation, which is measured in bits. 
The height of each residue within the stack indicates the frequency of corresponding 
amino acid competing for that position. 
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relationships. Maximum Likelihood analyses were performed 
using the best-fit evolutionary model integrated in the program 
MEGA5.2.2.54 Branch supports were estimated using bootstrap 
support55 of 2000 and 100 replications for MP and ML analy-
ses, respectively. Human MAP Kinase sequences HsMAPK1 
[GenBank: NP_002736.3] and HsMAPKK1 [GenBank: 

AAI37460.1] were used as outgroup. The gene 
structure (with intron/exon distribution) of all 
MAPK gene members included in the analy-
ses were created using the programs Geneious55 
and FancyGene.56 In order to investigate func-
tional divergence in duplicated gene members, 
we downloaded RNaseq expression data of 
Glycine from RNaseq atlas (57; www.soybase.
org), of Lotus and Medicago from LegumeIP 
(ht tp : //plantgrn.noble.org /LegumeIP/ ), 
Affymetrix microarray data of Phaseolus from 
(http://www.ncbi.nlm.nih.gov/geo),58 and 
that of Arabidopsis from MPSS database (_
ENREF_5859; http://mpss.udel.edu/; accessed 
May 12, 2012). Mayday workbench60 was used 
to create a heatmap visualization of expression 
data. For the heatmap visualization, normal-
ized gene expression at different growth condi-
tions, tissues, and at different stress levels were 
log 2 – based to explore functional divergence 
across the species.
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