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Divergence of a Nodulation-Related Gene, 

GmNARK among Legume Species 

 

 

KIM MYOYEON 

 

 

ABSTRACT 

 

Legumes are highly important food, feed and biofuel crops. 

Economically, legumes represent the second most important family of 

crop plants after grass family. High input costs and environmental 

pressures to reduce nitrogen use in agriculture have increased the 

competitive advantage of legume crops. The symbiotic relationship that 

legumes form with nitrogen-fixing soil bacteria in root nodules is central 

to this advantage. 

An immediate goal of legume genomics is to transfer 
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knowledge between model and crop legumes. Especially GmNARK 

which is highly related to autoregulation of nodulation is used in this 

study as a model gene. In-depth understanding of conservation of gene 

through whole genome duplication among Papilionoideae legume 

species which is economically most important crop legumes is a 

required to achieving this goal. 

This study revealed orthologs of GmNARK among legume 

species and their relationships and suggested evolution models of 

these competitive genes. 

 

Keywords: Autoregulation of nodulation, GmNARK, Comparative 

genomics 
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INTRODUCTION 

 

Nodulation in soybean (Glycine max L. Merr.) is an important 

source of nitrogen supply to subterranean ecological systems. Nodule 

allows plants to use atmospheric nitrogen gas by symbiosis. 

Development of nodules on soybean roots is started from invasion of 

rhyzobial bacteria and regulated by factors both internal and external 

to the hosts. The number of nodules formed in the roots of leguminous 

plants is systemically controlled by autoregulation of nodulation (Carroll, 

McNeil, and Gresshoff 1985; Kim et al. 2005). 

During early nodule development, a root-derived Q signal is 

produced and transported to the shoot where it is predicted to be 

perceived by a LRR receptor kinase, called Glycine max nodule 

autoregulation receptor kinase (GmNARK) in soybean. This cause the 

production of a shoot-derived inhibitor (SDI) signal which transports to 

the root and inhibits further nodulation. 

The legumes are highly diverse and can be divided into three 

subfamilies: Minosoideae, Caesalpinioideae, and Papilionoideae. Of 
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these, the Papilionoideae subfamily contains nealy all economically 

important crop legumes. An immediate goal of legume genomics is to 

transfer knowledge between model and crop legumes. 

Especially GmNARK which is highly related to autoregulation 

of nodulation is focused in this study as a model gene. In-depth 

understanding of conservation of gene through whole genome 

duplication among Papilionoideae legume species which is 

economically most important crop legumes is a required to achieving 

this goal. 

In this study, GmNARK homologs among Papilionoideae were 

found with several tools of bioinformatics and their evolutionary 

relationships were predicted. Study about GmNARK homologs will play 

a critical role in contributing to our understading of the mechanisms 

underlying autoregulation of nodulation, the most conserved phenotype 

in legumes (Zhu et al. 2005). 
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LITERATURE REVIEW 

 

Duplication event and evolution 

 

Gene duplication has been recognized as an important 

mechanism for acquiring new genes and supplying raw genetic 

material to biological evolution (Magadum et al. 2013). The most 

obvious contribution of gene duplication to evolution is providing new 

genetic material for mutation drift and selection to act upon, the result 

of which is specialized or new gene functions in various organisms 

(Zhang 2003). If gene duplication has not happened, severe limitation 

about the plasticity of a genome or species in adapting to 

environmental change would appear, because only one or two variants 

(alleles) exist at locus within a (diploid) individual (Zhang 2003). 

Evolution of intricate expression regulation that is composed of gene 

networks has been also contributed by gene duplication. Gene 

duplication also contributes to divergence of species and emergence 

of species-specific characteristics. Ohno (1970) determined that ‘gene 
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duplication is the only means by which a new gene can arise’ and 

demonstrated that both of gene and whole genomes have been 

duplicated in the past, causing ‘great leaps in evolution – such as the 

transition from invertebrates to vertebrates, which could occur only if 

whole genomes were duplicated (Magadum et al. 2013). 
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Symbiosis in root nodules of legumes 

 

Legumes can fix atmospheric nitrogen which is then 

assimilated into amino acids, nucleotides, and other cellular 

components such as vitamins, flavones, and hormones to the plant 

body due to symbiosis with nitrogen-fixing bacteria. This process 

makes legumes an ideal agricultural crops as need for nitrogen fertilizer 

is reduced (Schubert 1986).  

Root nodules are essential for symbiosis between nitrogen-

fixing bacteria known as rhizobia and the root of legumes. This system 

has evolved several times within the Fabaceae and similar process has 

found within the Rosid clade (Doyle et al. 2014). 

Legume roots release flavonoids which cause initiation of 

production of nod factors by rhizobia. When the roots sense the nod 

factor, many biochemical and morphological changes occur: root cell is 

started to divide to create the nodule, and the root hair grows to wind 

around the bacteria multiple times until it completely encapsulates one 

or more bacteria. The bacteria which has encapsulated by the root hair 
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divide several times and form a microcolony (Foucher and Kondorosi 

2000).  
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Autoregulation of nodulation 

 

Since nodulation is an energy-demanding process for the plant, 

the number of nodules is controlled to maintain a balance between the 

benefits of nitrogen fixation, plant growth and development. The 

regulatory network through which nodule number is controlled is called 

‘Autoregulation of Nodulation’ (Delves et al. 1986). 

During early nodule development, a root-derived Q signal is 

produced and transported to the shoot where it is predicted to be 

perceived by a LRR receptor kinase, called Glycine max nodule 

autoregulation receptor kinase (GmNARK) in soybean. This cause the 

production of a shoot-derived inhibitor(SDI) signal which transports to 

the root and inhibits further nodulation (Ferguson et al. 2010). 

A lack of AON signal transduction allows legume plants to have 

hyper- and supernodulation (Carroll, McNeil, and Gresshoff 1985; Oka-

Kira and Kawaguchi 2006). These phenotypes rely on SDI (Day et al. 

1989), especially the function in the leaves of leucine-rich repeat 

receptor-like kinase (LRR-RLK). 
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GmNARK in soybean 

 

The autoregulation of nodulation component GmNARK and its 

duplicate GMCLAVATA1A (GmCLV1) are most similar to the 

Arabidopsis gene CLAVATA1 (AtCLV1). GmNARK encodes a receptor-

like protein kinase composed of a NH2-terminal signal peptide, an 

extracellular domain of leucine-rich repeat (LRR), a transmembrane 

domain, and a COOH-terminal cytoplasmic kinase domain (Searle et 

al. 2003). Leucine-rich repeat receptor-like kinase (LRR-RLK) has 

been isolated from soybeans (GmNARK; Searle et al. 2003), Medicago 

truncatula (SUNN; Schnabel et al. 2005) and Lotus japonicus (HAR1; 

Krusell et al. 2002; Nishimura et al. 2002). GmNARK and HAR1 are 

expressed in the phloem parenchyma of vascular bundles 

(Nontachaiyapoom et al. 2007). 

As key regulators of AON, all four genes show a high similarity 

to the Arabidopsis CLAVATA1 gene (AtCLV1), which controls the size 

of the shoot and floral meristem by short-distance signaling (Clark et al. 

1997). In contrast to AtCLV1, the CLV1-like LRR-RLKs in legume plants 

are responsible for long-distance signaling. However, Arabidopsis and 
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legume plants may share functional similarities in their signaling 

pathways, based on sequence conservation between the gene 

products (Kinkema, Scott, and Gresshoff 2006). 
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Comparative genomics 

 

Comparative genomics is a study field of biological research in 

which the genomic features of different species or organisms are 

compared. The genomic features may include structural or functional 

differences between several species or organisms. Genome 

similarities and differences are closely related to evolutionary 

relationships between organisms. That common features of two 

organisms will mostly be encoded by the DNA that is evolutionary 

conserved between them is the major principle of comparative 

genomics (Hardison 2003). Therefore, approach of comparative 

genomic start with collecting of alignment of short reads and finding 

orthologous sequences (sequences that share a common ancestry) in 

genomes and checking to what extent those sequences are conserved 

(Ellegren 2008). As whole genome sequencing became available, 

comparative genomics is now easily approached by re-sequencing 

methods with next generation sequencing platform such as Illumina-

GA, GS-FLX. 
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MATERIALS AND METHODS 

 

Plant materials 

 

Eight species of legumes were used in this study. Medicago 

truncatula belongs to Trifolieae, Lotus japonicas belongs to Loteae, 

Glycine max, Vigna radiata , Vigna angularis, Phaseolus vulgaris and 

Cajanus cajan belongs to Phaseoleae, Cicer arietinum belongs to 

Cicereae. Almost legume species have a diploid chromosome 

composition, whereas Glycine max has an only tetraploid chromosome 

composition (Table 1). 
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Table 1 
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Identification of orthologs in legumes 

 

Shoot and root read sequence data were collected separately 

against the soybean genome (available at Phytozome; 

http://www.phytozome.net/). An all-against-all protein sequence 

similarity search was performed by using BLASTP (with an E-value 

cutoff of e-10)(Altschul et al. 1997). Sequences alignable over a length 

of 150 amino acids with an identity score of 30% were defined as 

orthologs (Li et al. 2001). 
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Phylogenetic analysis 

 

Single gene alignments were aligned with molecular 

evolutionary genetics analysis (MEGA) (Tamura et al. 2011). The 

neighbor-joining trees were constructed by using the same software, 

and 1,000 bootstraps were done. The maximum likelihood trees were 

constructed with PhyML or PAUP* 4.0b10, when necessary 100 

bootstrap analysis was performed by using PHYLIP (Anisimova and 

Gascuel 2006). The best nucleotide substitution model for each 

alignment was obtained by MODELTEST analysis. 
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Analysis of whole genome duplication 

 

The V. radiata WGD was estimated by comparing collinearity of 

synteny blocks. The mungbean protein sequences were self-compared 

using BLASTP searches with an E-value threshold of 1e-5 and parsed 

out top 5 hits. Consequently, the collinear synteny blocks were 

calculated by software MCScanX with default parameters (Wang et 

al.2012). We calculated Ks values of the homologs within collinearity 

blocks using the perl script, add_ka_and_ks_ to_collinearity.pl, from 

MCScanX package. All of the Ks values were distributed and its peak 

value was detected at 0.64 corresponding to WGD. The synteny blocks 

at the peak had the median value of 0.65 of which this Ks value was 

considered to be a representative of the collinear blocks. 
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RESULTS 

 

GmNARK homologs in legumes 

 

In legume, 11 genes were matched to the GmNARK 

(Glyma12g40390) (Table 2). Soybean (G.max) has 3 homologues on 

two different chromosome, whereas other legumes have only one 

homologue. All of them have evolved from CLAVATA1 of Arabidopsis. 

MtSUNN, LjHAR1, GmNARK are already identified as AON 

(Autoregulation of nodulation) (Ferguson et al. 2010) (Nishimura et al. 

2002) related gene and other putative homologues are newly found 

through this study. 
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Table 2 
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Divergence distance within homologs 

 

We assembled 11 homologues of legume species. Only 

soybean has 3 homologues; GmNARK, GmCLV1A, GmCLV1B. Two 

different clades were formed separating between GmNARK and 

GmCLV1B. GmNARK represented as more closely related to 

GmCLV1A than GmCLV1B (Figure 1). 
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Figure 1. Phylogenetic tree of GmNARK homologs among legumes
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Protein sequence alignments 

 

A protein sequence alignment diagram rendered with Jalview25. 

Aligned sequences are arranged in rows and placed into a single 

reference frame, where each aligned position occupies a column in a 

table. Dashes indicate gaps. Almost protein sequences of putative 

auto-regulation of nodulation genes within legume species have similar 

colored regions which mean highly conserved pattern. However, only 

GmCLV1A has missing sequence regions. About 250 bp sequences 

are missing around the tail of protein sequence.
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Figure 2. Protein alignments of GmNARK homologs among legumes 
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Macrosynteny among legume species 

 

Based on calculation of Ks values, Genomic regions were 

examined (1Mb up- and down- stream) around the GmNARK gene 

among legume species. This shows the synteny blocks in which the 

genes of interest are located. The top horizontal bar is the synteny 

block on soybean chromosome and the other horizontal bars are the 

synteny block on the chromosome of other species. Synteny blocks 

between these regions are highly conserved. Traits provided by these 

genes are usually inherited together. 
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Figure 3. Macrosynteny analysis of GmNARK homologs among legumes 
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Ks value variation and predicted homolog of GmNARK 

 

Synonymous substitution rates of GmNARK homologous 

genes are shown on the table 3. Substitution rate between GmNARK 

and GmCLV1B is the lowest and substitution rate between GmNARK 

and GmCLV1A is the highest. 

Based on this examination, we can predict GmNARK and 

GmCLV1B are significantly close suggesting that their functions are 

highly comparable. GmCLV1A is the tandem repeat of GmCLV1B and 

its function might be different from others. 
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Table 3. Ks value estimation between GmNARK homologs in soybean 
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Figure 4. Predicted alignments of GmNARK homologs in soybean 
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Predicted evolution models 

 

Models for evolution of GmNARK, VrNARK_putative, 

VaNARK_putative are represented. All of them are evolved from 

Arabidopsis CLAVATA1 gene which is functionally related with shoot 

apical meristem (Krusell et al. 2002). Only soybean experienced two 

round whole genome duplication but the others underwent just a whole 

genome duplication (Schmutz et al. 2010). GmNARK was evolved from 

ancient duplication of genome and GmCLV1B was evolved from recent 

duplication of genome. GmCLV1A was evolved as tandem repeat of 

GmCLV1B. VrNARK_putative, VaNARK_putative genes were evolved 

from ancient duplication and remained single gene. 
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Figure 5. Predicted evolution model of GmNARK homologs among soybean, mungbean and adzuki bean 
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Discussion 

 

The divergence of plant phenotypes that distinguish one 

species from another is a big puzzle for plant biologists. In the case of 

legumes, and interesting question we often ask is as it follows: Are 

genes required for nodulation and nitrogen fixation legume specific? 

(Zhu et al. 2005) 

For answering this question we found 11 homologs of GmNARK 

among 8 legume species and studied their phylogenetic relationship, 

alignments of protein sequences, macrosynteny block. Also, we 

predicted 3 homologs of GmNARK based on Ks value calculation 

between each two of them and evolution models of homologs of 

soybean, mungbean and adzuki bean. 

The divergence of genome structure has been widely 

documented, but it is unknown whether such divergence contributes to 

the divergence of genome function. Comparisions of regions 

comprising genes responsible for species-specific or family-specific 

phenotypes provide a unique opportunity to answer this question (Zhu 
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et al. 2005). 

Protein alignments and macrosynteny of homologs show that 

GmNARK homologs are highly conserved among legumes. It means 

their function – LRR receptor kinase of Autoregulation of nodulation- is 

gene driven, not environmental of gene driven. 

Recent studies have shown that some of genes are highly 

conserved between legumes and non-legumes, and their orthologs can 

be unambiguously defined in non-legumes such as rice and/or 

Arabidiopsis through microsyntenic analysis. These results suggested 

that at least some of the genes involved in autoregulation of nodulation 

are evolved from broadly conserved pathways of plant development 

(Krusell et al. 2011). 

Recent studies about GmNARK homologs claim that they have 

two kinds of function. One of them is autoregulation of nodulation and 

the other was not revealed. Analysis of GmNARK homologs shows that 

GmCLV1B might be autoregulation of nodulation related gene and 

GmCLV1A has other unknown function. In this study, only GmCLV1A 

show different protein sequence alignment as well as conclusion of 

recent studies. We can suggest that they were evolved by 
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neofunctionalization which means a gene acquires a new function after 

a gene duplication event (Magadum et al. 2013) (Zhu et al. 2005). 

The evolution models also represent that mungbean and adzuki 

bean have a single copy gene from one round whole genome 

duplication. One round of duplication usually makes two copies of 

genes but mungbean and adzuki bean have single-copy gene. We 

have two hypotheses to explain single-copy gene. First, dosage 

balance hypothesis, which predicts that imbalance among protein 

complex subunits is harmful. Whole genome duplication ensures that 

relative ratios among subunits are maintained, whereas this is not 

necessarily the case for small-scale duplication. Second, the dominant-

negative mutation hypothesis is suggested. In this hypothesis, gene 

duplication can result in an extra mutational target. If a mutation occurs 

in a protein complex subunit, protein interaction capabilities are 

maintained and the mutant protein competes with the wild type protein 

for forming complexes (figure 4) (De Smet et al. 2013). 
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Figure 6. Two hypotheses to explain single-copy status 
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초 록 

공기 중의 질소분자는 작물이 직접 이용할 수 없어 콩과작물의 뿌

리에 공생하는 뿌리혹박테리아는 공기 중의 질소를 질산염 형태로 

만들어 식물이 아미노산이나 단백질을 합성할 수 있게 해준다. 뿌

리혹박테리아가 식물의 뿌리에 침입하면 ‘박테로이드(bacteroid)’의 

형태로 고정되어 군데군데 크고 뚱뚱한 모양의 뿌리혹(Nodule)을 

형성한다. 뿌리혹의 수가 증가하여 콩과작물의 질소고정이 늘어나

면 생장이 증가하여 수량증대가 가능하다. 

GmNARK는 뿌리혹의 수를 조절(Autoregulation)하는 콩의 대표적

인 유전자이다. 뿌리혹이 형성된 뿌리에서 뿌리혹박테리아가 ‘Q 

signal’이라는 신호를 줄기로 전달하면 GmNARK로부터 만들어진 

LRR receptor kinase가 이 신호에 반응하여 SDI신호를 유도하고, 이

는 다시 뿌리로 전달되어 뿌리혹의 형성을 억제한다. 

GmNARK는 Q signal 신호수용에 관련된 LRR 도메인, 세포막에 단

백질을 고정시켜주는 Transmembrane 도메인, 뿌리혹 수 조절 신

호를 전달하는 Kinase 도메인으로 구성되어 있다. 콩 이외의 콩과



38 

 

작물의 유전자 중에서 이와 같은 세 가지 도메인을 공통적으로 가

지고 있는 homolog(진화 과정에서 유효한 관계가 있는 유전자들이

나 단백질을 나타냄)들은 애기장대의 AtCLV1, 알팔파의 MtSUNN, 

벌노랑이의 LjHAR1 등이 있다. 

이 연구의 목적은 녹두와 팥을 비롯한 다양한 콩과작물에서 위의 

GmNARK 유전자의 homolog들을 찾고, 이를 애기장대의 AtCLV1, 

알팔파의 MtSUNN, 벌노랑이의 LjHAR1 등과 같은 콩과의 다른 

homolog들과 비교하여 이들 사이의 유연관계를 밝히는 것이다. 이

를 통해 콩과작물의 질소비료를 줄일 수 있는 방안을 모색하고, 생

육과 수량이 우수한 작물을 육종하는 데에 기여할 것으로 기대할 

수 있다. 
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