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ABSTRACT: 

Rhizobium is a symbiotic biological nitrogen-fixing (BNF) bacteria. and has high diversity in different 

geographical regions worldwide. The BNF associated with the legume trees in tropical environments 

improves the efficiency of nitrogen and increases the soil organic matter, and soil fertility. Rhizobium 

consists of Mesorhizobium, Sinorhizobium, and Bradyrhizobium, the species belonging to each 

genera infecting a specific host. This host specificity is dictated by several factors among which Nod 

D was secreted by the bacterium and plays an important role. We investigated how Nod D gene 

sequences may have evolved to confer host specificity.  We constructed phylogenetic trees of 

16srRNA and Nod D trees and compared the trees with a manually built host tree. We find that the 

Nod D tree is incongruent with the 16srRNA tree and the topology does not show any specific pattern 

correlative of the host tree. We also uncover a possible HGT of the Nod D gene between highly 

unrelated bacterial species. This finding may have implications for the development of Rhizobium 

strains specific to a particular host for Agricultural purposes. 
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INTRODUCTION : 

Rhizobia are gram-negative bacteria that are involved in the formation of highly specialized nitrogen-

fixing organs called nodules on the roots of leguminous plants[1]. Eg: The Rhizobium strain NGR234 

nodulates plants in more than 110 legume genera[2]. The root nodule formation is a result of the 

interaction of signals between the host and the rhizobia. The signals involved are Nod (nodulation) 

factor, flavonoids, etc. The Rhizobium species such as Bradyrhizobium, Mesorhizobium, and 

Sinorhizobium are host specific. The plants differentiate between pathogenic and symbiotic bacteria 

by transmitting symbiotic and immune signals enabling them to distinguish symbiotic from 

pathogenic bacteria[3) ]. The plant possesses plasma membrane-localized pattern recognition 

receptors (PRRs) that recognize symbiotic pathogens which are associated with molecular patterns 

(MAMPs/PAMPs) [4]. During the need for nitrogen, flavonoids are secreted by host plants. Rhizobia 

will sense these molecules and activate the product of the "NodD" (nodulation) gene, a transcription 

factor that controls the expression of genes involved in the synthesis of the Nod Factor (NF)[5]. 

Flavonoids are the secondary metabolites found in plants. The role of Flavonoids in the selection of 

Rhizobial symbionts is to induce transcription of the genes for biosynthesis of the rhizobial signaling 

molecules like Nod factors. The production of 'infection' flavonoids is highly seen at infection 

sites[6]."NodD" genes are encoded by the DNA binding proteins that activate the transcription of 
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Nod operons (structural genes). The core structural genes contain Nod A, B, and C genes required for 

the synthesis of Nod factors, 

Nod A gene: N-acetylation of amino sugar backbone. 

Nod B gene :D acetylase at non reducing end. 

Nod C: synthesis of chitin oligomer backbone[7]. 

The Nod factor acts as a signal molecule, these signal molecules induce the activation of host genes 

which results in the curling of the route in the host plant. Nodulation factors that are synthesized by 

all the species of rhizobia are Lipo-chitooligosaccharide(LCOs). The structure of LCO varies in terms 

of the side chains and these side chains are added by different Nod genes[8]. These LCOs are 

implicated in host specificity. Here we tested whether host specificity dictates “ Nod D” gene 

evolution by building phylogenetic trees of  Nod D and a manually constructed Host tree. We find 

that Nod D gene evolution has varied considerably from 16srRNA which we used as a control for 

establishing the evolutionary relationship between the different species of Rhizobial bacteria. During 

the analysis, we uncover an event of horizontal transfer between distantly related Bradyrhizobium 

and Rhizobium genera. 

 

 MATERIALS AND METHODS: 

1). Retrieval OF 16sr RNA:  

    The 16sr RNA gene is conserved in organisms and it is used in phylogenetic studies.16srRNA gene 

sequences in fasta format were collected from the NCBI database using the Keywords nucleotide and 

organism name from a   list of Rhizobium species.  The length of the sequences ranged from 1100-

1400 in a notepad. 

By using MEGA Software, We collected 34 Rhizobial species accession numbers for the 16srRNA 

gene from the NCBI using a database as the Nucleotide. Then we retrieved the fasta sequence of each 

Rhizobial species and saved it in the notepad. In MEGA software, the saved file was uploaded, and 

then selected all the sequences of Rhizobial species using Ctrl+A. After selecting the muscle 

alignment was done. Then using the Phylo analysis tree option the maximum likelihood tree was 

constructed by applying the saved MSA (Multiple Sequence Alignment) with the bootstrap values 

and later Bradyrhizobium japonicum was made as an outgroup in the tree by selecting the subtree 

option in the mega tool and by pointing the root on the outgroup then by clicking on the desired 

species as an outgroup branch, the outgroup could be constructed. 

 We performed Blastn "search" to obtain the 16sr RNA nucleotide sequences of the desired rhizobial 

species, by considering R.leguminosarum 16sr RNA gene Accession: ON428643 as a query 

sequence. Multiple rhizobial species were added to the organism search bar and subjected to the blast.  

As per the obtained results, the species are selected based on the parameters such as E value- 0.0, 

Query coverage - 95-100%, and Percent Identity 95-100%. 

 2)Retrieval of NodD protein sequences: 
     "12" NodD protein and "20" LysR protein (Ly’s regulator) sequences in fasta format of listed 

Rhizobium species "were retrieved from NCBI" protein "database".Few species without "NodD" 

protein had LysR protein which was taken into consideration.  "These sequences were ranging from 

250-350 amino acids in length".We performed blastp to obtain the "NodD" protein sequences of the 

rhizobial species, by considering R.leguminosarum Accession: P04681.1 as a query sequence. 

Multiple rhizobial species were added in the parameters such as the organism search bar and subjected 

to the blastp. As per the obtained results, the species were selected based on the value- 0.0, Query 

coverage - 95-100%, and Percent Identity 95-100%. 

Multiple sequence alignment and Phylogenetic tree construction-Version 11.0.13 

 MEGA was used for multiple sequence alignment and building of the respective phylogenetic tree. 

In the MEGA software choose to edit or build alignment using the MUSCLE program. "The resulting 

MSA was trimmed for variable regions at the ends". The obtained alignment was used for the 

construction of the phylogenetic tree (Maximum likelihood tree ) certain parameters are taken into 
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consideration which are: model/method→Jones- Taylor- Thornton, No.of threads, Data treatment -

pairwise alignment. 

 

RESULTS: 

     Nod D protein is a determinant of host specificity between the leguminous plants and Rhizobium 

bacteria. This protein is secreted by the Rhizobium bacteria. We wanted to see the evolutionary 

patterns in the Nod D gene in different genera and compare them with the evolutionary relationship 

of the host plants. So we constructed phylogenetic trees of the 16srRNA sequence of the selected 

bacteria and a phylogenetic tree of the Nod D gene from the same list of bacteria. We also draw a 

phylogenetic tree of the host tree manually using the ETEtool Kit. Then we compared the topology 

of all the trees with each other to see any interesting patterns. 

Phylogenetic tree using 16srRNA: We constructed a 16srRNA tree to understand the evolutionary 

relationships between different rhizobial species. Also, this will give us a species tree against which 

we can compare the evolution of other genes like the "NodD". 16srRNA sequences ranging from 

1,100 to 1,400bp were retrieved from NCBI Genbank of 34 species ( Tab 1). The multiple sequence 

alignment was done using muscle alignment in MEGA software. This MSA was used to construct a  

Maximum likelihood phylogenetic tree with a bootstrap value of 100. 

 

 
Table 1: List of the 34 Rhizobial species selected with their respective hosts the accession numbers 

of 16srRNA and "NodD" genes of the same Rhizobial species.In the table column of ACCESSION 
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NO.OF Nod D PROTEIN  the highlighted yellow color indicates the Nod D protein of respective 

Rhizobium species and the other indicates the LysR regulatory protein of Rhizobium species.    

 

Maximum likelihood tree: 16srRNA tree: 

 

Fig.1 Maximum likelihood tree of 16srRNA of the selected Rhizobium bacteria with Bradyrhizobium 

japonicum as an outgroup. Tree branches with more than 50 bootstrap valves are colored red and are 

chosen for further analysis. 

  

     The 16srRNA phylogenetic tree yielded three major clades where the genera Mesorhizobium, 

Sinorhizobium, and Rhizobium species were clustered in distinctly separate clades and were 

monophyletic.  Bradyrhizobium japonicum was used as the outgroup and rooted in this branch. 

 Clades with higher bootstrap values are more likely to support the nodes in the phylogenetic tree. 

We used a cut-off of 50 percent bootstrap value to select the nodes for further analysis and ignored 

the nodes which showed lesser bootstrap values. For example, A node for the clade having 

Rhizobium indigoferae and Rhizobium leguminosarum bv has a bootstrap value of 100 and has strong 

support higher in the phylogenetic tree but a node having the clade having Mesorhizobium huakii, 

Mesorhizobium loti, and Mesorhizobium chacoense has a bootstrap value of 12 and therefore are 

likely candidates to be ignored. 
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NodD Phylogenetic tree: Boot strap tree of "NodD" (ML Tree): 

Fig -2: Maximum likelihood tree of Nod D tree of the Rhizobium consisting of three genera - 

Rhizobium, Mesorhizobium, Sinorhizobium species. In the phylogeny tree, the brown color tree 

indicates - Mesorhizobium species, the green color tree indicates - Rhizobium species, and the blue 

color indicates the Sinorhizobium species which are randomly arranged in the tree. The pink color 

indicates the Bradyrhizobium japonicum, it is an outgroup in the phylogeny tree. The tree branches 

with more than 50% values are colored with red color and analyzed further which strongly supports 

the phylogenetic tree. 

  

     We wanted to see how the "NodD"  gene might have been evolving as compared to the 16srRNA 

tree.   Since we know that the "Nod D" gene confers host specificity we wanted to find molecular 

changes in "NodD" sequences that could explain the reported host specificities. "NodD" gene 

sequences ranging from 250-350 amino acids were retrieved from Blastp taking  R.leguminosarum 

bv. viciae as a query sequence.   The sequences were trimmed at the beginning from 1-9bp and at the 

end from 287-316bp. Multiple sequence alignment was done using muscle alignment. This MSA was 

used to construct a maximum likelihood tree with a bootstrap value of 100. 

 The phylogenetic tree of the "NodD" protein has three unusual branch lengths of the species named 

Rhizobium phaseoli, Mesorhizobium tianshanense, and Rhizobium undicola compared to the "NodD" 

protein of other species. This might be because of two major possibilities. One is that the branch 

length of the "NodD" gene in these species is longer because they are not orthologous genes compared 

with the rest of the sequences in the tree. We had used sequences of the LysR "gene also in the 

analysis since blast results retrieved LysR sequences. LysR belongs to the transcriptional regulatory 

family. Second is the "NodD" gene might have been horizontally transferred between 

Bradyrhizobium japonicum and Rhizobium tropici. 

HGT: First we analyzed the possibility of horizontal gene transfer. From the phylogeny of the 

"NodD" gene, we observed that the "NodD" gene virtually has no branch length difference between 

two different genera such as R.tropici and Bradyrhizobium japonicum. It is impossible that being two 

different genera the "NodD" gene could not have accumulated even a little variation. To test the 

possibility of horizontal gene transfer, we used a blastp tool to check the horizontal gene transfer 

between Bradyrhizobium japonicum and Rhizobium tropici. 
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 First, we took the fasta sequence of the Nod D gene (Acc.No.BAU45324) of Bradyrhizobium 

japonicum and used it as a query, and blasted it against the organism R.tropici. From the results, we 

observed several different strains of R .tropici were reported for the same gene. This indicates that 

the gene is shared between many evolutionarily related strains and that the gene is vertically inherited 

among all the strains. This also proves that the "NodD" gene of R. tropici is not a mistake in the 

annotation. Secondly, we retrieved the fasta sequence of Nod D (Acc.no.BAU45324) of R.tropici and 

used it as a query, and blasted against the organism Bradyrhizobium japonicum. We obtained the 

same results as in the earlier case.  The results listed several different strains of Bradyrhizobium 

japonicum, which means that the gene is shared between many evolutionary-related strains and is not 

a mistake in the annotation. Therefore we have strong reasons to believe that the "NodD" gene may 

have been horizontally transferred between Rhizobium tropici and Bradyrhizobium japonicum. 

REVERSE RECIPROCAL BLAST: It might happen that "NodD" in some species might have been 

annotated as"LysR". So we tested whether LysR transcriptional regulator protein and "NodD"  protein 

are the same or not.  To find out we did a reverse reciprocal blast. We randomly choose two Rhizobium 

species - M.loti (Acc.no.ACT34148) which is annotated as "NodD"  protein and another A.undicola 

(Acc.no.WP_027488673)  which is annotated as LysR protein.  We did a protein blast of the M.loti  

(taking as the query sequence)  against the LysR protein of A.undicola.Then from the result of blastp, 

we took the first hit as the query sequence(Acc.no.WP_027487450) and blasted against the M.loti. 

From the blast results, we came to know that they are not the orthologs genes. It may be possible that 

Nod D might have been annotated as LysR because it belongs to the family of LysR transcriptional 

regulator family.  However the pairwise alignment was done using the Needle (EMBOSS) which 

creates a global alignment of two sequences using the Needleman-Wunsch algorithm,  showed an 

identity of 67% between LysR and NodD of M.loti and A.undicola-organism which is a definite 

indication that they are homologous. 

 

Host phylogenetic tree 

The host tree was constructed using the Newick format tool. The collected host plant species 

concerning the Rhizobial species were written in the following Newick format. 

    ((Acacia, Prosopis)); ((Amorpha Fruticosa)); ((Indigofera),(Desmodium,Kummerwoia stipulacea, 

Glycine max) ,(Vigna, Phaseolus)); ((Sesbania, Lotus),(Astragalus,Hedysarum),( Galega, 

Cicer),(Medicago, Melilotus), ( Pisum sativum) );;((Oryza sativa)); 

 Using the ETE toolkit, the Newick format was uploaded in the search bar and then viewed by the 

host phylogenetic tree. In the host tree, the Oryza sativa was made as the outgroup. 

 Comparison of 16sr RNA and "NodD"  tree 

1. In 16sr RNA the Mesorhizobium, Sinorhizobium, and Rhizobium clades are monophyletic whereas 

in the "NodD" tree the same three genera are found to be non-monophyletic. Each genus keeps 

interpolating with the other genera. We attempted to explain this mixing of different genera by 

comparing it with the host tree. But we did not find any definite pattern that is common to the topology 

between the Nod D and the host tree. Some host species were distantly related for which the "NodD 

'' genes infecting bacteria appeared closely related, but the bootstrap values for such nodes were also 

less. For example, Species with low bootstrap values in the "NodD '' ML tree such as Mesorhizobium 

amorphae and Meosrhizobium septentrionale is 46. Therefore this node is not strongly supported in 

the phylogenetic tree. In comparison with the host tree, it was found that the hosts namely; Fruticosa 

( Mesorhizobium amorphae), and Astragalus (Mesorhizobium Septentrionale) were also found to be 

distantly related.  
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Fig-3: Tree constructed for the selected hosts using manually drawn Newick formats derived from 

published phylogenetic trees. The ETE toolkit was used to draw the host tree. 

The above host phylogenetic tree contains the host species of Rhizobium, where Oryza sativa is made 

as an outgroup because it doesn't belong to the family of Leguminosae. We began by comparing the 

16srRNA tree with that of the "NodD" tree. Then we attempted to rationalize any discrepancies found 

between the topology of the "NodD" tree, that of the 16 srRNA tree, and that of the host tree. The 

rationale here was that "NodD" genes being the determinants of host specificities the topology of the 

"NodD" tree may reflect the host tree. A long branch of the "NodD" gene in a species can be variation 

accumulated to adapt to a particular host which might be distantly related in its host tree. 

2. Rhizobium indigoferae and Rhizobium leguminosarum have 100 bootstrap value as strong support 

in the phylogenetic tree of 16srRNA whereas in the "NodD" tree Rhizobium indigoferae have 78 and 

Rhizobium leguminosarum has 88 bootstrap values where these two species are placed distinctly. 

 

DISCUSSION : 

     A two-gene comparative analysis was used to reconstruct phylogenetic relationships among 34 

species of Rhizobium. Nucleotide sequences for two conserved genes (16S rRNA and Nod D gene) 

were analyzed, and phylogenetic relatedness estimates were developed with these sequences. 

Although certain groupings were consistent between the trees representing the different loci, some 

significant differences between the trees representing the different loci were evident. One of the most 

noticeable differences was the relative placement of the Mesorhizobium tianshanense, Rhizobium 

phaseoli, and Allorhizobium undicola in the different trees. 16sRNA phylogenetic tree yielded three 

major clades where the genera Mesorhizobium, Sinorhizobium, and Rhizobium species were clustered 

in distinctly separate clades and were monophyletic and further analyzed by bootstrap values above 

50% that gives strong support to the phylogenetic study. In the phylogenetic tree of the "NodD '' 

protein, the clades are randomly arranged and there are three unusual branch lengths of the species 

named Rhizobium phaseoli, Mesorhizobium tianshanense, Rhizobium undicola.  

Through the study of the Horizontal gene transfer of  Bradyrhizobium japonicum, we observed that 

genes are transferred with Rhizobium tropici. Therefore we have strong reasons to believe that the 

"NodD" gene may have been horizontally transferred between Rhizobium tropici and Bradyrhizobium 

japonicum. The NodD Phylogenetic tree was compared with the host tree(Newick tree) to study the 

evolutionary relationship between them. So to explain this mixing of different genera by comparing 

it with the host tree. But we did not find any definite correlation with topology patterns between the 

Nod D and the host tree. 

The implication of horizontal gene transfer: Regional legume plants will have their specific 

repertoire of Rhizobium bacteria. This specificity is dictated by the selection process which is an 

outcome of the specific interactions between the host and the bacterial strain or species. However, 

these species might not be the best nitrogen fixers compared to the lab-developed strains. We can 

however genetically engineer a specific Nod D gene into the lab-developed Rhizobium inoculum. So 
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that the host develops specificity to the introduced inoculum. Since we have already observed the 

Nod D gene horizontally transferred between unrelated species and thriving in them, we propose that 

a foreign Nod D gene could be very well accepted in the Rhizobium inoculum. 

      Our analysis only covers the Nod D gene.  Along with the Nod D, other genes that are involved 

in the infection of the root nodules of the host plant such as Nod A, Nod B, and Nod C  genes can 

also be used for further research in phylogenetic analysis and also for testing  HGT scenarios. 

      The Host phylogenetic tree was constructed using the Newick format(ETE toolkit) sliced from 

phylogenetic trees of earlier studies. However, it will be more accurate and useful to construct the 

tree host tree using any of the standard Phylogenetic tree-building methods. Also if our study could 

be extended to more Bacterial species and host species it could prove more useful 

 

CONCLUSION:   

      The phylogenetic tree of the 16srRNA and Nod D genes are incongruent in many places. The Nod 

D gene has undergone an accumulation of variations corresponding to their host specificity owing to 

the demands of the selection process while the 16srRNA gene is neutrally evolving. However, these 

trees uncover a possible case of HGT. Such comparisons with other genes involved in the infection 

process may shed more light on the host specificity and any other HGTs. 
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