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(A) 16S rRNA (B) nirK 

Figure 2. Phylogenetic trees constructed based on (A) 16S rRNA gene and  (B) nirK 
sequences using the maximum likelihood method with bootstrap analysis. Strains marked as 
red were selected for genome sequencing.   

Figure 3. Comparison of the gene clusters around nirK among the 
Azospirillum sp. strains. Heatmap was generated using GenomeMatcher v2.03. 

Table 1. Newly designed PCR primers for the 
amplification of nirK from the genus Azospirillum 

1. PCR primers for nirK in Azospirillum spp. 

2. Phylogeny of Azospirillum sp. strains based on the 
16S rRNA gene and nirK sequences 

4. Comparative genome analysis 

Azospirillum sp. strains are commonly found denitrifiers in soils. 
 
 

Under O2-limiting conditions, denitrifiers use nitrate as a respiratory electron 
acceptor. Nitrate is sequentially reduced to N2 by denitrification (NO3

- à 
NO2

- à NO à N2O à N2). 
 

The nitrite reductase, which catalyze the reduction of NO2
- to NO, is 

considered the key enzyme for denitrification. There are two types of nitrite 
reductases: NirK and NirS, which contain Cu and cytochrome cd1 as the 
reaction centers, respectively.  
 

Previously, we isolated 41 Azospirillum sp. denitrifiers from a rice paddy soil 
in Tokyo, Japan. However, the nir gene could not be amplified by PCR from 
most of the Azospirillum strains probably due to the base mismatches of the 
PCR primers to the target gene sequences (Ishii et al. 2011). 
 

Complete genome sequence of Azospirillum sp. B510 (Kaneko et al. 2010) 
suggested that this strain possesses nirK on a 681,723-bp plasmid named 
pAB510c (GenBank: AP010949), which is one of the seven replicons of the 
Azospirillum sp. B510 genome. 
 

The objectives of this study are to: 
 

1)  Identify the nirK sequences of the 41 Azospirillum strains by using newly 
designed PCR primers;  

2)  Compare the nirK phylogeny with the 16S rRNA gene phylogeny to 
obtain the idea of the potential genetic exchange among the strains; 

3)  Identify the localization of nirK in the genomes of Azospirillum sp. strains 
by using pulsed-field gel electrophoresis (PFGE) followed by southern-
blot hybridization;  

4)  Identify the denitrification functional gene clusters among Azospirillum 
strains by comparative genomics using the Illumina HiSeq system. 
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Figure 1. The annealing sites of the newly designed PCR primers on 
the nirK gene 
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3.  Replicons of Azospirillum sp. strains 
containing nirK gene 

Table 2. Number and size of replicons for each Azospirillum sp. strain based 
on pulsed-field gel electrophoresis. Replicons containing the nirK gene was 
determined using the southern-blot hybridization method. 

*: Replicon which contains the nirK gene 

New nirK gene PCR primer sets were designed 
on conserved regions of the nirK from 
Azospirilum. 

Multiple replicons were identified in all Azospirillum sp. strains tested 

The nirK gene was identified in large replicons (640-950 kbp) 

Strains with high nirK similarity tend to have similar gene organization patterns. 

Sequence analysis of the nirK revealed the diversity within the gene of the genus 
Azospirillum 

The nirK phylogeny of many Azospirillum sp. strains did not match well with the 
16S rRNA gene phylogeny, suggesting the possible occurrences of horizontal 
transfer of nirK. 

  Sp7 TSA6c TSH7 TSH20 TSH58 TSH64 TSH100 TSO5 TSO22-1 TSO35-2 

Total sequences (bp) 19,227,590 16,551,944 18,252,398 29,688,068 29,027,348 23,908,290 20,323,848 22,682,774 19,647,918 18,737,394 

Number of contigs 704 395 810 762 654 245 406 616 752 201 

N50 (bp) 84,704 7,635,475 57,847 61,723 67,868 7,543,664 119,003 62,252 60,411 1,296,767 

Max length of contig (bp) 368,253 7,635,475 342,998 366,555 303,391 7,543,664 392,776 238,495 222,401 3,068,875 

Total length of contigs (bp) 7,155,803 8,376,724 7,506,927 7,509,079 7,039,278 7,930,345 7,183,287 7,041,570 7,415,165 7,369,390 

Genome coverage (fold) 271 219 245 399 416 320 285 325 267 256 

CDS 6,005 6,929 6,344 6,358 5,883 6,536 6,021 5,954 6,299 6,067 

tRNAs 69 72 64 62 67 66 61 62 53 72 

rRNA operons 2 19 4 3 2 13 1 2 2 13 

GenBank accession SAMN3877357 SAMN3863722 SAMN3863725 SAMN3863731 SAMN3863732 SAMN3863780 SAMN3863786 SAMN3863787 SAMN3863794 SAMN3863795 

Table 3. Summary of the genome analysis of the ten representative Azospirillum sp. strains. 

Conclusions 
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The nirK sequence was diverse among Azospirillum sp. strains. 

The nirK might have been introduced via horizontal gene transfer. We need to look for more 
direct evidence for this through the analysis of the Azospirillum genomes.  

All Azospirillum sp. strains tested in this study had multiple replicons, and the nirK was 
observed in one of the large size replicons (640-950 kbp) 


