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dependent on this mutualistic symbiosis drives the global 
nitrogen cycle, which involves two key biochemical pro-
cesses: nitrification and denitrification. During microbial 
nitrification, ammonia is first oxidized to nitrite (NO2

−) 
by two enzymes, ammonia monooxygenase (AMO) 
and hydroxylamine oxidoreductase (HAO), and then to 
nitrate (NO3

−) by nitrite oxidoreductase (NXR) under 
aerobic conditions [1, 3]. The microbial denitrification 
pathway is achieved by the stepwise reduction of nitrate 
to dinitrogen gas (NO3

−→NO2
−→NO→N2O→N2) [1, 4]. 

Transmembrane nitrate reductase (NAR) or periplas-
mic nitrate reductase (NAP) catalyzes the reduction of 
nitrate to nitrite, and cytochrome cd1 nitrite reductase 
(NIR-S) or copper nitrite reductase (NIR-K) catalyzes 

Introduction
Nitrogen is a vital element for the survival of all liv-
ing organisms. Plants such as legumes form root nod-
ules that host nitrogen-fixing bacteria and benefit from 
symbiotic nitrogen fixation. The bacteria colonize the 
rhizosphere and make nitrogen available to plants by 
enzymatically converting dinitrogen gas (N2) to ammonia 
(NH3) using nitrogenase activity [1, 2]. Nitrogen fixation 
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nitrite reduction to nitric oxide (NO). Three nitric oxide 
reductase families, cNOR, qNOR, and qCuANOR, were 
shown to catalyze the reduction of nitric oxide to nitrous 
oxide (N2O), which is further reduced to dinitrogen gas 
by nitrous oxide reductase [1, 5].

During the nitrogen cycle, N2O is naturally produced as 
an intermediate product of denitrification and a byprod-
uct of nitrification. It is a long-lived, the third most 
greenhouse gas, contributing to ozone layer destruction 
and climate change [6]. Approximately 40% of global 
N2O emissions are derived from human activities such 
as agriculture, industry, fossil fuel combustion, and waste 
treatment [7]. Agricultural practices, such as the use of 
nitrogen fertilizers and land management activities, 
cause the most significant anthropogenic N2O emissions. 
Atmospheric N2O concentration is increasing more rap-
idly than predicted, requiring effective strategies to miti-
gate N2O emissions from agricultural lands [7, 8]. One 
of the proposed sustainable approaches is the microbial 
reduction of N2O to N2 by denitrifying bacteria [9–12].

Denitrifying bacteria are characterized based on the 
presence of metabolic genes encoding reductases for 
denitrification. Unlike other reductases involved in 
denitrification with broad phylogenetic and taxonomic 
diversity, N2O reductase is the only enzyme known to 
catalyze the reduction of N2O to N2 [13, 14]. Therefore, 
the gene encoding N2O reductase, nosZ, is a genetic 
marker for identifying complete denitrifying bacteria 
[1, 15, 16]. Although nitrogen-transforming bacteria 
were specifically classified based on the metabolic pro-
cess they participate in, further studies have found that 
they are metabolically and functionally versatile [1, 17]. 
In particular, soybean-nodulating Bradyrhizobium spe-
cies support soybean growth and productivity via nitro-
gen fixation. They were also shown to harbor the genes 
required for denitrification, proposing their additional 
role in the nitrogen cycle. N2O reductase activity was 
demonstrated in specific isolates and nosZ mutants of B. 
diazoefficiens and B. ottawaense [11, 12, 18, 19]. A com-
prehensive analysis is needed to evaluate the potential of 
diverse Bradyrhizobium communities to mitigate N2O 
emissions. Understanding the distribution of indigenous 
Bradyrhizobium populations with denitrification capabil-
ity is essential for utilizing them in agricultural and envi-
ronmental management.

In this study, we analyzed the populations of nitrogen-
fixing Bradyrhizobium species isolated from the soybean 
root nodules in South Korea at the strain-level, focusing 
on their possession of the nosZ gene. Developing nitro-
gen-fixing Bradyrhizobium inoculants with complete 
denitrification ability specifically adapted to the unique 
environmental and agricultural conditions in South 
Korea is a sustainable and promising strategy to enhance 

agricultural productivity and reduce environmental 
impacts.

Materials and methods
Isolation of soybean-nodulating Bradyrhizobium strains
An updated Bradyrhizobium strain collection, based on 
our previous report [20] and including newly identified 
isolates, was used to examine the presence of the nosZ 
gene encoding N2O reductase. Briefly, root nodules were 
collected from 97 soybean plants across 14 regions in 
8 provinces of South Korea (excluding Jeju) in Septem-
ber 2019 [20]. Details of the sampling locations, includ-
ing GPS coordinates, agricultural field types, and host 
soybean cultivars, are provided in Supplementary File 1. 
Root nodules were surface-sterilized in 0.1% HgCl₂ for 
30 s, followed by sequential washes in sterile water, 70% 
ethanol, and sterile water 7 to 10 times. The sterilized 
nodules were crushed in 1 mL of sterile water to release 
the bacterial suspension, which was serially diluted up 
to 10⁻⁴ and plated onto arabinose-gluconate (AG) agar 
medium [21, 22]. Plates were incubated at 28 °C for 7 to 
10 days to selectively isolate pure Bradyrhizobium strains 
associated with soybean nodules [20].

Identification of soybean-nodulating Bradyrhizobium 
strains
Purified isolates were taxonomically identified and clas-
sified based on 16S rRNA sequencing, as previously 
described [20, 23]. The 16S rRNA gene was amplified 
using universal primers 27F (5’-AGAGTTTGATCMTG-
GCTCA) and 1492R (5’-GYTACCTTGTTACGACTT) 
with the AccuPower® PCR premix (Bioneer Co., Korea). 
PCR amplification was performed on a Mastercycler Gra-
dient thermal cycler (Eppendorf Co., Germany) under 
the following conditions: initial denaturation at 96 °C for 
4 min; 30 cycles of denaturation at 94 °C for 30 s, anneal-
ing at 57  °C for 30  s, and extension at 72  °C for 1  min; 
followed by a final extension at 72 °C for 10 min. The 16S 
rRNA PCR products were purified and sequenced for 
identification and classification (Macrogen Co., Korea).

Detection of the nosZ gene
PCR analysis was conducted to assess the presence of 
the nosZ gene in 233 Bradyrhizobium isolates retrieved 
from the stock collection. To ensure the reliability of 
the analysis, species represented by fewer than five 
isolates were excluded. Consequently, 227 out of 233 
isolates were included in the present study (Supple-
mentary File 2). Each bacterial strain was cultured in 
200 µL of AG medium at 28 °C for 7 days. 2 µL of each 
liquid culture was directly added to the AccuPower® 
PCR premix (Bioneer Co., South Korea) with tar-
get gene-specific primers. The primer sets used were: 
nosZ_1804F (5’-CGCRACGGCAASAAGGTSMSSGT) 



Page 3 of 7Ro et al. Applied Biological Chemistry           (2025) 68:29 

and nosZ_2090R (5’-CAKRTGCAKSGCRTGGCAGAA) 
for the nosZ gene, and otsAF (5’- G A G G C C T A T G G C A 
A T C T T C A) and otsAR (5’- T A C T C C T T T G C G A C G A G 
G T T) for the otsA gene. The otsA gene, encoding treha-
lose-6-phosphate synthase required for trehalose biosyn-
thesis, was amplified in all strains examined, serving as 
a control [24]. PCR amplification was performed under 
the following thermal cycling conditions: initial dena-
turation at 96  °C for 2 min; 25 cycles of denaturation at 
95 °C for 16 s, annealing at 60 °C for 30 s, and extension 
at 72 °C for 45 s; final extension at 72 °C for 2 min. 7 µL of 
PCR product was analyzed on 1.5% (w/v) agarose gel in 
tris-acetate-EDTA (TAE) buffer with ethidium bromide 
(0.5 µg/mL) using the Mupid-exU Electrophoresis system 
(Takara Bio Inc., Japan). Gels were visualized using a UV 
Transilluminator (Wealtec Co., USA).

Results and discussion
To assess the populations of indigenous Bradyrhizo-
bium with the potential for N2O reduction, we employed 
strains reported in our previous study [20], along with 
additional newly identified isolates. A total of 227 
Bradyrhizobium strains were analyzed, each of which 
belongs to one of the following genomic groups, repre-
senting their relative abundance in agricultural fields: 
B. algeriense (2.2%), B. diazoefficiens (59.9%), B. elkanii 
(14.5%), B. guangxiense (4.0%), B. japonicum (8.4%), B. 
ottawaense (8.4%), and B. subterraneum (2.6%) (Supple-
mentary File 3). Three elite species, B. diazoefficiens, B. 
elkanii, and B. japonicum, account for 82.8% of the total 
population, reflecting their competitive adaptability 
and ecological fitness to the agricultural environments 
in South Korea. B. diazoefficiens was widespread across 
the country, and B. elkanii and B. japonicum were iso-
lated mainly from the southwestern and central-western 

regions, respectively, highlighting their ecological domi-
nance and environmental adaptation.

Out of 227 indigenous Bradyrhizobium strains, 162 
(71.4%) were found to contain the nosZ gene in their 
genomes, indicating their potential N2O reductase 
activity (Fig.  1). The presence of the nosZ gene varies 
significantly among strains, even within the same spe-
cies, underscoring the importance of understanding 
strain-level genetic and functional diversity for research 
and application purposes. The majority of B. diazoeffi-
ciens (90.4%), B. guangxiense (100%), and B. ottawaense 
(84.2%) harbor the nosZ gene. The populations of B. 
algeriense (60.0%), B. japonicum (47.4%), and B. subter-
raneum (33.3%) also possess the nosZ gene with relatively 
lower frequencies. Interestingly, no PCR products were 
obtained from B. elkanii isolates, indicating that this spe-
cies likely does not carry the nosZ gene (Fig. 1). Together, 
our strain collection showed that 6 of 7 Bradyrhizobium 
genomic groups contain the nosZ gene with strain-spe-
cific variations. Compared to previous research in Japan 
and Argentina [25, 26], the relatively high proportion of 
nosZ-containing populations identified in this study may 
reflect the distinct environmental conditions, crop man-
agement practices, and unique evolutionary pressures 
shaping indigenous Bradyrhizobium communities in 
South Korea.

Although the denitrification pathway has been reported 
in Bradyrhizobium, the complete denitrifying species 
containing the nosZ gene are uncommon [11, 13, 19, 
27]. The genome sequencing analysis of B. diazoefficiens 
USDA110 (reclassified from B. japonicum USDA110 
[28]) revealed that it carries an entire set of denitrifica-
tion genes, including the nosRZDFYLX gene cluster, of 
which the nosZ gene encodes N2O reductase [29]. The 
mutant of B. diazoefficiens USDA110 lacking the nosZ 

Fig. 1 Relative frequencies of nosZ-positive genotype across diverse Bradyrhizobium species isolated from soybean nodules in South Korea
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gene accumulated N2O during the microaerobic cultiva-
tion with nitrate, confirming its functional role in deni-
trification [30]. Inoculation of B. diazoefficiens strains 
carrying the nosZ wild-type and mutants with enhanced 
N2O reductase activity was shown to mitigate N2O emis-
sions at the field scale [10, 11]. Consistent with previous 
findings in this species, 90.4% of B. diazoefficiens isolates 
in our study possess the nosZ gene (Fig. 1). Given that it 
is the most prevalent Bradyrhizobium species in South 
Korea, dominating 9 out of 14 sampling sites (Table  1), 
it is crucial to investigate these isolates’ N2O-reducing 
activity in local soybean cultivation settings.

Genome sequencing analysis also verified the presence 
of denitrification genes, including nosZ, in B. ottawaense 
MIAE 01942 isolated from soybean nodules [31, 32]. 
Wasai-Hara et al. [33] showed that B. ottawaense strains, 
isolated from non-leguminous sorghum roots in Japan, 
exhibit higher nosZ gene expression and N2O-reducing 
activity under N2O-respiring conditions than B. diazoef-
ficiens USDA110 despite having over 90% identity in the 
NosZ protein sequence [19]. In our study, B. ottawaense 
strains were predominant in GW_PC (52.2%) and CB_JC 
(71.4%) (Table 1), two geographically adjacent cities, with 
a high frequency of nosZ gene possession (84.2%), sug-
gesting that they may be well-suited for improving nitro-
gen management in mountain agriculture [20]. Due to 
the limited research available, the effects of B. ottawaense 
on nitrogen fixation and denitrification are not fully 
understood. Given the high potential for N2O mitiga-
tion [19], further research is necessary to understand the 
physiological and functional characteristics of native B. 
ottawaense isolates.

We also detected the nosZ gene in B. japonicum, B. 
guangxiense, and other minor species. No clear evi-
dence in previous studies supports the presence of the 
nosZ gene in B. japonicum and B. guangxiense, suggest-
ing the need for further genomic and functional analyses 
to determine their roles in denitrification. Although B. 
guangxiense makes up only 4.0% of the total strains exam-
ined (Supplementary File 3), the isolates were distributed 

across JB, GW, and GB provinces (Table 1), all carrying 
the nosZ gene (Fig.  1). These findings suggest that B. 
guangxiense may function as both a nitrogen-fixer and a 
denitrifier. Known as a symbiont of peanuts, B. guangx-
iense showed limited compatibility with soybeans [34, 
35]. Our findings support its symbiotic relationship with 
soybeans in agricultural fields, expanding our under-
standing of the host range and ecological adaptability of 
Bradyrhizobium. A comprehensive analysis is required to 
clarify the potential roles of diverse nosZ-carrying Brady-
rhizobium in nitrogen fixation, symbiotic relationships, 
and denitrification within the soybean rhizosphere.

The second-largest group, B. elkanii, is prevalent in the 
warmer southwestern regions of Korea, particularly dom-
inating JB_JU and JN_MA (Table 1), which are character-
ized by unique temperature patterns and physiochemical 
soil properties [20]. Consistent with the lack of evidence, 
we did not detect this gene in any of the 33 isolates exam-
ined (Fig. 1). The high prevalence of B. elkanii lacking the 
nosZ gene in the JN and JB provinces may be related to a 
potential risk of elevated N₂O emissions associated with 
incomplete denitrification. Further comprehensive analy-
sis is needed to evaluate the impact of Bradyrhizobium 
populations on N₂O emissions in these regions, taking 
into account the environmental factors that influence the 
denitrification process.

Along with environmental factors, symbiotic com-
patibility is one of the key determinants influencing the 
distribution and genetic diversity of Bradyrhizobium 
communities. The JN and JB provinces are major pro-
duction areas for Taekwang soybeans. According to the 
Korea Seed and Variety Service, over 90% of Taekwang 
soybean seeds were distributed to these regions in 2024 
[36]. Its exceptional symbiotic compatibility with B. 
elkanii (Supplementary File 1) [20] has likely shaped the 
distinct localized microbial community structure (Fig. 2). 
In contrast, the nationwide predominance of B. diazoef-
ficiens (Table 1), which is compatible with most soybean 
cultivars except Taekwang (Supplementary File 1), has 
led to the high frequency of nosZ-positive genotypes in 

Table 1 Geographical and strain-level diversity of nosZ possession in Bradyrhizobium populations isolated from soybean nodules in 
South Korea

number of nosZ-positive isolates (number of total isolates)
Province JN JB GW GG GB GN CN CB

Species City MA JU IS JA GJ PC HC CW PJ AD MG UR TA JC Total
B. algeriense 0(1) 3(3) 0(1) 3(5)
B. diazoefficiens 1(2) 12(16) 2(5) 29(31) 9(9) 5(6) 30(31) 14(15) 3(3) 6(6) 9(9) 2(2) 1(1) 123(136)
B. elkanii 0(27) 0(5) 0(1) 0(33)
B. guangxiense 6(6) 1(1) 1(1) 1(1) 9(9)
B. japonicum 1(1) 1(2) 1(6) 1(1) 1(1) 4(8) 9(19)
B. ottawaense 10(12) 2(2) 4(5) 16(19)
B. subterraneum 0(1) 0(2) 1(1) 0(1) 1(1) 2(6)
Total 2(30) 0(6) 15(19) 3(8) 36(47) 21(23) 6(7) 31(32) 14(15) 5(5) 6(6) 9(9) 8(13) 6(7) 162(227)
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the GG, GW, GB, GN, and parts of JB provinces (Fig. 2) 
[20]. These findings underscore that host-symbiont com-
patibility and preference need to be carefully considered 
when introducing microbial inoculants.

An analysis of the five most commonly used biofer-
tilizers of B. japonicum, B. elkanii, and B. diazoefficiens 
in South America revealed that four of them, except B. 
diazoefficiens, are incomplete denitrifiers [37]. These 
strains produced up to 26 times more N2O than B. 

Fig. 2 Distribution of nosZ-carrying Bradyrhizobium species in the sampling locations in South Korea (nosZ-positive in blue and nosZ-negative in gray)
 CB_JC; Chungcheongbukdo_Jecheon, CN_TA; Chungcheongnamdo_Taean, GB_AD; Gyeongsangbukdo_Andong, GB_MG; Gyeongsangbukdo_
Mungyeong, GG_PJ; Gyeonggido_Paju, GN_UR; Gyeongsangnamdo_Uiryeong, GW_CW; Gangwondo_Cheorwon, GW_HC; Gangwondo_Hongcheon, 
GW_PC; Gangwondo_Pyeongchang, JB_GJ; Jeollabukdo_Gimje, JB_IS; Jeollabukdo_Imsil, JB_JA; Jeollabukdo_Jinan, JB_JU; Jeollabukdo_Jeongeup, 
JN_MA; Jeollanamdo_Muan
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diazoefficiens, highlighting the importance of select-
ing appropriate microbial inoculants. Our study serves 
as a foundational screening effort to identify indigenous 
Bradyrhizobium strains having the potential for N2O 
reduction. It provides valuable information for devel-
oping regionally adapted and host-specified Bradyrhi-
zobium inoculants optimized for enhancing nitrogen 
fixation while mitigating N₂O emissions. Hara et al. 
[38] recently argued that the impact of Bradyrhizobium 
inoculation on the soil microbial community may be less 
significant compared to the effects of agricultural land-
use types and soil chemical properties. Developing effec-
tive and sustainable agricultural strategies incorporating 
symbiotic nitrogen-fixing bacterial inoculation requires a 
comprehensive assessment of environmental conditions, 
crop adaptation, symbiotic compatibility, and agricultural 
management practices.
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