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Editorial on the Research Topic

Metabolic Adjustments and Gene Expression Reprogramming for Symbiotic Nitrogen Fixation
in Legume Nodules

Legumes are important sources of food, feed, and biofuel. Their ability to enter into a symbiotic
relationship with nitrogen-fixing rhizobia has a strong impact on environment and agriculture.
Maximizing the use of legumes and improving the nodulation and nitrogen fixation processes are
seen as pivotal steps toward enhancing agricultural sustainability, where nitrogen fixation has a key
role in soil functions, nutrient cycling, soil biodiversity, ecosystem services, and even food security
(Foyer et al., 2016; El Mujtar et al., 2019).

The symbiosis involves compatible legume-rhizobia species to recognize one another in the
rhizosphere, followed by the bacteria infecting the host and initiating the formation of nodules
that would eventually house the bacteria (Ferguson et al,, 2010). The environment inside the
nodule is ideal for rhizobia to convert atmospheric di-nitrogen gas into alternative nitrogenous
compounds that can be used by the host plant. The number of nodules is tightly controlled by the
host, based on the balance between its need to acquire nitrogen and its ability to expend resources
and energy forming and maintaining these resource-demanding structures (Ferguson et al., 2019).
The interaction between legumes and rhizobia is a typical example of co-evolution. For example, in
soybean, improvement in nitrogen fixation capacity could be part of the result of the domestication
process (Mufioz et al., 2016), whereas adaptive transcription profiles were observed when rhizobia
were inoculated into different soybean accessions (Jiao et al., 2018).

Xu et al. demonstrated that humic acids could regulate the quorum sensing capacity of
Sinorhizobium meliloti, suggesting that water-soluble humic materials could potentially be used
to improve rhizobial growth and their symbiotic nitrogen fixation efficiency. This was partially
demonstrated using water-soluble humic materials to repress the expression of the quorum sensing
gene expR by augmenting its interaction with the novel regulator QsrR. Hara et al. identified
functional nitrogen-fixing bacteria associated with the non-legume Sorghum bicolor, showing
that the major functional nitrogen-fixing bacteria associating with sorghum roots are unique
Bradyrhizobium species that resemble photosynthetic and non-nodulating Bradyrhizobium strains.
Based on these findings, they discussed the nitrogen-fixing potential of the rhizobia-sorghum
interaction, and investigated the overall Bradyrhizobium diversity. Nguyen et al. worked with
Bradyrhizobium species and demonstrated that the innB gene encodes a novel type III effector that
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controls symbiosis with Vigna radiata (mung bean). Expression
of innB was shown to be dependent on plant flavonoids and the
transcriptional regulator, TtsI. Other effector proteins like innB
in the type III secretion system could positively or negatively
influence the nodulation and/or nitrogen fixation processes
during the co-evolution of rhizobial mutualists with host legume
genotypes (Okazaki et al., 2013; Sugawara et al., 2018).

A number of approaches using molecular and functional
characterization techniques were used to investigate the roles of
various legume signals in nodule development. Ripodas et al.
investigated transcription factors of the Nuclear Factor Y (NF-Y)
family in Phaseolus vulgaris, indicating that both PYNF-YA1 and
PvNF-YB7 are part of a network enabling P. vulgaris plants to
discriminate and select for bacterial strains that perform better at
nodule formation, possibly by forming a heterotrimeric complex
with PvNF-YCI1. This could have wide-ranging implications in
the selection of superior varieties for legume nodulation. Sogawa
et al. studied the role of SNARE proteins that mediate membrane
trafficking in eukaryotic cells, showing that both LjVAMP72a and
LjVAMP72b facilitate the legume-rhizobia symbioses and root
hair development by affecting the secretory pathway in the host
plant. Fernandez-Gobel et al. characterized the rapid systemic
redox changes induced during the interactions between soybean
and Bradyrhizobium japonicum. In addition to molecular genetic
studies, they used non-nodulating and super-nodulating soybean
mutants to establish that early systemic redox signaling during
nodule development depends on Nod factor perception and the
induced tolerance response depends on the autoregulation of the
nodulation mechanism. In addition, the mini review by Libault
highlights current advances in legume nodulation at the level of
single cell-types, providing perspectives on the single cell and
single cell-type approaches when applied to legume nodulation
and how they can be used to enhance the understanding of
the complex signaling interactions during rhizobia infection of
legume root cells.

The metabolic pathways of carbon, nitrogen, and phosphorus
are tightly regulated by the host plant during nodulation
and nitrogen fixation. Liu et al. reviewed how host plants
balance their needs for these critical resources with those of
their microsymbiont partners. They highlighted the network
of transporters that traffic these essential metabolites between
the two partners through the symbiosome membrane, and how
they are regulated by transcription factors that control the
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expressions of these transporters under different environmental
conditions. Conversely, nitrate has been reported to rapidly
and reversibly inhibit nodule growth and nitrogen fixation of
soybean. Yamashita et al. compared the effects of nitrate to
those of ammonium, urea, and glutamine on nodule growth and
nitrogen fixation. Interestingly, the long-term supply of nitrate,
urea, or glutamine promoted the growth of lateral roots and
leaves, which were suppressed by ammonium.

Wongdee et al. and Yang et al. looked at improving nitrogen
fixation from different angles. Wongdee et al. investigated
Bradyrhizobium sp. DOA9, which has the unusual ability to
fix nitrogen during both free-living and symbiotic growth.
Their findings enhance the understanding of the complex
mechanisms that regulate the nitrogenase genes in the DOA9
strain, including the key genes for enabling nitrogen fixation.
Yang et al. on the other hand, examined the genetic mechanisms
underlying nitrogen fixation in soybean. These authors identified
two quantitative trait loci (QTLs) that might be valuable
markers for breeding soybean varieties having high biological
nitrogen fixation.

This Research Topic aims to highlight current findings in
the areas of nodule development and nitrogen fixation, with a
focus on the regulation of the molecular factors involved in these
processes. The contributing articles are reflections of the highly
active research community and the breadth of study in these
areas. Collectively, they provide a detailed understanding of the
molecular components involved in these processes and point to
future directions in the field of legume-rhizobia research.
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