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Cool Erath via Microbes in Agriculture

Mitigation of greenhouse gas emissions from agricultural lands by 
optimizing nitrogen and carbon cycles



The worst scenario of global warming (RCP8.5) 

Global warming is a serious issue for life and environments on our planet. 



Agriculture: major source of N2O & CH4
World  anthropogenic sources of  N2O and CH4（IPCC-AR5 WG1, 2013)

Nitrous oxide (N2O) has a 265-fold 
greater global warming potential than 
CO2, but also its atmospheric loading is 
increasing by 0.25% each year.

Methane (CH4) has a 28-fold greater 
global warming potential than CO2.

Nitrous oxide
N2O

Methane
CH4



We aim to develop innovative science and technologies to reduce N2O and CH4 emissions 
from agricultural soils by 2030, and to achieve 80% reduction of the GHGs by 2050.

Strategies
1) Inoculation of microorganisms to reduce N2O and CH4 emission
2) Breeding the crops to accommodate these microorganisms
3) Soil structures supporting the inoculation.

We designated these 
interdisciplinary 
researches as 

“dSOIL”

dSOIL
(Designed Super Organisms In Land)



Soil Structure 
(7)

N2O Recycling
(12)

DREAM
(3)

CH4 Recycling
(3)

Assessment & Modeling
(6)

Parenthesis shows the number of research units. Total reached 31 units.
DREAM (Designing of Reinforced and Effective Agricultural Material)

Five tasks for “Cool Earth via dSOIL”
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Soil Structure 
(7)

N2O Recycling
(12)

DREAM
(3)

CH4 Recycling
(3)

Assessment & Modeling
(6)

Parenthesis shows the number of research units. Total reached 31 units.
DREAM (Designing of Reinforced and Effective Agricultural Material)

The other 
parts will be 
explained by 

Dr. Hiroko 
Akiyama later.

Research backgrounds 
and strategies

Five tasks for “Cool Earth via dSOIL”



Gram negative soil bacteria 
that nodule soybean roots to 

fix N2 symbiotically.

Bars : B 0.5 µm ; D 0.5 mm.

Life cycle of soybean 
bradyrhizobia

Bradyrhizobium diazoefficiens,
Bradyrhizobium japonicum

An infected nodule cell with bradyrhizobia

Free-living 
cell in SOIL

Symbiotic 
cells in 
plant
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Soybean bradyrhizobia possess genes for denitrification

B. japonicum USDA6 lacking nosZ gene for N2O reduction
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Distribution of nosZ genotype in soybean bradyrhizobial populations indigenous to field soils in Japan. 
a The genotypes of nosZ- (*) and nosZ+ (#) were significantly dominant by chi-square test (p<0.05).
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Distribution of nosZ genotype in soybean bradyrhizobial populations in Japanese soil 

Shiina et al. 2014



Sameshima et al. AEM 72:2526-2532 2006

340 ppb
N2O in air

N2O N2

nosZ
Natural abundance of N2O in 

atmosphere on the earth has increased 
as a green house gas (GHG).

340 ppb Denitrification pathway of 
B. diazoefficiens 

USDA110

Even natural abundance of N2O in atmosphere was 
reduced to N2 by nodules formed with B. diazoefficiens 

carrying nosZ gene. 



Kim et al. 
2005

Cultivation of leguminous crops enhanced N2O emission from the fields
Alfalfa: Duxbury et al. Nature 275, 602-604, 1982; Phaseolus bean: Scaglia et al. Plant Soil 84, 37-
43, 1985; Eichner J. Environ. Qual. 19, 272-280; Clover: Matsunami et al. SSPN, 2005, Soybeans: 
Ghosh et al. Biol. Fertil. Soils 35, 473-478, 2002; Yang and Cai Soil Biol. Biochem. 37, 1205-1209, 

2005; Kim et al,Crop 2005

Non-nodulation soybeans

Nodulated
soybeans

Yang and Cai
2005

N2O emission 
started around 100 
days after sowing.

N2O emission started 
after flowing stage. 

Aging？

N2O paradox 
in soybean rhizosphere

Are soybean nodules N2O emitter or reducer?



Degrated nodules

Fresh nodules

N2O

12

Inaba et al. M&E 2009, 2012 
Itakura et al. AEM 2008, 

Nat. Climate Change 2013
Sánchez and Minamisawa

Front. Microbiol. 2019. 

Degraded nodules produce N2O. 
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Bradyrhizobia
(nosZ+)

Fungi

Main pathway for N2O emission and reduction

0. 5 u

Bradyrhizobium
diazoefficiens

Inaba et al. M&E 2009, 2012
Sanchez and Minamisawa 2019

N2O N2

Is it possible to enhance N2O reductase activity?

Animal



Introduction of rrn promoters
nos operon

(1) Promoter driving method

Two strategies to obtain B. diazoefficiens with higher N2OR activity (nosZ++)

R Z D F LY X
FNR 
box

1 kb
ABC transporter for Cu insertionN2O reductaseRegulator

GMO

Nos++Nos++Nos+

Selection by N2O 
respiration

Curing of pKQ2pKQ2 containing 
mutated dnaQ

Replication 
errors

Increase of N2OR activity 

Field trials in experimental 
field

B. japonicum

(2) Mutator strategy by mutated dnaQ

pKQ2

pKQ2 pKQ2

Non-GMO

Itakura et al. Appl. Environ. Microbiol. 2009, Itakura et al. Nature Climate Change 2012



Itakura et al. Mitigation of nitrous oxide emissions 
from soils by Bradyrhizobium japonicum

inoculation. 
Nature Climate Change,  2013

Hiroko Akiyama will talk the verification 
of mitigation of N2O emission from 

soybean field later.



How does higher N2OR activity induce in nosZ++ strains?
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nasS (1167 bp)



NasS/NasT
are two component 
regulatory system

Inoculant

NosZ++ 
rhizobia

N2O

Global warming 

Farmer Consumer

N2O mitigation

Environment-
friendly food!
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Sanchez et al. EM Rep. 2017 

Deletion of the hairpin 
generated ideal nosZ++ strains

Genetic and 
biochemical 

analysis

Sanchez et al. M&E. 2019 



Diversity and abundance Bradyrhizobium

VanInsberghe et al. 2015

Higher abundance in forest soil 
(Jones et al. 2016, VanInsberghe et 
al. 2015, Zhalnina et al. 2013)

Non-symbiotic bradyrhizobia in soil and plant

Symbiosis

island

nif/nod

nif

Legumes

Sweet 
potato

Sorghum

Forest soil

Slow-growing soil oligotrophs

Jordan 1982

nos

nos

nos

Genome architecture of bradyrhizbial genomes

Symbiotic Non-symbiotic 



Denitrification genes (nap, nir, nor, nos) in 
bradyrhizobium strains from genome database

B. diazoefficiens

B. japonicum

nos genes were found in 
various bradyrhizobia other 
than B. diazoefficiens

Phylogenetic tree 
of bradyrhizobia

from NCBI 
database

Leaf_396

AT1N2-fixing 
endophyte in 
sweet patato

SUTN9-2

Rice endophyte

B. elkanii

Minamisawa and Hara, Unpublished



Inoculation

Soybean

nodule

Seed

nos++
nos+

nos-

Rhizosphere
Bradyrhizobium

abundance

nos++

nos+

release

N2O uptake

nos++/+

Exudate

N2O uptake?

Competition to 
native rhizobia 

and other 
microbes

nos++

nos+

Endophyte

nos-

Soil

0.5~30%

Strategies for N2O-reducing symbiotic rhizobia

nos++/+

Nodule 
rhizosphere

Soil Non-leguminous crops

Can we prepare N2O uptake soils by 
nos++ Bradyrhizobium ?

Can we extent this strategy to 
rhizosphere of non-leguminous crops?

Minamisawa and Hara et al. Unpublished.

Native



Rhizobial inoculants generally formed 20-30% nodules, 
resulting in low N2O reduction rate in fields.

To increase the nodule occupancy by inoculant, we will use two scientific fields: 
(I) Plant-microbe interactions and (II) Soil sciences.
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Nodulation

Symbiosis
signalling

Effectors

T3SS

Hijacking (Bel2-5, ErnA)

EffectorsNod-factor

Effector + 
rhizobia

Native rhizobia

Effector +Native rhizobia

No nodule

Engineering of legume-rhizobium symbiosis by rhizobial effectors

NFR
(Nod factor receptor)

nfr receptor 
mutant

Dr. Eric GiraudDr. Shin Okazaki
IRD, FranceTUAT, Japan

The rhizobial type III effector ErnA confers the ability
to form nodules in legumes
Albin Teuleta, Nicolas Bussetb, Joël Fardouxa, Djamel Gullya, Clémence Chaintreuila, Fabienne Cartieauxa,
Alain Jauneauc, Virginie Comorged, Shin Okazakie, Takakazu Kanekof, Frédéric Gressenta, Nico Nouwena,
Jean-François Arrighia, Ralf Koebnikg, Peter Mergaertb, Laurent Deslandesd, and Eric Girauda,1
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Sud/Commissariat à l’Energie Atomique, 91198 Gif-sur-Yvette, France; cCNRS, Plateforme Imagerie-Microscopie, Fédération de Recherche FR3450, 31326
Castanet-Tolosan, France; dLIPM, Université de Toulouse, INRA, CNRS, 31326 Castanet-Tolosan, France; eDepartment of International Environmental and
Agricultural Science, Graduate School of Agriculture, Tokyo University of Agriculture and Technology, Tokyo 183-8509, Japan; fFaculty of Life Sciences,
Kyoto Sangyo University, Motoyama, Kamigamo, Kyoto 603-8555, Japan; and gInstitut de Recherche pour le Développement, Centre de Coopération
Internationale en Recherche Agronomique pour le Développement, Université de Montpellier, Interactions Plantes–Microorganismes–Environnement,
34394 Montpellier, France

Edited by Graham C. Walker, Massachusetts Institute of Technology, Cambridge, MA, and approved August 28, 2019 (received for review March 14, 2019)

Several Bradyrhizobium species nodulate the leguminous plant
Aeschynomene indica in a type III secretion system-dependent man-
ner, independently of Nod factors. To date, the underlyingmolecular
determinants involved in this symbiotic process remain unknown. To
identify the rhizobial effectors involved in nodulation, we mutated
23 out of the 27 effector genes predicted in Bradyrhizobium strain
ORS3257. The mutation of nopAO increased nodulation and nitro-
genase activity, whereas mutation of 5 other effector genes led to
various symbiotic defects. The nopM1 and nopP1mutants induced a
reduced number of nodules, some of which displayed large necrotic
zones. The nopT and nopAB mutants induced uninfected nodules,
and a mutant in a yet-undescribed effector gene lost the capacity
for nodule formation. This effector gene, widely conserved among
bradyrhizobia,was named ernA for “effector required for nodulation-A.”
Remarkably, expressing ernA in a strain unable to nodulate A.
indica conferred nodulation ability. Upon its delivery by Pseudomo-
nas fluorescens into plant cells, ErnA was specifically targeted to the
nucleus, and a fluorescence resonance energy transfer–fluorescence
lifetime imaging microscopy approach supports the possibility that
ErnA binds nucleic acids in the plant nuclei. Ectopic expression of ernA
in A. indica roots activated organogenesis of root- and nodule-like
structures. Collectively, this study unravels the symbiotic functions of
rhizobial type III effectors playing distinct and complementary roles in
suppression of host immune functions, infection, and nodule organ-
ogenesis, and suggests that ErnA triggers organ development in
plants by a mechanism that remains to be elucidated.

Bradyrhizobium | T3SS | symbiosis | nodulation | legume

Bradyrhizobia are Gram-negative soil bacteria that are widely
used in agriculture. They are applied as biofertilizers to

sustain the production of crops of agronomic importance (e.g.,
soybean, peanut, cowpea), thus circumventing the need to add
chemical nitrogen fertilizers. Their agronomic interest results
from their ability to interact symbiotically with some leguminous
plants. This interaction leads to the formation of a new organ,
the nodule, in which the bacteria fix nitrogen for the plant’s
benefit and where, in exchange, the plant provides a protective
niche and carbon sources.
The symbiotic process is initiated when the plant perceives

specific lipochitooligosaccharide signal molecules, called Nod fac-
tors (NFs), which are synthetized and secreted after activation of
bacterial nodulation (nod) genes by specific plant flavonoids (1).
The perception of NFs activates a genetic program leading to
2 coordinated processes, the formation of a nodule and its intra-
cellular infection by the bacteria (2). Beyond these first stages
initiated by NF perception, the development of a functional nodule
and maintenance of a chronic infection of the nodule cells by

bacteria largely relies on the ability of the bacteria to suppress the
plant immune system (3). Different strategies have evolved in rhi-
zobia to escape plant immunity (4, 5), but one of the most re-
markable is the type III secretion system (T3SS), which is a common
and well-described weapon used by bacterial plant pathogens (6).
The T3SS apparatus is a nanosyringe or “injectisome” that

traverses the bacterial and eukaryotic cell envelope for direct
delivery of type III effector (T3E) proteins into the eukaryotic
host cell (7). Like pathogenic bacteria, some rhizobia possess a
T3SS encoded by the rhc (rhizobium conserved) gene cluster,
and secrete T3Es, also named “Nop” (for nodulation outer
protein), during the nodulation process (8). These effectors are
Janus-faced depending on the host plant (9, 10). On the one
hand, they promote symbiosis by suppressing specific plant de-
fense responses, while on the other hand, they trigger activation of
plant immune responses called ETI (effector-triggered immunity)
upon specific recognition by plant immune receptors (resistance
[R] proteins). ETI is often associated with a hypersensitive cell

Significance

Legumes have a tremendous ecological and agronomic impor-
tance due to their ability to interact symbiotically with nitrogen-
fixing rhizobia. In most of the rhizobial–legume symbioses, the
establishment of the interaction requires the plant perception of
the bacterial lipochitooligosaccharide Nod factor signal. How-
ever, some bradyrhizobia can activate the symbiosis differently,
thanks to their type III secretion system, which delivers effector
proteins into the host cell. Here, we demonstrate that this
symbiotic process relies on a small set of effectors playing dis-
tinct and complementary roles. Most remarkably, a nuclear-
targeted effector named ErnA conferred the ability to form
nodules. The understanding of this alternative pathway toward
nitrogen-fixing symbiosis could pave the way for designing new
strategies to transfer nodulation into cereals.

Author contributions: A.T., R.K., P.M., L.D., and E.G. designed research; A.T., N.B., J.F.,
D.G., C.C., F.C., A.J., V.C., S.O., T.K., F.G., N.N., J.-F.A., and E.G. performed research; A.T.,
N.B., J.F., D.G., C.C., F.C., A.J., V.C., S.O., T.K., F.G., N.N., J.-F.A., P.M., L.D., and E.G. ana-
lyzed data; and A.T., P.M., L.D., and E.G. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).
1To whom correspondence may be addressed. Email: eric.giraud@ird.fr.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1904456116/-/DCSupplemental.

First published October 7, 2019.
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Hijacking of leguminous nodulation signaling by the
rhizobial type III secretion system
Shin Okazakia,1, Takakazu Kanekob, Shusei Satoc, and Kazuhiko Saekid,e

aDepartment of International Environmental and Agricultural Science, Graduate School of Agriculture, Tokyo University of Agriculture and Technology,
Tokyo 183-8509, Japan; bFaculty of Life Sciences, Kyoto Sangyo University, Kyoto 603-8555, Japan; cKazusa DNA Research Institute, Chiba 292-0818, Japan;
and dDepartment of Biological Sciences, Faculty of Science and eKyousei Science Center for Life and Nature, Nara Women’s University, Nara 630-8506, Japan

Edited by Eva Kondorosi, Hungarian Academy of Sciences, Szeged, Hungary, and approved September 5, 2013 (received for review February 5, 2013)

Root–nodule symbiosis between leguminous plants and nitrogen-
!xing bacteria (rhizobia) involves molecular communication be-
tween the two partners. Key components for the establishment
of symbiosis are rhizobium-derived lipochitooligosaccharides (Nod
factors; NFs) and their leguminous receptors (NFRs) that initiate
nodule development and bacterial entry. Here we demonstrate
that the soybean microsymbiont Bradyrhizobium elkanii uses the
type III secretion system (T3SS), which is known for its delivery of
virulence factors by pathogenic bacteria, to promote symbiosis.
Intriguingly, wild-type B. elkanii, but not the T3SS-de!cient mu-
tant, was able to form nitrogen-!xing nodules on soybean nfr
mutant En1282. Furthermore, even the NF-de!cient B. elkanii mu-
tant induced nodules unless T3SS genes were mutated. Transcrip-
tional analysis revealed that expression of the soybean nodulation-
speci!c genes ENOD40 andNINwas increased in the roots of En1282
inoculated with B. elkanii but not with its T3SS mutant, suggesting
that T3SS activates host nodulation signaling by bypassing NF rec-
ognition. Root-hair curling and infection threads were not observed
in the roots of En1282 inoculated with B. elkanii, indicating that
T3SS is involved in crack entry or intercellular infection. These !nd-
ings suggest that B. elkanii has adopted a pathogenic system for
activating host symbiosis signaling to promote its infection.

symbiotic nitrogen !xation | pathogenesis | plant disease resistance |
effector

Leguminous plants such as soybean and pea establish symbiosis
with a group of soil bacteria called rhizobia. Rhizobia induce

the development of root nodules in leguminous plants and !x
atmospheric dinitrogen to ammonia, which can be effectively
used by the host plants. Nitrogen-!xing nodules are formed as
a consequence of molecular interactions between partners. For
example, "avonoids excreted from host plant roots interact with
the rhizobial transcriptional factor NodD to induce the expression
of nodulation (nod) genes of rhizobia, which are required for the
synthesis of lipochitooligosaccharides known as Nod factors (NFs)
(1). The perception of NFs via cognate host receptors (NFRs)
induces cascades of signal transduction that are required for root-
hair infection and nodule organogenesis (2).
Besides NFs, several rhizobial traits have been reported to

affect symbiosis with host legumes. Among them, the type III
secretion system (T3SS) is known as an introducer of virulence
factors in animal and plant pathogens (3). Pathogenic bacteria
use the system to deliver so-called type III effector (T3E) pro-
teins directly into host cells or the external environment, where
they manipulate host cellular processes to promote pathogenicity
(4). Some rhizobia have been shown to possess T3SSs that affect
the ability of rhizobia to infect host legumes (5). A distinct
characteristic of rhizobial T3SS is that its expression is induced
by "avonoids derived from the host legume. Flavonoids induce
NodD to activate the expression of ttsI, a transcriptional acti-
vator of the type III secretion gene cluster (tts). TtsI sub-
sequently activates the tts gene cluster, and proteins are secreted
via T3SS (6, 7). This cascade con!nes the expression of rhizobial
T3SS during host-plant infection.

Previous studies have shown both positive and negative effects
of rhizobial T3SSs on symbiosis. In the case of Mesorhizobium
loti, a microsymbiont of Lotus spp., deletion of its tts genes
results in a reduction of the number of nodules formed on the
roots of Lotus corniculatus subsp. frondosus, whereas the number
of nodules on the roots of Lotus halophilus signi!cantly increases
when inoculated with a T3SS-null mutant (8). Meanwhile, the
T3Es NopL and NopP of NGR234 have positive effects on
symbiosis with their host legumes (9). Both NopL and NopP are
phosphorylated by plant protein kinases, and NopL can prevent
the complete induction of pathogenesis-related defense proteins
when expressed in Lotus japonicus roots (10). However, the
molecular basis for T3SS-involved nodulation enhancement has
not been fully elucidated.
Bradyrhizobium elkanii is a microsymbiont of leguminous hosts

such as Glycine max and Arachis hypogea, and is used as a com-
mercial inoculant for soybean in Brazil (11). We previously
demonstrated that B. elkanii USDA61 nodulation on the soy-
bean cultivar Clark-rj1 was T3SS-dependent (12). Clark-rj1 is
genotypically characterized as rj1rj1, and the rj1 locus is a non-
nodulation trait that was recently reported to represent a
frameshift mutation leading to a truncated NFR1 (13). Clark-rj1
exhibits a nonnodulation phenotype as well as a Lotus nfr1 mu-
tant (14) when inoculated with most rhizobia, with the exception
of USDA61. We therefore speculated that B. elkanii T3SS can
compensate for NF signaling downstream of NFRs in soybean.
However, it remains to be determined whether T3SS-dependent
nodulation occurs in other nfr mutant soybeans, and whether the
induction of soybean symbiosis genes by B. elkanii T3SS is in-
dependent of NF signaling. The current study examined the in-
volvement of B. elkanii T3SS in the nodulation and infection

Signi!cance

Root–nodule symbiosis between leguminous plants and rhi-
zobia requires rhizobial Nod factors (NFs) and their leguminous
receptors (NFRs). Here we show that symbiosis in the soybean
rhizobium Bradyrhizobium elkanii is promoted by the type III
secretion system (T3SS), which delivers virulence factors via
pathogenic bacteria. Nodulation tests and expression analyses
using mutants of both B. elkanii and soybean (Glycine max)
revealed that rhizobial T3SS activates host nodulation signal-
ing in the absence of NFs and NFRs. These results suggest that
rhizobia have adopted a pathogenic system that stimulates
their legume hosts to initiate symbiotic programs.
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100% nodule by 
nos++ inoculant

Enforcing symbiosis of N2O-reducing rhizobia by effectors and soybean mutant
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Soybean



Externally applied microorganisms (inoculant) are not competitive in soil 
due to the robustness of soil structure and microbial community.
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N2O

New technologies and ideas are developing to overcome these bottlenecks.

Dry Wet

Wilpiszeski et al. 2019

Where do N/C cycles 
and GHG emission 

happened?
Cultivation?

How are communications and nutrient/gas flows?
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Soil microbes lives in complex soil structures where nutrient/gas exchanges and 
communications are drastically fluctuated along with space and time.

Soil aggregates



I-1. Soil structure and microbes: We will examine the relationship between 
physicochemical properties and soil microbes involved in N cycle by (1) identifying the 
key factors controlling soil aggregation and microbial functioning, and (2) building 
artificial aggregates that hold key soil functions.

I-1．Soil structure and microbes

ClayMineral Microbial 
aggrigate10μm100μm

Soil with 
aggregate 
structure

Physicochemical factors determining microbial N2O generation and reduction

Reconstruction

Soil structure

Soil design, microbial stability, functional analysis

X-ray analysis / Chemical element mapping

Rota Wagai

Kazumichi Fujii
Satoshi 

Mitsunobu
Wataru Iwasaki

Bioinformatics Network 
analysis

Single cell 
genomics

Hiro Toju Masahito Hosokawa 

I-2. New methods for soil microbiomes



Tian et al. Nature 2020 568:248-256.Europe

North 
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Regional N2O emissions in the decade 2007–2016

Oceania

We need to make the networks in the world as well as EU & Japan. 



Thank you  for your attention


