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Abstract

Developing regions, such as sub-Saharan Africa, are rapidly growing in population. In sub-Saharan Africa,
215 million people are currently malnourished. In these areas, the poor environmental conditions for
agricultural production and the vulnerability to climate change make agricultural productivity low. Hence,
there is a need to develop crops with improved tolerance to adverse environments and climate change. To
ensure food and nutritional security, we have been working on improving crops such as rice and soybean
using marker-assisted selection and biotechnology. Biotechnology, especially genetic modification, is being
used to develop crops that have increased tolerance to adverse environmental conditions such as drought. We
have promoted international collaborative research projects to enhance the drought tolerance of globally
important crops such as rice, wheat, and soybean. Throughout the project, we have shown that overexpression
of genes encoding key stress-related transcription factors and enzymes improves drought tolerance in
transgenic crops such as rice and soybean. We hope that biotechnology-based agricultural research efforts
and biotechnology crops can contribute to the security of food and nutrition in developing regions and

globally.

1. Introduction

Food insecurity is widespread in Africa and Asia. Currently, 215 million people are malnourished in
sub-Saharan Africa. Goal 2 of the United Nations' 17 Sustainable Development Goals (SDGs) aims to end
hunger, achieve food security and improved nutrition, and promote sustainable agriculture (United Nations
Information Centre 2018). The full potential of agriculture in developing regions, including sub-Saharan
Africa, has not been realized due to adverse environmental and climatic conditions that impose environmental
stress (abiotic stress) such as reduced soil fertility, and drought, and biological stress such as pests, and
diseases. Haefele et al. (2014) assessed soil quality in all rice producing areas around the globe. Globally,

one-third of the total rice is grown on very poor soils. Rice production in good soils is largest in Asia (47%)
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while it is less common in the Americas (28%) and accounts for only 18% in Africa. They report that the
most common problems pertaining to soil chemistry in rice fields are: very low inherent nutrient status (35.8
million ha), very low pH (27.1 million ha), and high P fixation (8.1 million ha); widespread physical problems
of the soil, especially severe in rainfed environments are: very shallow soils and low water-holding capacity.
In recent years, droughts have frequently occurred around the world, causing serious damage to agricultural
production. The National Agriculture and Food Research Organization (NARO), Japan has published the
geographical distribution of grain production damage in the world due to drought (Kim et al. 2019). Analysis
of precipitation and grain yield data of the last 27 years (1983-2009) showed that three quarters (450 million
ha) of the world's major crop (corn, rice, soybean, wheat) cultivation area had been damaged by drought, and
the total grain production damage estimated from this analysis and the country's producer price (2005) was
about $166 billion. In the past 27 years (1983-2009), the cultivation area of cereals that has been damaged
by at least one drought is 161 million ha (75% of the world's harvested area). About 124 million ha of corn
(82%), 102 million ha of rice (62%), and 67 million ha of soybeans (91%) have been damaged. The average
yield loss from a single drought in 27 years was 8% for wheat (0.29 tons per hectare), 7% for corn (0.24
tons), 3% for rice (0.13 tons), and 7% for soybean (0.15 tons).

The Stable Agricultural Production Program in Japan International Research Center for Agricultural
Sciences (JIRCAS) aims to improve agricultural productivity, stability, and nutrition in developing countries
by utilizing stable production technology for agricultural products in adverse environments such as the
tropics. We have developed technologies and crops that are highly productive and adaptable to changing
adverse environmental and climatic conditions to ensure food and nutrition security in developing regions
such as sub-Saharan Africa. To date, we have developed crops such as rice and soybeans that have improved
resistance to adverse environmental conditions, such as high temperature, high salt, and diseases, by using
marker-assisted selection (MAS). Biotechnology, especially genetically modified (GM) technology, is
expected to develop GM or biotechnology crops that have increased tolerance to adverse environmental
conditions, including drought. We promoted international collaborative research projects to develop drought-
tolerant crops such as rice, wheat, and soybean. This chapter introduces an outline of the research on
biotechnology and the development of biotechnology crops for stable food production under adverse

conditions and climate change.

2. Development of biotechnology to improve drought tolerance in crops

The frequency and severity of drought in the world have increased in the recent years, and the

resulting agricultural damage has been more severe than ever. Many small-scale farmers in the developing

world use rain-fed cultivation for rice and other crops, however, it is affected more by drought than irrigation
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cultivation. Such rainfed areas are closely linked to poor areas. Thus, drought has a major impact on social
issues in developing countries. We conducted research using biotechnology to identify candidate genes to
improve the drought tolerance of crops. To identify these genes, we investigated the molecular mechanisms
involved in the environmental stress response in rice and Arabidopsis (Arabidopsis thaliana) as model plants.
The results showed that many factors in gene expression were induced and/or activated for the role of stress

response and tolerance in controlling stress perception, signal transduction, and drought tolerance in plants
(Fig. 1).
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Fig. 1. Outline of the molecular network in environmental stress response and tolerance in plants

Abscisic acid (ABA) is an important plant hormone that regulates gene expression and physiological
responses, including stomatal closure under environmental stresses such as drought. The NCED3 gene
encodes a key enzyme, 9-cis-epoxycarotenoid dioxygenase (NCED) 3 in the ABA biosynthetic pathway (Fig.
1), the expression of which is strongly induced by water-deficient stress in many kinds of plants, including
Arabidopsis (Tuchi et al. 2001).

Stress-inducible transcription factors (TFs), such as the dehydration-response element (DRE)-binding
protein (DREB) and the ABA-response element (ABRE)-binding factor (AREB), play important roles in
regulating the stress response (Fig. 1 to 3; reviewed by Nakashima et al. 2014). Under environmental stress
conditions, plants perceive a stress signal and transmit it to transcription factors such as DREB (Fig. 2).
DREB TF is an important element that binds to the DRE cis-element of many kinds of environmental stress-
responsive promoters and can switch on the expression (transcription) of stress-responsive genes. AREB can
switch on gene expression in the ABA response. We showed that many types of transcription factors,
including DREB and AREB, regulate different types of stress-inducible promoters through specific binding
to cis-elements such as DRE and ABRE for plant stress response and tolerance (Fig. 3).

TFs regulate the expression of target genes encoding important metabolic proteins that protect cells
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from dehydration, including late embryogenesis abundant (LEA) proteins, proteases, chaperones, water
channel proteins, and enzymes for the synthesis of osmoprotectants (compatible solutes) such as sugars and
proline. The osmoprotectants include galactinol synthase (GolS; Fig. 1), which is the key enzyme in the
production of raffinose family oligosaccharides (RFOs). RFOs are thought to influence drought tolerance by
regulating osmotic potential and protecting enzymes and membranes during exposure to environmental
stresses. GolS genes are upregulated by abiotic stresses in many kinds of plants such as Arabidopsis (Taji et

al. 2002).

Abiotic stress (drought, high-salinity, and cold)

@ Perception What is DREB?
DREB (DRE-Binding factor) is a transcription
@ Signal transduction  factor which binds to DRE to activate stress-

responsive gene expression.
(DREB’ ’I" R

Gene express:on

DRE Stress-respons ive genes
Dehydration- J} Transcription Genome
Responsive MRNA
RIS @ Translation

Stress-related
proteins O ::>Stress response

and/or tolerance

Fig. 2. Dehydration-response element-binding protein (DREB) plays an important role in regulating stress
response and tolerance in plants
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Fig. 3. Major transcriptional networks under environmental stress conditions revealed by our molecular
biology studies in plants.
Environmental stresses such as osmotic stress, heat stress, and cold stress result in the expression and activation of transcription
factors. The transcription factor binds to the specific cis-element in the promoter region of the target gene and induces the
expression of the gene. Gene products function in stress response and tolerance. Ellipses indicate transcription factors. Boxes
indicate cis elements. Details are provided in the text.
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Overexpression of genes that are key to environmental stress response has been shown in greenhouse
experiments to enhance stress tolerance in rice and Arabidopsis (reviewed in Nakashima et al. 2014). For
example, overexpression of the DREBI gene increased the tolerance of Arabidopsis to drought, high salinity,
and low temperature (Fig. 4 to 6; Liu et al. 1998; Kasuga et al. 1999). However, constitutive overexpression
of DREBIA using the cauliflower mosaic virus 355 promoter induced growth defects. A stress-responsive
promoter such as Arabidopsis RD29A has been able to avoid delayed growth by DREB 1A expression (Kasuga
et al. 1999). We have worked with various research institutions to determine whether such genes can improve

stress tolerance in other crops in the field (reviewed in Nakashima et al. 2014).

freezing salt

Fig. 4. Constitutive and stress-induced overexpression of DREBI in Arabidopsis improves tolerance to
multiple stresses and alters plant growth.

Overexpression of the DREBI gene increased tolerance to drought, high salinity, and low temperature in Arabidopsis.
However, constitutive overexpression of DREB1A using the cauliflower mosaic virus 358 promoter induced growth defects.
A stress-responsive promoter such as Arabidopsis RD29A4 allows the avoidance of growth defects caused by DREBIA
expression. The figure was adapted from Kasuga et al. (1999).

Abiotic Stress Abiotic Stress
Signal Perception
v ’ v
v | v

‘ Overexpression of ‘
DREBIA DREB1A ( DREB1A)( DREB1A)

(DREB1A) ( DREB1A) ( DREB1A)
Gam/ * \ - -

Gone Gene Gene Gene Gene
& » - expression expression expression
Expression of more than 40 genes Enhanced expression of more than 40 genes

Environmental stress tolerance Enh ance d StI"ESS tO I erance

Fig. 5. Overexpression of DREB1A, a transcription factor that is key in controlling environmental stress in
Arabidopsis, can enhance plant stress tolerance.
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Fig. 6. DREBIA expression using a stress-responsive promoter, such as Arabidopsis RD294, not only
enhances stress tolerance but also avoids growth defects.

Constitutive overexpression of DREB1A enhances stress tolerance but causes plant growth defects. However, by using a stress-
responsive promoter, RD294, to induce high levels of DREBI specifically during stress conditions, growth defects can be
avoided while enhancing stress tolerance. The DREB1A transcription factor, which is produced in large amounts during stress
conditions, can exhibit a very high level of stress tolerance by amplifying gene expression through binding of the cis-element
DRE of the RD29A4 promoter.

3. International collaboration to improve crop drought tolerance using three genetic

modifications

Based on the findings presented in the previous section, we proposed a strategy to use genetic
modification to improve environmental stress tolerance in plants (Fig. 7). There are three points to the
strategy:

(1) Promoter: an expression regulatory region upstream of a plant gene that can improve gene expression
under environmental stress conditions.

(2) Gene: a plant gene that enhances tolerance to environmental stress by increasing its expression.

(3) Transformation: A transformation technique for introducing a construct by combining the appropriate

promoter (1) and gene (2).

Transformation methods vary by crop and variety, and hence there is a need to work with other
organizations that adopt crop transformation techniques. The developed GM crop contains plant-derived

DNA fragments and should be acceptable to consumers.
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Fig. 7. Strategy for improving the environmental stress tolerance of plants using genetic modification.

Our research team has worked with research centers affiliated with the Consultative Group for

International Agricultural Research (CGIAR) and national research centers in developing countries to

improve the drought tolerance of some kinds of crops (Fig. 8; reviewed in Nakashima et al. 2014). These

joint projects involve researchers from different countries specializing in diverse fields such as molecular

biology, plant breeding, plant physiology, crop science, ecophysiology, and meteorology.

Collaboration for
IRCA .
development of ";Mfmfw g
stress tolerant Labortory o
Cri Ops 0 Arabidopsis Japonica rice
CGIAR
Research Centers
CIMMYT IRRI
/ s K
.ﬁ-ﬂ \ Inﬂle\arloe
CIAT ICARDA ICRISAT
_€ A
‘r\ > o
cassava South American rice Brachiaria lentis pigeonpea  groundnut Sorghum

Wheat (CIMMYT)
RD29A" DREE TAMW]T

WT- RD? 934':0&51 .
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3-1. Rice and wheat

Transgenic rice (Nipponbare) overexpressing DREBIA showed improved drought tolerance in
greenhouses (Fig. 9; Ito et al. 2006). Stress-induced expression of the DREBIA gene in wheat delayed water
stress symptoms in greenhouses (Pellegrineschi et al. 2004). Based on these results, we conducted a joint
research project titled “Development of abiotic stress tolerant crops by DREB genes” (DREB Project, Fig.
10) supported by the Ministry of Agriculture, Forestry and Fisheries (MAFF), Japan in 2007, for a period of
five years (see Chapter 2). This project was carried out in collaboration with research centers affiliated with
the CGIAR, such as the International Rice Research Institute (IRRI) in the Philippines, the International
Tropical Agriculture Center (CIAT) in Colombia, and the International Maize and Wheat Improvement
Center (CIMMYT) in Mexico (Gaudin et al. 2013, Pellegrineschi et al. 2004, Saint Pierre et al. 2012). The
gene was introduced into lowland rice, upland rice, and wheat, and drought tolerance was evaluated in the
field. In this project, Japanese research institutes, JIRCAS and RIKEN (The Institute of Physical and
Chemical Research) produced 32 combinations of constructs using 5 promoters and 14 resistance genes, and
sent them to IRRI, CIAT, and CIMMYT. Approximately 350,000 calli or embryos generated more than 1,100
independent transformation events. Grain yields of the transformants under drought conditions were
investigated through tests performed in greenhouses, rainout shelters, and confined fields. From the
evaluation, approximately 40 elite candidate transformants were selected. A project supported by the MAFF
called "Development of Drought Tolerant Crops for Developing Countries (GM Drought Tolerance Project)"
was started in 2013 for five years, and the performance of these candidate lines under drought conditions was
verified. The second phase of the project, aimed at developing at least 10 elite lines from the candidates
selected in the DREB project, has successfully identified several promising strains. For instance, we showed
that overexpression of an Arabidopsis thaliana galactinol synthase gene improves drought tolerance in
transgenic rice and increases grain yield in the field (Selvaraj et al. 2017). Recently, we reported that the
expression of the CCCH-tandem zinc finger protein gene OsTZF5 under a stress-inducible promoter
mitigates the effect of drought stress on rice grain yield under field conditions (Selvaraj et al. 2020). In this
work report, we report that the expression of the OsNAC6 transcription factor gene under a stress-inducible
promoter also mitigates the effect of drought stress on rice grain yield under field conditions (see Chapter

2-3).
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DREB1A transgenic rice plants

Fig. 9. Transgenic rice plants (Nipponbare) overexpressing DREB1A showed improved drought tolerance
compared to control plants (wild type) in the greenhouse.
The figure was adapted from Ito et al. (2006).
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3-2. Soybean

We showed that transgenic soybean plants expressing RD294:DREB1A4 improved drought tolerance
under greenhouse conditions (Fig. 11; Polizel et al. 2011). We introduced stress-tolerant genes into soybean
and then evaluated drought tolerance in greenhouses and confined fields in collaboration with RIKEN, the
University of Tokyo, and Embrapa (Brazilian Corporation of Agricultural Research) in the Science and
Technology Research Partnership for Sustainable Development (SATREPS) project supported by the Japan
Science and Technology Agency (JST) and Japan International Cooperation Agency (JICA) since 2009 (Fig.
12; see Chapter 3-2). Soybeans expressing stress-related genes such as DREB or AREB were generated to
examine drought tolerance under greenhouse conditions and field trials (Barbosa et al. 2012; Engels et al.
2013; Fuganti-Pagliarini et al. 2017; Leite et al. 2014; Marinho et al. 2016; Polizel et al. 2011; Rolla et al.
2014). Researchers from Japan have found important genes involved in stress response and tolerance, such
as soybean DREB and AREB transcription factors, and stress-inducible promoters (Nakashima et al. 2014;
see Chapter 3-1). Metabolite/phytohormone—gene regulatory networks in soybean organs under dehydration
conditions were revealed by integration analysis (Maruyama et al. 2020). For soybean, it has been difficult
to produce transformants because of the very low transformation efficiency. However, by establishing a
transformation method using Agrobacterium, we succeeded in improving the transformation efficiency of
Brazilian soybean varieties. When using the reporter S-glucuronidase gene for transformation, the
transformation efficiency by the established method was 1.74%. This highly efficient method has enabled
the production of transgenic soybeans at a practical level. We developed 37 different transgenic lines using
the particle gun or Agrobacterium methods. Subsequently, in greenhouses and confined fields, we evaluated
their drought tolerance. During the SATREPS period, 7 of 11 lines evaluated in the greenhouse and 1 of 4
lines evaluated in the field were tolerant to drought conditions. Under water deficit conditions in the field, a
better performance was observed in the /Ea2939 AREB line, which showed a higher performance than the
wild type and other GM lines (Fuganti-Pagliarini et al. 2017). Experiments after the SATREPS project
revealed that more lines were tolerant to drought (see Chapter 3-2). Therefore, we can expect to produce
higher yields of transgenic soybean varieties under drought conditions in the future. Considering the current
situation where GM soybeans are used in more than 90% of Brazil's soybean producing regions (Rally da
Safra 2016) and 80% of the world's total soybean producing regions (ISAAA 2016), drought-tolerant GM

soybean varieties are expected to be used not only in Brazil but also around the world.
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RD29A:DREB1A transgenic plants Wild type

Fig. 11. Transgenic soybeans expressing RD294:DREB1A showed improved drought tolerance compared to
untransformed soybeans (Wild type) in a drought tolerance test performed in a greenhouse in Brazil.
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Fig. 12. To generate drought-tolerant soybean lines in Brazil, the SATREPS project for “Development of
genetic engineering technology of crops with stress tolerance against degradation of global environment™ has
been implemented through international collaboration between Japan and Brazil.

3-3. Other crops

In collaboration with the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT)
in India, transgenic peanuts expressing DREBI have been developed (Bhatnagar-Mathur et al. 2007).
DREB I-expressing peanut lines showed drought tolerance under greenhouse conditions, and their drought
tolerance was confirmed by field tests (Bhatnagar-Mathur et al. 2007, 2013). Drought tests in experimental
fields resulted in significant yield improvements of up to 24% (Bhatnagar-Mathur et al. 2013). The transgenic

peanut lines had significantly higher seed loading values than the wild-type varieties.
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In collaboration with Embrapa Agroenergy of Brazil, we introduced the Arabidopsis DREB2Aca
gene into sugarcane (see Chapter 3-3). Dehydration assays using transgenic sugarcane expressing this gene
under greenhouse conditions showed improved drought tolerance (Reis et al. 2014). The next study analyzed
the performance of sugarcane transformants in fields under drought conditions and showed good results (de
Souza et al. 2019). Sugarcane can propagate through buds and does not require genetic fixation. Therefore,
commercializing genetically modified sugarcane varieties may be easier than crops that require transgene

fixation.

4. Conclusion

To ensure food and nutrition safety, we have developed technologies and crops that are productive
and can adapt to changing adverse environmental and climatic conditions. In order to develop stress-tolerant
crops using biotechnology, we have promoted international joint research projects to develop crops such as
rice, wheat, soybean, and sugarcane. Through these projects, overexpression of genes encoding stress-related
transcription factors (e.g., DREB, AREB) and enzymes (e.g., galactinol synthase) of Arabidopsis thaliana
have led to drought tolerance in GM crops such as rice, wheat, soybean, and sugarcane. There are four phases
in the research and development (R&D) steps to bring GM crops to market (commercialization) after gene
discovery (Fig. 13): Phase I, proof of concept; Phase I, early development; Phase III, advanced development;
and Phase 1V, pre-launch. To date, we have conducted international collaborative research projects to
demonstrate proof of concept in Phase I through Phase III. We hope that the developed crops can move to

the next stage of market launch and contribute to food and nutrition security in developing regions.
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Fig. 13. Research and development steps for commercialization of GMOs.
This figure is a modified version of the original drawing of Dr. Manabu Ishitani (CIAT).
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In Chapter 2 of this work report, the achievements of an international joint research project on the
development of drought-tolerant rice and wheat (the DREB Project), supported by the MAFF, Japan, will be
introduced. In Chapter 3, the achievements of the international joint research project on the development of
drought-tolerant soybean (the SATREPS Project), supported by the JST) and the JICA, and the related project

on the development of drought-tolerant sugarcane will be introduced.
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