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Preface

Crops provide us with food, medicines, animal feeds, textiles, energy, and much 
more. Given that the global population continues to grow, we need to enhance the 
capacity of crop production worldwide. However, sustainable crop production is 
threatened by problems such as desertification, salinization of agricultural land, 
pests, unstable temperatures, and erratic rainfall, which are especially accentuated 
in developing countries where technologies and human resources addressing these 
problems are not adequately available.

Science and Technology Research Partnership for Sustainable Development 
(SATREPS) is a Japanese government program that promotes international joint 
research to address global issues including food insecurity. The program is struc-
tured as collaboration between Japan Science and Technology Agency (JST), which 
provides competitive research funds for science and technology projects, and the 
Japan International Cooperation Agency (JICA), which provides official develop-
ment assistance (ODA) to the developing countries. In the SATREPS framework, 
food insecurity is recognized as a major global issue, and research projects looking 
to enhance crop productivity and utilization in developing regions have been imple-
mented. Since the commencement of the first project in 2010, more than 10 projects 
(including completed) have focused on crop production in developing regions.

This book provides examples that multidisciplinary research teams consisting of 
molecular biologists, breeders, physiologists, soil scientists, agronomists, chemists, 
and other scientists related to agricultural development are working together for 
enhancing the capacity of crop production in the respective regions. For the imple-
mentation, teams are putting an emphasis on not only producing novel scientific 
findings but verifying the effectiveness of the findings in the actual environments 
prevailing in the respective countries. Specifically, this book provides good exam-
ples of application of cutting-edge science and technologies to solving problems in 
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developing countries. We believe that the achievements attained in these projects 
should be beneficial to researchers, students, and administrators engaged in the field 
of crop production and food security in developing regions, and lessons learnt will 
be useful to re-design the strategy to address the issues involved in crop production 
worldwide.

Sendai, Miyagi, Japan  Makie Kokubun 
Nagoya, Aichi, Japan Shuichi Asanuma 
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Chapter 1
SATREPS Program Challenging Global 
Issues on Crop Production: Overview

Makie Kokubun and Shuichi Asanuma

Food is essential to human life, but there remain not a few people who cannot be 
accessible to adequate amount and quality of food, especially in some developing 
countries. Since a major portion of human diet comes from crop products, a con-
tinuous increase in crop production is required to feed the burgeoning population. 
Crop growth is strongly regulated by environmental factors such as temperature, 
precipitation, and soil property. An excess and/or deficit in water availability, supra- 
or suboptimal temperature, and poor soil fertility are major prevalent environmental 
factors likely to restrict crop productivity in developing regions. Risks of outburst of 
diseases and insects, which could be accentuated by projected global warming, are 
also threatening future crop production worldwide. Advanced technologies are 
expected to be applied, through international collaboration, to address global issues 
threatening developing countries. Based on this idea, the program named “Science 
and Technology Research Partnership for Sustainable Development (SATREPS)” 
was initiated in 2008. The verification of the effectiveness should provide useful 
information for the future opportunities to apply these technologies to address the 
issues limiting crop productivity in the developing regions.
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1.1  Food Insecurity as a Global Issue Threatening Human 
Life

In these decades, we have often been facing life-threatening global issues. For 
example, there were numerous casualties by earthquake-triggered gigantic tsunamis 
including ones that occurred in Indian Sea, 2004, and the other in East Japan, 2011. 
Environmental pollution, which used to be predominant solely in developed coun-
tries, is currently prevailing among developing regions as well, causing serious 
damages against human health. There are actual signs of global warming, which is 
very likely to be driven by increasing emission of greenhouse gases, giving adverse 
effects on human life and industry (IPCC 2007, 2014). The spread of infectious 
diseases such as HIV and malaria is another serious global issue.

Of these global issues, concerns on food insecurity have been prevailing in many 
regions. Food is essential to human life, but there remain not a few people who can-
not be accessible to adequate amount and quality of food, especially in some devel-
oping countries; approximately 793  million people in 2015 are undernourished 
(FAO 2017a). Since the twentieth century, world food production has been continu-
ously increasing, but the balance of its supply and demand varies with region. The 
significance of food security as a global issue is underlined in the United Nations 
resolution entitled “Transforming our world: 2030 agenda for sustainable develop-
ment” (United Nations 2015b). Out of the 17 sustainable development goals (SDGs) 
listed in the resolution, “to achieve food security and promote sustainable agricul-
ture” and “to take urgent action to combat climate change and its impacts” are 
closely associated with food security.

Food security depends on natural, socioeconomic, and political conditions of a 
region but most strongly on the capacity of the production. Since a major portion of 
human diet comes from crop products, a continuous increase in crop production is 
required to feed the burgeoning population. An increase in cropland, which had 
been a major factor contributing to a continuous rise in crop production in the twen-
tieth century, appears to have stagnated toward the end of the century, so that we 
must depend on yield improvement for meeting the rising food demand in the 
twenty-first century (Evans 1998). We are facing a big challenge in that crop yield 
must be improved under projected climate change, while chemical and energy 
inputs must be reduced. More specifically, an excess and/or deficit in water avail-
ability, supra- or suboptimal temperature, and poor soil fertility are major prevalent 
environmental factors likely to restrict crop productivity in developing regions. 
Risks of outburst of diseases and insects, which could be accentuated by projected 
global warming, are also threatening future crop production worldwide.

M. Kokubun and S. Asanuma
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1.2  Present Status on World Crop Production and Issues 
to Be Addressed

The three major cereal crops (rice, wheat, and corn) are the staples of about 80% of 
the world population, and a dominant portion of human diet derives from the three 
(FAO 1995). Therefore, the total and per capita production of these crops of a region 
can be a good criterion to estimate the food supply-demand balance of the region. As 
shown in Fig. 1.1, the total and per capita production of these crops significantly var-
ies with regions. As for the total production, Asia occupies about half of the world 
total, while North America and Europe account for about a quarter, respectively, 
whereas Africa accounts for only 5.4%. Similarly, there is a big difference in per 
capita production (kg/year) among regions, 1316 for North America, 519 for Europe, 
298 for Asia, 188 for Central America, and 117 for Africa, while the world average 
is 345. Clearly, the supply of the crops is abundant in North America and Europe but 
greatly short in Central America and Africa with being far below their demand.
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Fig. 1.1 Total and per capita production of three major crops (rice + wheat + corn) in the world 
and regions. Total, million tons; per capita, kg. (Source: FAO (2017b) and United Nations (2015a), 
drawn from the data of 2014)
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As mentioned previously, the rapid increase in world crop production in the 
twentieth century is ascribed to an increase in yield as well as acreage, but the mag-
nitude of yield rise has not been equal among regions. Figure 1.2 compares yield of 
the three crops among regions. The world average yield of rice, wheat, and corn is 
4.6, 3.3, and 5.6 t/ha, respectively. The difference in the yield might be reflecting the 
difference in their characteristics as crops, along with environments where respec-
tive crops are grown. The lowest yield of wheat probably reflects its adverse growth 
environments including low water availability, rather than its poor yield potential, 
because the record-high yield of wheat is comparable to rice and corn (Evans 1993). 
In Africa, the yields are the lowest among the regions regardless of the crop species, 
indicating that the low yield is a primary reason for the lowest per capita supply of 
the three crops in the region. In Africa, traditional cereal crops such as sorghum and 
millets have played an important role as staple foods for centuries, and these crops 
have been produced in large quantities. Recently, however, the relatively newer 
crops including rice and wheat have increasingly gained the consumers’ preference, 
but their supply within the region is far from meeting the rising demand, leading to 
their heavy dependence on import to narrow the gap. Given that the large number 
and high growth rate of human population in Africa, the production increase in these 
crops in Africa is a critical issue to food security not only regionally but globally.
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Fig. 1.2 Yield of three major crops (rice, wheat, and corn) in the world and regions. (Source: FAO 
(2017b), drawn from the data of 2014)
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Natural resources essential to crop production are land and water available to the 
production in the region. A comparison among regions of acreage used for produc-
tion of the three major crops reveals that Asia occupies 54% of the world total 
(570  million ha), followed by North America and Europe which accounts for 
11–14% each (Fig. 1.3; FAO 2017b). In contrast, Africa accounts for less than 10% 
of the total. As for per capita acreage, Oceania, North America, South America, and 
Europe have the level above the world average (181 m2), whereas Asia, Africa, and 
Central America own the area below the average. Therefore, yield improvement and 
transition from traditional crop species to the three major crops are necessary for 
balancing the supply and demand of these crops.

Another natural resource essential to crop production is water. The total amount 
of water resource (internal renewable water resource (IRWR), 103 km3) in the region 
is in the following order: Asia, South America > Europe, North America > Africa > 
Central America, and Oceania (Fig.  1.4; FAO 2017a). However, the per capita 
amount of IRWR (m3) is not the same order; the value is about 30 in South America 
and Oceania, whereas it is just about 3 in Asia and Africa. Africa is characterized 
with the lowest availability in water as well as acreage used for crop production, 
which limits the capacity of crop production in the region.
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Fig. 1.3 Total and per capita acreage used for three major crops (rice + wheat + corn) in the world 
and regions. Total, million ha; per capita, m2. (Source: FAO (2017b) and United Nations (2015a), 
drawn from the data of 2014)
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In order to use the finite water resources sustainably, it is required to assure the 
allocation necessary for crop production. Given that the demand for water use for 
daily life and other industries is projected to be swelling worldwide, particularly in 
the regions where the growth rate of economy and population is on the rise, the water 
allocated for agricultural use is likely to be inadequate in the future. Presently, about 
20% of total arable land is irrigated, but it is only 5.8% in Africa (FAO 2017b). 
Obviously, the future necessity of irrigation is quite high in any region considering 
the profound effects of irrigation on the yield increase. Therefore, the efficient use of 
water resources is a priority among the targets to enhance crop production in any 
region, particularly critical in Africa. Of the water provided for crop production 
through irrigation system, only about the half of the total amount can be absorbed by 
crops, since the rest is lost on the route from the origin (dam, river) to the crop field 
(FAO 2017c). Therefore, the practices to minimize the water loss in the route of 
irrigation need to be improved. In addition, it is important to develop the technology 
to synchronize the timing and amount of irrigation with the requirement of crops.

Crop growth is strongly regulated by environmental factors such as temperature, 
precipitation, and soil property. Crops are frequently exposed to environments 
above or below the optimum range of these factors, causing abiotic stresses result-
ing in a reduction in growth and yield. The atmospheric temperature is projected to 
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Fig. 1.4 Total and per capita internal renewable water resource (IRWR) in the world and regions. 
Total, 103 × km3; per capita, 103× m3. (Source: FAO (2017c) and United Nations (2015a), drawn 
from the data of 2015)
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rise continuously; it is likely to reach 2.6–4.8 °C as the global average depending on 
the scenarios, when effective measures to reduce the emission of the greenhouse 
effect gases are not employed (IPCC 2014). Projected climate change may accentu-
ate these abiotic stresses to crops. A simulation estimated from crop growth models 
and climatic data revealed that the yields of major crops (rice, wheat, and corn) 
might decrease, when the temperature rose by 1 °C in low latitudes and by 3 °C in 
high latitudes (IPCC 2007). Since most of developing countries exist in low lati-
tudes, the necessity of technology to overcome or adapt to the projected climate 
change is all the more severe in these regions.

Research efforts have been taken to confer genetic tolerance of crops to these 
environmental stresses. For example, drought tolerance of crops can be improved by 
incorporating the genes modifying morphological rooting traits (Uga et al. 2013) or 
physiological processes (Yamaguchi-Shinozaki and Shinozaki 2009); the results on 
the verification of these genes are described in the following chapters. Since traits 
conferring tolerance to abiotic stresses are regulated by multiple genes, so pyramid-
ing the useful QTLs is necessary in most cases.

1.3  Research Program Aiming at Solving Global Issues: 
SATREPS

Global issues are hard to be solved in a single nation by their essential nature; there-
fore multinational collaboration is required for the solution, as listed in the SDGs, 
as “revitalize the global partnership for sustainable development” (United Nations 
2015b). Specifically, advanced technologies are expected to be applied, through 
international collaboration, to address global issues threatening developing coun-
tries. Based on this idea, the program named “Science and Technology Research 
Partnership for Sustainable Development (SATREPS)” was initiated in 2008. This 
program is funded by Japan Science and Technology Agency (JST) and Japan 
International Cooperation Agency (JICA). The SATREPS is a program that pro-
motes collaborative research conducted by scientists from Japan and developing 
countries, who work jointly to address global issues burdening the developing 
regions. Through the implementation of the joint projects, the SATREPS aims to 
produce novel scientific knowledge as well as to build up capacity for research 
implementation of young researchers in developing countries. To date, 115 projects 
have been operational (including completed projects). More than half of the projects 
were implemented in Asia, and about a quarter was in Africa.

In the SATREPS framework, food insecurity is considered to be a major global 
issue, and research projects looking to enhance crop productivity and utilization in 
developing regions have been implemented. Since the commencement of the first 
project in 2010, 23 projects (including completed) have been operational. In terms 
of targeted biological classification, plants account for more than half (15 projects), 
followed by fish and marine organisms (3), animals (2), microorganisms (2), and 
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multiple kinds (1). Thus, plants occupy about three quarters of all the projects, 
reflecting its relative importance in human diet, particularly in developing regions. 
However, the demand for food derived from animal and marine species is projected 
to increase according with rising living standard. From now, therefore, projects 
placing an emphasis on food quality and human preference together with quantity 
will be required. Among the completed programs, the project “Valorization of bio- 
resources in semi-arid and arid land based on scientific evidence for creation of new 
industry” dealt with functionality of plants (JST 2017).

Aiming at assuring food security in developing regions, the SATREPS projects 
are addressing major issues hampering crop productivity in respective regions; 
major issues being tackled are biotic (insects, diseases, and weeds) and abiotic 
(drought, flooding, extreme temperature, low soil fertility, etc.) stresses limiting 
crop productivity (Table 1.1). The collaborative research teams are employing basi-
cally conventional scientific/technological methodologies: breeding, physiology, 
ecology, soil science, agronomy, and socioeconomics. For the genetic resources, 
methodologies involved in genetic evaluation, preservation, and management are 
employed. In addition, novel, cutting-edge technologies such as genomics, molecu-
lar biology, nondestructive sensing, and information and communication systems 
are also being used depending on the necessity. This book highlights the objectives, 
outcomes, and lessons learnt from nine SATREPS projects (including ongoing and 
completed) dealing with crop production. The details are to be described by the 
authors engaged in the respective projects in the following chapters. Although the 

Table 1.1 Targeted regions, species, issues addressed, and technologies employed in the 
SATREPS projects

Region Species Main issues Key technologies

Vietnam Rice Low yield, biotic and 
abiotic stresses

Breeding using genomics, cultivation 
methods

Kenya Rice Low yield, biotic and 
abiotic stresses

Tailor-made breeding, cultivation 
methods

Namibia Cereal 
crops

Drought and flooding Cropping system adaptable to 
drought and flooding

Colombia Rice Water shortage, low soil 
fertility, weeds

Breeding for drought tolerance, 
Resource-efficient field management

Afghanistan Wheat Drought, diseases Breeding for tolerance to drought 
and diseases using Afghan 
germplasms

Brazil Soybean Drought Breeding for drought tolerance 
through genetic modification

Vietnam, 
Cambodia, 
Thailand

Cassava Pests Pest management including rapid 
diagnosis and biological control, 
healthy seedling production

Sudan Sorghum, 
rice

Weeds Chemical, biological, and ecological 
control

Mexico Mexican 
resources

Underexploitation of 
genetic resources

Assessment, preservation, and 
management of genetic resources

M. Kokubun and S. Asanuma
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employment of cutting-edge technology to addressing issues in developing regions 
is controversial, the verification of the effectiveness should provide useful informa-
tion for the future opportunities to apply these technologies to address the issues 
limiting crop productivity in the developing regions.
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Chapter 2
Development of Rice Promising Lines 
Using Genomic Technology 
and Information in Vietnam

Atsushi Yoshimura, Hideshi Yasui, Pham Van Cuong, Motoyuki Ashikari, 
Enric E. Angeres, Nguyen Van Hoan, Tran Tan Phuong, Yoshiyuki Yamagata, 
Norimitsu Hamaoka, Kazuyuki Doi, Tang Thi Hanh, Mai Van Tan, 
Nguyen Quoc Trung, Nobuyuki Iseri, and Kazuo Ogata

2.1  Background and Purpose of the Project

Rice science of Japan has contributed to the development of major crop and use as 
experimental crop, but academic outcomes are not necessarily applied in interna-
tional practical situations. In the SATREPS project (hereafter, the Project), we 
attempted to utilize the rice genome information as much as possible to explore use-
ful gene resources, develop marker information, and establish the next- generation 
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rice breeding method by high-speed genotyping. Regarding useful genes with 
marker information (high yield, pest resistance, etc.), we promoted the development 
of new varieties carrying useful genes by combining generation advancement and 
high-speed genotyping. Cooperating with the partner country research institute, we 
attempted to establish new breeding system toward new varieties and its extension.

In monsoon Asia, most of the food depends on rice cultivation, and the stable 
production of rice has a direct influence on the stability and development of the 
region. In this sense, the unrest of society caused by the food crisis (shortage of rice) 
throughout Asia, which took place between the latter half of 2007 and 2008, was 
memorable. In addition, floods, droughts, etc. in population superpowers like China 
and India have often been a threat to food security, hampering the stable supply of 
food in the Asian region.

Vietnam, a partner country to tackle the development of next-generation rice 
varieties in the Project, has achieved remarkable economic growth since the 1990s, 
and the stable supply of rice and the labor reduction of rice production supported by 
the spread of high-yield rice variety have become the foundation of the country’s 
economic development. In addition, Vietnam has a diverse climate and topography, 
so it has formed various rice cropping systems. Thus, it can be said that Vietnam is 
a miniature of rice cultivation in monsoon Asia.

Since the introduction of the Doi Moi policy, Vietnam has achieved rapid eco-
nomic growth and has a strong impact on developing Asian countries such as Laos 
and Cambodia. Vietnam maintains a relationship of coexistence with competition in 
relations with Thailand; it can be said that Vietnam is essential to the Indochina 
region. Before starting the Project in 2010, Vietnam targeted an average annual 
GDP growth rate of 7.5–8% in the socioeconomic development five-year plan from 
2006 to 2010. In addition to economic growth, poverty reduction was aimed at in 
the “Comprehensive Poverty Reduction and Growth Strategy Document” which 
was formulated in 2002. The five-year plan was also formulated by integrating the 
elements of this strategic document, and the World Bank also recognized it as a 
“poverty reduction strategy document.”

Northern Vietnam midland area, which is the main target area of the Project, is 
typical of rural areas in Vietnam, and it is an urgent task for Vietnamese country to 
improve livelihood of people living there. In addition, the North Vietnam mountain-
ous region has formed various diversified rice crop systems because it has various 
climate and topography. In regions where most of food is dependent on rice cultiva-
tion like the North Vietnam mountainous region, the results of rice science can be 
directly reflected in the stability and development of the region. Therefore, the 
Project aimed at establishing effective and scientifically based system on rice breed-
ing and developing promising lines of rice adapting condition of northern Vietnam.

2.2  Outline of Project Implementation Plan

The main objectives of the Project were to develop promising lines of rice, which 
adapt to social and natural environmental conditions in Northern Vietnam. Based on 
the useful gene donors and DNA marker information provided by Kyushu University 
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and Nagoya University, the Project tried to rapidly develop rice promising lines pos-
sessing useful agronomic traits such as short growth duration, high yield, and dis-
ease and insect resistance.

The Project was organized by three groups, the Kyushu University Group, 
Nagoya University Group, and Vietnam National University of Agriculture (VNUA) 
Group, and cooperated and carried out the following three main activities. The proj-
ect consisted of three activities, and the project implementation plan is outlined 
below.

2.2.1  Activity 1: Establishment of Efficient Rice Breeding 
Method

Survey for useful gene resources, DNA marker design for large-capacity/high-speed 
genotyping, and generation advancement method were planned to be applied for the 
establishment of an efficient breeding method. The Kyushu University Group 
focused on short growth duration-related genes, bacterial blight (BB) resistance 
genes, brown plant hopper (BPH) resistance genes, and ovicidal genes against hop-
pers. The Nagoya University Group identified and characterized yield-related genes 
and developed large-capacity and high-speed genotyping methods. Regarding the 
rapid generation advancement, we newly set up the branch station for rice breeding 
at Soc Trang Province in Southern Vietnam (hereafter Soc Trang station) in coop-
eration with Soc Trang government and implement generation advancement. The 
activity made it possible to conduct large-scale backcrossing, marker-assisted selec-
tion (MAS), and generation advancement.

2.2.2  Activity 2: Development of Promising Lines with Short 
Growth Duration, High Yield, and Resistance to Disease 
and Pest Insect

We planned to develop promising lines of rice suitable for cultivation in the midland 
area of Northern Vietnam. Disease and insect resistance genes (BB resistance genes, 
BPH resistance genes, etc.) and genes for high yield introduced from Kyushu 
University and Nagoya University were planned to be incorporated into the genetic 
background of Khan Dang 18 (KD18) and IR24 by the efficient rice breeding 
method established in Activity 1. We aimed at firstly developing near-isogenic lines 
(NILs) with single useful genes and then developing pyramid lines (PYLs) having 
two or more genes. In the initial stage of the Project period, shuttle scheme of breed-
ing was adopted, that is, the leaf sample of the breeding materials was imported to 
Japan and genotyped, and the genotype information was sent back to the Project site 
in Vietnam, and backcrossing was made.

2 Development of Rice Promising Lines Using Genomic Technology and Information…
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2.2.3  Activity 3: Study of Physiological and Ecological 
Characteristics of Promising Lines

We planned to make clear the physiological and ecological characteristics of prom-
ising lines with genetic background of KD18 and IR24. The VNUA group was 
mainly responsible for this activity. Physiological and ecological characteristics of 
the promising lines were characterized at the laboratory and field levels using mod-
ern equipment provided from JICA (Japan International Cooperation Agency). 
Furthermore, cultivation method such as fertilizer application and agricultural prac-
tice was also tested. To test local environment adaptability, two field experiment 
local sites were established at Thai Nguyen and Lao Cai. The data and information 
collected by the various methods and in the different sites were compiled, and 
guidelines for the cultivation of promising lines were prepared to optimize the cul-
tivation method for promising lines.

2.3  Project Activities: Progress and Outcomes

2.3.1  Activity 1: Development of Efficient Rice Breeding 
Method

In this activity, we decided to establish an efficient breeding method by introducing 
and exploring useful gene resources, designing and applying DNA markers for 
large-capacity and high-speed genotyping, and applying the generation advance-
ment method.

In the introduction and exploration of useful genes, we brought various genetic 
stocks possessing useful genes for high yield, GN1a (Ashikari et al. 2005) and WFP 
(Miura et al. 2010); BB resistance genes, XA7 (Porter et al. 2003) and XA21 (Song 
et al. 1995); BPH resistance genes, BPH25 and BPH26 (Yara et al. 2010); and ovi-
cidal genes to plant hoppers, OVC, qOVA1–3, and qOVA5–1,2 (Yamasaki et  al. 
2003) from Japan to Vietnam (Table 2.1). These genetic stocks were used for back-
crossing as donor parents of the useful genes in Activity 2. In addition, we also 
introduced chromosome segment substitution lines (CSSLs) of IR24 (Oryza sativa 
spp. indica) with donor segments from japonica rice Asominori (O. sativa spp. 
japonica) and wild species, Oryza nivara, from Japan to Vietnam (Table 2.1). These 
lines were subjected to the local adaptability test in Activity 3 to find variations such 
as short growth duration and low-temperature tolerance, and DCG19 and DCG66 
were newly registered as varieties in Activity 3.

For exploration of useful genes, we identified and characterized several genes: 
stigma length control gene (GS3) (Takano-Kai et al. 2011), BPH resistance genes 
(BPH2 and BPH26) (Myint et al. 2012, Tamura et al. 2014, Srinivasan et al. 2015), 
low-temperature tolerance QTLs (qLTCHL3, qLTCHL6) (unpublished), leaf hair 
control gene (BKL) (Hamaoka et al. 2017), and the ear panicle control gene (LG1) 
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(Ishii et al. 2013). Genetic analysis of genes for awn (AWN1, AWN2) (Furuta et al. 
2015) and for seed size and biomass control (GW6a) (Song et al. 2015) was also 
studied.

DNA marker-assisted selection (MAS) has become an indispensable component 
of breeding. Single nucleotide polymorphisms (SNP) are abundant in the rice 
genome. However, SNP markers were not readily employed in MAS because of 
limitations in genotyping platforms, when we started the Project. In this Activity 1, 
Illumina’s GoldenGate SNP array that targets specific genes controlling yield- 
related traits and biotic stress resistance in rice was applied for high-throughput 
genotyping system. As a first step, the SNP genotypes were surveyed in 31 parental 
varieties including the parental lines, KD18 and IR24, using the Affymetrix Rice 
44 K SNP microarray. The haplotype information for 16 target genes was then con-
verted to the GoldenGate platform with 143-plex markers. Haplotypes for the 14 
useful alleles are unique and can be discriminated among all other varieties 
(Table 2.2). The genotyping consistency between the Affymetrix microarray and the 
GoldenGate array was 92.8%, and the accuracy of the GoldenGate array was con-
firmed in three F2 segregating populations. The concept of the haplotype-based 
selection by using the constructed SNP array was verified (Kurokawa et al. 2016). 
The GoldenGate array system was almost established in 2013, and application for 
MAS and technology transfer to VNUA were made in 2013. Since the sales of 
reagent for the GoldenGate array were announced to discontinue by 2017, we grad-
ually shifted to SNP genotyping system using next-generation sequencer.

Prior to the introduction of the GoldenGate array genotyping system, it was neces-
sary to reliably and rapidly select the individuals those who possess the genes of inter-
est for the development of promising lines in Activity 2. It was essential to strengthen 
and accelerate the foundation of MAS by simple sequence repeats (SSR) markers 
(Table 2.3). Therefore, with respect to high-yield genes, disease resistance genes, and 
insect resistance genes, in which genetic isolation has been completed or detailed map 
position has been clarified, polymorphisms were detected among the recipient parents 
(KD18 and IR24) and the donor parents and applied in MAS of the Activity 2.

Table 2.1 Genetic stocks introduced to Vietnam National University of Agriculture in the project

Genetic stocks Genes involved
No. of 

lines

Donors for high yielding GN1a, WFP 3
Donors for gene’s bacterial blight resistance XA7, XA21, etc. 30
Donors for brown plant hopper resistance BPH25, BPH26, etc. 22
Donors for white-backed plant hopper resistance OVC, qOVA1–3, 

qOVA5–1,2, etc.
15

Other varieties (Taichung 65, IR24, TSC3) – 3
Chromosome segment substitution lines (CSSLs) with IR24 
genetic backgrounds

– 70

A series of introgression lines (ILs) from Oryza nivara with 
IR24 genetic backgrounds

– 43

186
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Table 2.2 Useful genes from which SNP information was obtained and the number of SNPs set 
nearby

Gene Chromosome Trait

Gene ID (IRGSP) 
or mapped 
position Position

No. of 
SNPs 
detected 
in the 
region of 
the gene References

GN1a/
OsCKX2

1 Regulation 
of number 
of spikelets

Os01g0197700 5,270,449–
5,275,585

12 Ashikari 
et al. 
(2005)

APO1 6 Regulation 
of number 
of spikelets

Os06g0665400 27,480,082–
27,481,450

10 Terao et al. 
(2010)

WFP/
OsSPL14

8 Regulation 
of number 
of branches

Os08g0509600 25,274,541–
25,278,696

10 Miura et al. 
(2010)

GS3 3 Regulation 
of seed 
size

Os03g0407400 16,729,501–
16,735,109

1 Fan et al. 
(2006), 
Takano-Kai 
et al. 
(2009)

GW2 2 Regulation 
of seed 
size

Os02g0244100 8,120,821–
8,121,387

2 Song et al. 
(2007)

qSW5 5 Regulation 
of seed 
size

Os05g0187500 5,360,574–
5,360,727

10 Shomura 
et al. 
(2008)

PI21 4 Blast 
resistance

Os04g0401000 19,835,206–
19,836,892

1 Fukuoka 
et al. 
(2009)

XA4 11 Bacterial 
blight 
resistance

R1506 – S12886 27,822,819–
28,130,150a

8 Sun et al. 
(2003)

XA7 6 Bacterial 
blight 
resistance

RM20576 
-RM340

28,796,789–
29,000,232a

7 Porter et al. 
(2003), 
Zhang et al. 
(2009)

XA21 11 Bacterial 
blight 
resistance

Os11g0559200 20,802,978–
20,806,262

9 Song et al. 
(1995)

BPH25 6 Brown 
plant 
hopper 
resistance

Tightly linked to 
RM6273 and 
RM6775

382,564–
1594,975a

22 Myint et al. 
(2012)

BPH26 12 Brown 
plant 
hopper 
resistance

Tightly linked to 
RM5479

22,607,871–
23,340,348a

13 do.

(continued)
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On the other hand, it is essential to cultivate breeding materials of each genera-
tion stably and perform backcrossing in order to establish efficient breeding method. 
Since spring crop in North Vietnam is often hit by low temperature, South Vietnam’s 
branch station, which can promote generation advancement stably, was necessary 
for material planting from winter to spring. Therefore, we established branch exper-
imental station in Soc Trang in South Vietnam in cooperation with VNUA and Soc 
Trang Province. In the Soc Trang Branch Station, six times of planting during the 
project period were done to promote generation advancement promptly and steadily.

2.3.2  Activity 2: Development of Promising Lines with Short 
Growth Duration, High Yield, and Resistance to Disease 
and Pest Insects

In Activity 2, we developed and evaluated promising lines with targeted useful 
genes either alone (NILs) or multiple (PYLs). For the development of promising 
lines, we adopted the repeated backcrossing and MAS mostly until BC3F1 genera-
tion (Fig. 2.1). In the initial stage of the Project, rice leaves were imported to Japan 
and genotyped, and then the genotype information was sent to Vietnam for efficient 
selection and backcrossing. Nine target useful genes, GN1a, WFP, XA7, XA21, 
OVC, and ovicidal response related QTLs (qOVA1–3 and qOVA5–1 and qOVA5–2) 

Table 2.2 (continued)

Gene Chromosome Trait

Gene ID (IRGSP) 
or mapped 
position Position

No. of 
SNPs 
detected 
in the 
region of 
the gene References

GRH2 11 Green rice 
leaf hopper 
resistance

Tightly linked to 
G1465

23,231,248–
23,607,373a

9 Yazawa 
et al. 
(1998)

GRH4 3 Green rice 
leaf hopper 
resistance

Tightly linked to 
XNpb144

14,904,428–
15,106,953a

10 do.

GRH6 4 Green rice 
leaf hopper 
resistance

RM8213-C60248 4,290,544–
4647,693a

10 Fujita et al. 
(2010)

OVC 6 Ovicidal 
response to 
plant 
hoppers

Tightly linked to 
R1954

4,737,177–
5036,025a

10 Yamasaki 
et al. 
(2003)

Total 144
aFor the genes that are not cloned, the regions covered by the SNP markers are shown
Adapted from Kurokawa et al. (2016)
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were successfully incorporated into two recipients, KD18 and IR24. Short growth 
duration plants of KD18 were also selected in BC2F2 (KD18/TSC3//*2) derived 
from a cross of KD18/TSC3 by phenotypic selection. Consequently, we have devel-
oped 11 NILs and 17 PYLs with KD18 background and 9 NILs and 15 PYLs with 
IR24 background. These promising lines will be useful for not only direct use of 
varietal registration procedure but also academic use of gene characterization.

Trait evaluation of the promising lines was performed by observation of yield, 
various agronomical traits, resistance to bacterial blight, resistance to brown plant 
hopper, and ovicidal response against plant hoppers.

We developed various kinds of promising lines listed, and some of the promising 
lines meet the major breeding objectives, such as short growth duration, high yield, 
and disease and insect resistance. Short growth duration lines of KD18 shortened 
11–14  days in autumn season and 10–15  days in spring season as compared to 
KD18. Yield ability was increased by the introgression of WFP into KD18 and 
improvement of nitrogen fertilizer application mentioned below. Based on the BB 
inoculation test and BPH infestation test, it was revealed that the lines with bacterial 
blight resistance genes Xa7 and Xa21 showed strong resistance reaction to 
Vietnamese BB isolates and the lines with both BPH 25 and BPH26 apparently 
increased the resistance to BPH collected in Northern Vietnam.

For promising lines, it is desirable to obtain whole genome genotype information 
in order to clarify the identity of each line in the Project. We began to operate geno-
typing by sequencing (GBS) with next-generation sequencers. The promising lines 
in which we obtained whole genome genotype information by GBS are listed in 
Table 2.3. The selection marker information for MAS is also indicated in Table 2.3. 
Whole genome genotype information of two lines are shown in Fig.  2.2. In the 

Recurrent parents
(RP: IR24, KD18) x Donor parents with

Useful gene(s)

F1 RPx

BC1F1 RPx

BC2F1 RPx

BC3F1

BC3F2

BC3F3

Promising lines

Backcross

Backcross, MAS

Backcross, MAS

MAS, Selfing

MAS, Selfing

Selfing

Fig. 2.1 Breeding scheme 
of the developed materials 
in the DCGV project 
(2011–2015). MAS 
represents “marker-assisted 
selection”
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future, the promising lines developed in the Project will be subjected for adaptabil-
ity tests in various places in Vietnam toward variety registration. Acquisition of 
whole genome genotype information is an important information to guarantee seed 
purity.

2.3.3  Activity 3: Elucidation of Physiological and Ecological 
Characteristics of Promising Lines

In Activity 3, we elucidated the physiological and ecological characteristics of 
promising lines with genetic background of KD18 and IR24 in order to promote 
varietal registration of some promising lines. The activity involved physiological 
and ecological test, environmental adaptability test, and preparation of guideline for 
recommended cultivation method. We evaluated various candidates of promising 
lines those introduced from Japan and developed in Activity 2 with respect to pho-
tosynthetic properties (CO2 exchange rate, stomatal conductance, leaf area, SPAD 
value, etc.), growth characteristics, yield ability, and fertilizer response in physio-
logical and ecological test. Environmental adaptability test was performed in three 
sites, Hanoi, Thai Nguyen, and Lao Cai. Through these tests, we found short growth 
duration line (named as DCG19) and cold-tolerant line (named as DCG66). DCG19 
was originated from the ILs from Oryza navara (Table 2.1) and showed shorter 
growth duration of 5–10 days.

The lines with WFP (DCG 31, DCG 32, and DCG 33 in genetic background of 
KD18) were evaluated with their agronomical traits. These lines showed low ripen-
ing rate and consequently reduced 1000-grain weight, suggesting that the source 

WFP

21 3 4 5 6 7 8 9 10 11 12

WFP donor

21 3 4 5 6 7 8 9 10 11 12

XA21 donor
OVC donor

OVC

XA21

A B

Fig. 2.2 Graphical presentations of whole genome genotypes obtained from genotyping by 
sequencing in two promising lines in KD18 genetic background. (a–b) Graphical genotypes of the 
lines OS48 (a) and OS52 (b). Red, green, and black horizontal lines represent donor homozygous, 
heterozygous, and unknown genotypes, respectively. Thick blue, orange, and green bars represent 
substitution with WFP-donor, XA21-donor, and OVC-donor segments, respectively. Horizontal 
lines in panel (a) indicate SNP sites between KD18 and WFP donors. Horizontal lines in panel (b) 
indicate SNP sites between KD18/XA21 donor (left chromosomes) and KD18/WFP donor (right 
chromosomes)
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ability of the lines was decreased because of early leaf senescence during ripening 
stage. The defect of WFP involving plants was recovered by top-dressing applica-
tion of nitrogen fertilizer during heading time (unpublished data).

Since some BC2F3 lines (KD18/TSC3//*2KD18) showed short growth duration, 
they were further selected in their progeny and subjected for evaluation of agro-
nomical traits. Short growth duration of the selected lines (named as DCG72) was 
confirmed in three project sites (Hanoi, Thai Nguyen, and Lao Cai), and DCG72 
showed similar yield performance comparable to recurrent parent KD18.

On the other hand, we conducted outreach studies on “compilation of informa-
tion on recommended cultivation methods corresponding to promising lines” by 
participation of farmers. We targeted Lao Cai for DCG19 and Thai Nguyen for 
DCG66 (low-temperature tolerance line) as a target area for extension. We carried 
out large-scale cultivation and made farmer workshops at farmers’ field and then 
prepared guidelines for cultivation.

Most of a series of activities in Activity 3 described above were independently 
carried out in Vietnamese side. As a result, DCG66 and DCG72 were applied for 
national variety registration in November 2014, and cultivation test has been done. 
The process for varietal registration has become a bigger project involving govern-
ment, farmers, seed suppliers, etc. as well as scientific basis. Of course, VNUA had 
the function and ability of it beforehand, but it is thought that it made a big leap 
through activities related to this project.

2.4  Conclusion and Future Perspective

The genetic stocks introduced at VNUA included many useful lines of Kyushu 
University and Nagoya University (Table 2.1), and both the quality and quantity 
were very advantageous in the Project. Three backcrosses and MAS carried out at 
Soc Trang in 2013 show that three generations could be advanced in the breeding 
program. The generation advancement carried out at the Soc Trang Station had pro-
ceeded as fast as possible because of high capacity on crossing and genotyping 
system, which proved that three times of full-scaled and regular breeding process 
per crop were possible in a year.

We quickly and accurately developed promising lines for nine useful genes and 
short growth duration by applying backcrossing breeding method, MAS, and gen-
eration advancement. Currently, 20 lines of NILs and 32 lines of PYLs were devel-
oped, but there are a large number of breeding materials in the course of development 
of 2 and 3 gene accumulation. These are very useful as the next breeding materials. 
In the Project, since VNUA has acquired many breeding materials together with rice 
breeding system, future development can be greatly expected as rice breeding 
center.

As mentioned above, DCG66 and DCG72 were applied for national variety reg-
istration, and the process for varietal registration has become a bigger project 
involving many related organizations. The developed promising lines have been 
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introduced to the farmers that consume nearly the entire amount of rice production 
at Thai Nguyen Province. The promising line secured rice production by high yield 
and protection from pest damage. Shortening of the rice cultivation period by the 
short growth duration lines has expanded production period of cash crops in winter. 
The short growth duration lines diversify cropping pattern and consequently 
improve livelihoods of farmers and sustainable rural development. Furthermore, the 
impact of short growth duration lines was significant for farmers in Nghe An 
Province, which always face the risk of “all or nothing” every year due to typhoon 
damage during the harvest season, so that the provincial agricultural administration 
also had a major impact.
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Chapter 3
Development of Rice Breeding 
and Cultivation Technology Tailored 
for Kenya’s Environment
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In many sub-Saharan African countries, it is fundamental to boost rice production 
because the increased rice consumption exceeds the growth in domestic rice produc-
tion. Kenya has currently implemented a policy to double its rice production which, 
however, has been suffering from serious constraints. Nagoya University and Kenya 
Agricultural and Livestock Research Organization, in collaboration with other 
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Japanese and Kenyan research institutions, have identified several biotic and abiotic 
stresses such as drought, cold temperatures at high elevations, high salinity, low soil 
fertility, and rice blast disease as such constraints and then initiated an international 
joint research project titled “The project on rice research for tailor- made breeding 
and cultivation technology development in Kenya” from May 22, 2013, to May 21, 
2018. Using technologies such as molecular breeding and DNA marker-assisted 
selection, the project has advanced the development of rice varieties carrying useful 
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genes/QTL to overcome stress conditions in Kenya. For phenotyping and examina-
tion of incorporated gene/QTL expression, we have developed unique evaluation 
systems for plant adaptability against drought, low temperatures, high salinity, low 
fertility, and rice blast disease in Kenya. After assessing current cultivation practices 
and environments, the project aimed to develop cultivation technologies that maxi-
mize the potential of rice varieties carrying useful genes/QTL. Eventually, superior 
varieties and customized cultivation technology will be disseminated to the farmers. 
The project has also assisted the development of human resources for rice research 
both in Kenya and Japan. Based upon our research, we will persist in our efforts to 
establish international networking as a framework for variety improvement and cul-
tivation technology customized to the sub-Saharan African environment.

3.1  The Need to Increase Rice Production in Sub-Saharan 
Africa

Rice is an important cereal and a staple food in many countries of sub-Saharan 
Africa (Duku et al. 2016). Rice demand in this region has risen drastically because 
of recent increases in per-capita consumption, combined with population growth 
(Seck et al. 2012). Domestic rice production has not kept up with the elevated con-
sumption, despite a sixfold increase (from 3,140,000  t to 18,570,000  t) during 
1961–2010, resulting in more rice imports (USDA 2011). The sub-Sahara’s self- 
sufficiency ratio in rice remains at about 55%, and in 2014, the supply-demand gap 
reached around 12 million t annually (FAOSTAT 2017). As urbanization advances 
in the region, rice consumption is expected to continue rising, because it is quick- 
cooking, nutrient-rich, and highly palatable compared with other cereals (Africa 
Rice Centre 2010). Thus, in many sub-Saharan African countries, boosting rice pro-
duction is a pressing food security issue.

In response to this issue, the Japan International Cooperation Agency (JICA) 
launched the “Coalition for African Rice Development (CARD)” initiative, in part-
nership with Alliance for a Green Revolution in Africa (AGRA). This effort began 
during the Fourth Tokyo International Conference on African Development (TICAD 
IV) held in Yokohama, Japan. in May 2008; it aims to support sub-Saharan African 
countries in doubling rice production for 10 years (2008–2018). Thus, the Japanese 
government is collaborating with regional stakeholders to increase rice production 
in sub-Saharan Africa.

3.2  Potential for Increasing Rice Production

There are two possible approaches for increasing rice production: (i) expanding rice 
acreage and (ii) improving rice yield per unit area. During the past 50 years (1965–
2014), rice acreage in sub-Saharan Africa saw a fourfold increase from 2,770,000 to 
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11,290,000 ha, whereas rice yield increased by 1.5 times from 1.5 t ha−1 to 2.2 t ha−1 
(FAOSTAT 2017). Thus, increased harvest area is more responsible for elevating 
rice production during the past 50 years than increased yield.

In sub-Saharan Africa, approximately 800 million ha of unused arable land are 
available, part of which can be used for upland rice production (Bruinsma 2009). 
Moreover, the region has approximately 130 million ha of inland-valley lowlands 
that exhibit enormous potential for the expansion of rice production, as currently 
only 10–15% of these areas are cultivated (Maclean et al. 2013). In addition, sub- 
Saharan Africa has total irrigated area expansion potential of 22 million ha over the 
next 50 years, far more than the existing 7 million ha (You et al. 2011). Thus, ave-
nues for increasing rice acreage include the development of paddy fields in unused 
wetlands, implementing irrigation, and disseminating upland rice.

However, the average paddy yield in sub-Saharan Africa is 2.2 t ha−1, lower than 
yield in Southeast Asia (4.3 t ha−1) and South Asia (3.7 t ha−1) (FAOSTAT 2017). In 
sub-Saharan Africa, only 20% of the total rice-growing area comprises irrigated 
paddy fields with a constant water supply, while rainfed upland and lowland rice 
areas are 38% and 33%, respectively, with the remaining 9% of rice acreage in deep-
water and mangrove swamps (Balasubramanian et al. 2007). Although high- yield 
rice production is difficult in the areas without irrigation facilities, and even irrigated 
paddy fields are not always under ideal conditions, insufficient effort in overcoming 
various challenges suppressing rice agriculture is likely the main cause of the pro-
duction shortage (Balasubramanian et al. 2007). Rice yield can be increased through 
the development and dissemination of high-yield varieties customized for individual 
environments, coupled with improved cultivation techniques.

3.3  Challenges in Rice Cultivation

As established above, sub-Saharan Africa has the huge potential to expand rice pro-
duction. To realize this potential, we must overcome the regional biotic and abiotic 
stresses that suppress rice production.

Drought is the main factor inhibiting upland rice growth, which is dependent on 
the occurrence of unstable rainfall events (Serraj et al. 2011). In contrast, soil in 
rainfed lowlands experience variable moisture conditions depending on meteoro-
logical conditions, topography, soil type, groundwater level, and other factors. Thus, 
stressors on lowland rice plants are complex, including drought, flooding, and fluc-
tuating soil moisture (Suralta and Yamauchi 2008). Furthermore, rice can experi-
ence drought stress even in irrigated paddy fields if irrigation water is insufficient.

In high-altitude East African regions, the temperature gradually decreases during 
the latter half of a long rainy season. These lower temperatures coincide with the 
reproductive stage of rice growth, causing high spikelet sterility and, therefore, 
decreased yield (Wainaina et al. 2015). In Madagascar, cyclones cause severe dam-
age to rice (Rakotobe et al. 2016).

In tide-irrigated mangrove swamps or paddy fields, high soil salinity from sea-
water inflow is a major constraint to rice production (Okafor and Olojede-Nelson 
1985; Nguyen et al. 2014). The numerous low-fertility fields in sub-Saharan Africa 
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are a primary factor affecting low crop productivity (Olaleye et al. 2008; Kamara 
et al. 2010). Furthermore, poorly drained paddy fields are likely to experience iron 
toxicity, a major abiotic stress for irrigated and rainfed lowland rice fields in West 
Africa and Madagascar (Chérif et  al. 2009). Finally, many fields in sub-Saharan 
Africa have acidic soil, which greatly limits rice growth, especially in mangrove 
swamps and upland fields in West Africa (Sylla et al. 1996).

Major diseases affecting rice in sub-Saharan Africa include rice blast, rice yellow 
mottle virus, bacterial leaf blight, and brown spot. Rice blast is caused by the fungus 
Pyricularia oryzae (Klaubauf et al. 2014) and occurs across nearly all rice-growing 
areas in Africa (Duku et al. 2016). In areas that have grown one rice variety for 
several consecutive years, rice blast outbreaks are likely because P. oryzae can over-
come host resistance within a few years of intensive cultivation (Chen et al. 2001; 
Odjo et  al. 2011; Han et  al. 2016). Rice yellow mottle virus has threatened rice 
cultivation in the paddy fields of most African rice-growing countries, being an 
endemic virus largely restricted to the continent (Awoderu 1991; Abo et al. 1997). 
Observed in rice-growing regions in West Africa (Séré et al. 2005), bacterial leaf 
blight causes seedling wilt, as well as yellowed and dried leaves. Brown spot affects 
fields with poor soils throughout the sub-Sahara (Fomba and Singh 1990; Sunder 
et al. 2014), while in West Africa and Madagascar, nematode-inflicted damage has 
been reported (Coyne and Plowright 2000; Chapuis et al. 2016).

African rice gall midge (Orseolia oryzivora Harris and Gagné) causes serious 
yield reduction and is found mainly in irrigated paddy fields or lowland swamps of 
West Africa (Ba et al. 2008; Sama et al. 2016). Stalk-eyed flies and stem borers 
(Diopsidae) are rice pests with considerable economic significance in tropical 
Africa (Roland et al. 2017; Weelar et al. 2016). Moreover, termite damage to roots 
is a problem in upland rice cultivation (Togola et al. 2012; Agunbiade et al. 2009). 
Damage from birds and rats also seriously reduces yield (Cuong et  al. 2003; 
Fayenuwo et al. 2007; Taylor 1968), while crabs often cause heavy damage to rice 
seedlings in paddy fields near seashores (Adesina and Baidu-Forson 1995).

Weeds are serious constraints for rice production in sub-Saharan Africa 
(Samejima et al. 2016; Saito et al. 2013), especially in upland conditions, where 
weed control is necessary to prevent severe yield loss. In particular, Striga spp. is a 
parasitic weed that threatens upland rice production regions. Even in lowland fields 
around the coasts, African wild rice (Oryza longistaminata Chev. et Roehr.) can also 
become a noxious weed that suppresses rice productivity (Shen et al. 2016).

In summary, further increases in rice production are possible in sub-Saharan 
Africa if the region overcomes the described challenges through investment in stra-
tegic research and development.

3.4  Needs and Opportunities for Rice Research in Kenya

Similar to the other sub-Saharan African countries, Kenya is experiencing a rapid 
increase in rice consumption, especially after the 1990s, and increasing domestic 
rice production is a key challenge (Onyango 2014). Currently, Kenya imports over 
412,000 t of rice annually, to a total cost of approximately 165 million USD per year 
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(FAOSTAT 2017). In October 2009, Kenya developed the National Rice Development 
Strategy (NRDS) with the goal of doubling rice production during the next 10 years 
until 2018 (MoA 2014).

Kenya is located along the equator on eastern Africa; its rice-producing areas 
stretch from lowlands on the coast of the Indian Ocean to highlands (1000–1400 m 
above sea level, ASL) (Fig. 3.1). Currently, over 80% of Kenyan rice is produced in 
irrigated paddy fields, most of which established by the Kenyan government with 
support from foreign countries (MoA 2014). The remaining 20% is produced pri-
marily through rainfed lowland fields on wetlands along rivers and the Indian Ocean 
coastline. Upland NERICA (New Rice for Africa) is also grown in some areas, 
although on a relatively small scale (Kinyumu 2009; Nasuda et  al. 2014). Thus, 
many different forms of rice cultivation exist under diversified environments in 
Kenya, such as intensive cultivation in irrigated paddy fields, along with extensive 
cultivation in rainfed lowlands and uplands.

The most popular rice in Kenya is Basmati 370, a lowland variety favored by 
consumers (especially in urban areas) for its aroma and high cooking quality 
(Kihoro et al. 2013). Basmati 370 is cultivated as a cash crop in major irrigation 
schemes such as Mwea, but has been frequently and severely damaged by rice blast 
(Kariaga et al. 2016; Kihoro et al. 2013; Nyongesa et al. 2016). Additionally, the 
variety has lower productivity compared with other varieties grown in Kenya. Other 
irrigated lowland varieties include BW196, IR2793-80-1, ITA310, and Basmati 
217. BW196 is usually grown for consumption because it induces long-lasting sati-
ation, but its lack of aroma leads to a low market price (Kihoro et  al. 2013). 
IR2793- 80-1 is a variety mainly grown in the irrigation schemes around Lake 
Victoria and is unpopular in the market. ITA310 is another variety grown in the 
Lake Victoria basin and a major variety in the Tana River Delta region; severe rice 
blast infections have been found to affect this variety in both regions. Basmati 217 
is no longer cultivated due to its replacement by Basmati 370. Rice cropping was 
introduced to the coastal areas of the Indian Ocean between the seventh and 
 eleventh centuries (Watson 1983; Kumar and Ali 2010). Farmers in this region grow 
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Fig. 3.1 Major rice-producing areas in Kenya
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 diversified local varieties using traditional methods. Some upland varieties are 
available for Kenyan farmers, including Dourado Precoce, NERICA 1, NERICA 4, 
NERICA 10, and NERICA 11.

For over two decades since 1981, rice production and planting area in Kenya had 
remained generally unchanged (FAOSTAT 2017). However, an expansion in rice 
acreage (11,000–28,000 ha) during the period between 2003 and 2014 has led to the 
country doubling its paddy rice production from 40,500 t to 112,000 t within 10 
years (FAOSTAT 2017). Beyond expanding planting area, improvements in rice 
yield per unit area are required to further increase rice production.

In Kenya, the grain yield per unit area for irrigated paddy fields, rainfed lowland, 
and rainfed upland is approximately 4.7 t ha−1, 2.8 t ha−1, and 2.7 t ha−1, respectively 
(MoA 2014). Because irrigated paddy fields account for over 80% of the total rice 
production area in Kenya (MoA 2014), the average grain yield is 4.1 t ha−1, higher 
than most African countries (FAOSTAT 2017).

To increase rice production in Kenya, we need to improve productivity and yield 
stability under irrigated paddy conditions. Increasing acreage across multiple rice 
cultivation methods is also important. To this end, upland rice is expected to be 
incorporated into the Kenyan cropping system. However, various biotic and abiotic 
stresses constrain rice production in Kenya. Furthermore, existing agricultural 
efforts have not fully exploited the potential in suitable areas for rice cultivation.

Due to recent climate variability and competition for irrigation water from other 
uses (e.g., livestock, household, industrial production, power generation), drought 
has become a major issue affecting rice production and expansion (Malemba et al. 
2017). Therefore, the need for water-efficient rice cultivation is also increasing. At 
altitudes >1100 m ASL (e.g., the Mwea region), air temperatures can drop below 
18  °C during rice-growing periods, and the resultant cold damage causes severe 
yield loss (Wainaina et al. 2015; Wainaina et al. 2017). Moreover, high soil salinity 
is commonly encountered in irrigation schemes from arid and semi-arid regions of 
Kenya, leading to poor crop performance and reduced yields (Hoogerwerf et  al. 
1992; Mungai 2004). Rice blast caused by P. oryzae Cav. is the major biotic con-
straint to production across all growing regions in Kenya (Kariaga et  al. 2016; 
Kihoro et al. 2013; Nyongesa et al. 2016). Finally, low soil fertility is a major limit 
to Kenyan rice productivity (Gicheru 2012; Sanchez 2002).

To achieve the goal of doubling rice production, it is necessary to generate rice 
varieties that can overcome the described stresses and establish cultivation methods 
that extract the full potential of these varieties.

3.5  Approach for Resolving Rice Shortage and the Need 
for Joint International Research

Recent technological advancements in plant breeding and genetics have enabled the 
identification of genes and quantitative trait loci (QTL) controlling useful agro-
nomic traits. These findings have been employed to improve rice varieties (Miura 
et  al. 2011). Specifically, marker-assisted selection (MAS) uses genomic data or 
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single nucleotide polymorphism (SNP) markers to quickly and accurately identify 
the presence of a specific gene/QTL, allowing their incorporation into new rice 
varieties (Mammadov et al. 2012).

To increase yield in unfavorable environments, rice crops must be genetically 
improved to enhance adaptability (Wassmann et  al. 2009). Existing efforts have 
embraced cutting-edge molecular breeding technology to develop breeding lines 
carrying genes/QTL associated with high yield, as well as improved tolerance to 
drought, low temperature, low soil fertility, and rice blast resistance. However, 
genes/QTL do not fully determine stress tolerance and productivity in the field 
because these complex traits interact with cultivation environments and cultivation 
management strategies (Xu 2016). Therefore, to improve rice productivity, breeding 
lines introgressed with genes/QTL associated with useful agronomic traits should 
be evaluated for growth and yield performance under actual growing conditions. 
However, because stressors in the field are diverse, no single rice variety can adapt 
to all conditions. Improvements to varieties must therefore take into account spe-
cific environments, meaning that rice cultivation conditions should be clearly char-
acterized and management techniques enabling the effective expression of 
incorporated genes/QTL should be developed. Thus, we stress the importance of 
continued research on how the interaction between genotype (G), cultivation envi-
ronment (E), and cultivation management (M) affects the expression of target traits. 
The current project thus established the concept of developing tailor-made breeding 
and cultivation technology that considers G × E × M interactions.

3.6  Project Outline and Progress

Nagoya University and Kenya Agricultural and Livestock Research Organization 
(KALRO)-Industrial Crops Research Center (ICRC)-Mwea, in conjunction with 
other Japanese and Kenyan research institutions, initiated an international joint 
research project (“The project on rice research for tailor-made breeding and cultiva-
tion technology development in Kenya”) beginning from May 22, 2013, and pro-
jected to end on May 21, 2018. Specifically, Nagoya University is collaborating 
with Okayama, Shimane, and Yamagata universities, while KALRO-ICRC-Mwea is 
collaborating with the University of Nairobi, Kenyatta University, Jomo Kenyatta 
University of Agriculture and Technology, and the National Irrigation Board of 
Kenya. In Kenya, research is mainly conducted at KALRO-ICRC-Mwea, located in 
the country’s largest rice-producing region (Mwea, Kirinyaga County). Japanese 
researchers and students visit Kenya to conduct either long- or short-term research, 
while participating Japanese universities accept Kenyan researchers as Ph.D. stu-
dents and as trainees in selected programs.

The 5-year project aimed to establish a base for developing rice breeding and 
cultivation technology that would improve rice productivity and yield stability in 
Kenya. The overall project goal is to develop rice varieties acceptable to the Kenyan 
farmers and consumers for improving productivity and yield stability under the 
stress conditions in Kenya and verify the effect of improved cultivation technologies 
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in farmer’s fields. Toward this goal, we have attempted to establish a base for rice 
breeding and cultivation technology development to develop breeding lines carrying 
useful genes/QTL to overcome the major biotic and abiotic stresses in Kenya such 
as drought, elevation-related cold weather, low soil fertility, and rice blast. Moreover, 
we also have attempted to establish cultivation technologies that maximize the 
potential of developed varieties under a target environment in Kenya (Fig. 3.2). To 
this end, the project is undertaking research activities described below.

3.6.1  Development of Systems for Rice Breeding and Trait 
Evaluation

Active rice research in Kenya is fairly recent, leading to insufficient research facili-
ties and systems that required substantial upgrades. Thus, at KALRO-ICRC-Mwea, 
we developed a new system for conducting research aimed at selecting suitable rice 
varieties that could overcome major stresses (e.g., drought, cold, poor soil, rice 
blast) on production in Kenya. Facilities for crossbreeding and raising rice seed-
lings, along with screening fields, were set up. Standard rice varieties were culti-
vated and criteria for evaluating traits of interest were codified. Screening fields 
include low-fertility paddy, low-fertility upland, blast resistance screening, irrigated 
planting bed with four soil types, planting bed for salt-tolerance screening, low-P 
upland, sloped field, paddy and upland fields with two soil types, and a field to test 
long-term manure and fertilizer application (Fig.  3.3). We used these screening 
fields to precisely control target soil conditions while minimizing the effect of other 
confounding variables, creating ideal conditions for phenotyping and examination 

Interaction
analysis

Genotype
G)

Management
Technology

(M)

Environment
(E)

� Breeding lines for Kenya
� Improved cultivation technologies

Verification 
with farmers

Outputs

� Development of systems for rice 
breeding and trait evaluation

� Identification of useful agronomic 
traits and their QTLs

� Development of breeding lines 
carrying useful genes/QTLs

� Development of cultivation 
technology

� Characterization of rice cultivation 
environment and improvement of 
cultivation technologies

Fig. 3.2 Research plan for improving rice productivity in unfavorable environments
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of incorporated gene/QTL expression in the field. The developed screening system 
at KALRO-ICRC-Mwea is rare in sub-Saharan Africa. Thus, it is expected to play a 
key role in generating rice varieties suitable for actual growing conditions in this 
region. The screening fields are also very useful for investigating the physiological 
and developmental responses of rice varieties to various local stressors. Based on 
the results of this collaborative research project, we will develop a manual for rice 
breeding and trait evaluation.

3.6.2  Identification of Useful Agronomic Traits and Their QTL

Using the trait evaluation system described, we identified useful agronomic traits 
in locally available rice varieties. We also conducted experiments in Japan to inves-
tigate physiological and developmental responses of rice varieties to the major abi-
otic stresses of Kenya to identify traits that are closely related to the tolerance to 
such stresses.

First, we compared the cold tolerance of selected upland NERICA varieties with 
Japanese standard varieties using an evaluation system that uses cold water irriga-
tion (Wainaina et al. 2015). We also evaluated over 100 varieties (including upland 
NERICA and locally popular varieties) for cold tolerance under natural low- 
temperature conditions in Kenya. We observed large varietal differences and 
selected standard varieties for cold-tolerance evaluation in Kenya.

Next, we investigated the growth and yield of selected upland NERICA varieties 
under drought stress. The results of these experiments showed that NERICA variet-
ies have different root developmental traits associated with drought avoidance 

Fig. 3.3 Screening fields developed in Kenya Agricultural and Livestock Research Organization 
(KALRO)-Industrial Crops Research Center (ICRC)-Mwea. (a) Planting bed with four soil types 
for drought avoidance screening. (b) Field for testing alternate wetting and drying cultivation. (c) 
Evaluation of cold tolerance at the reproductive stage of rice plant. (d) Planting bed for salt toler-
ance screening. (e) Low-phosphorus upland field. (f) Screening field for blast disease resistance
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(Menge et  al. 2016). Research is underway to identify QTL linked to these root 
traits.

Researchers in Japan are currently investigating the physiological mechanism for 
salt tolerance in rice, whereas Kenyan researchers are screening rice varieties for 
their tolerance to stresses under field conditions (in KALRO-ICRC-Mwea), includ-
ing high-salinity soil, as well as nitrogen and phosphorus-deficient soil.

The project developed screening fields for testing rice blast resistance through 
identifying the season with the highest disease incidence and then manipulating 
field conditions to be more favorable for blast disease infection. We determined the 
virulence of various rice blast pathogens in Mwea using the new international stan-
dard of differential varieties for blast resistance (Tsunematsu et al. 2000; Telebanco- 
Yanoria et al. 2010) and comparing their performance to those of locally available 
rice varieties and cross-bred materials.

We conducted QTL analysis upon identification of desired agronomic traits in 
the tested varieties, which will be used as future breeding materials. We detected 
two additive QTL linked to cold resistance. This was accomplished with progeny 
from a cross between two cold-tolerant japonica varieties, one temperate and the 
other tropical. The effect of the two QTL was confirmed in the natural environmen-
tal conditions at KALRO-ICRC-Mwea. Moreover, using genotyping by sequencing 
(GBS) (Poland et al. 2012; Furuta et al. 2017), we detected cold-tolerance-linked 
QTL in progenies derived from crosses between cold-susceptible Basmati 370 and 
selected cold-tolerant varieties. Next, from a cross between an irrigated lowland 
variety and rainfed lowland variety with root traits related to drought avoidance, we 
detected QTL associated with nodal and lateral root length using approximately 
2400 SNPs. A mutant line of a lowland variety enabled us to identify a locus pro-
moting lateral root development and confirm that its expression enhances water 
uptake, contributing to the maintenance of shoot growth during mild drought. In 
addition, we detected QTL for increasing primary rachis-branch number from an 
upland variety. All identified QTL should prove useful for plant breeding.

We have detected QTL associated with low-fertility adaptability from progenies 
(named potential low-input adaptable, pLIA) derived from a cross between Oryza 
longistaminata and the japonica Taichung 65 and clarified that these QTL are 
derived from O. longistaminata (Gichuhi et al. 2016a). We are further fine-mapping 
some of the important QTL by using near-isogenic lines (NILs) introgressed with 
relevant QTL.

3.6.3  Development of Breeding Lines Carrying Useful 
Genes/ QTL

To develop genetically improved rice varieties and secure stable production in unfa-
vorable environments, we developed suitable breeding lines using next-generation 
sequencing (NGS) in addition to conventional cross breeding and mutation breed-
ing. The newer NGS technology quickly and inexpensively provides genome-wide 
genotype data.
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In the past, the construction of a whole-genome linkage map was extremely labo-
rious but necessary for QTL analysis. The GBS system using NGS (Poland et al. 
2012; Furuta et  al. 2017) tremendously advanced whole-genome genotyping, 
enabling thousands of markers to be detected within a week. Our project adopted 
GBS for QTL analysis and MAS. Simultaneously, we used simple sequence repeat 
(SSR) and insertion/deletion (InDel) markers to check whether candidate breeding 
materials possessed target genes. Due to the low cost of introduction and mainte-
nance, these PCR-electrophoresis-based markers remain very useful for plant 
breeding, especially when handling many plants for a few target genes (“fore-
ground” selection). We are operating both PCR and GBS systems, keeping the for-
mer and being complemented by the latter; this combination increased the efficiency 
of foreground and background selection. In KALRO-ICRC-Mwea, we have estab-
lished a PCR-based marker system. The DNA extracted at the station satisfy the 
quality required for GBS. Therefore, the DNA samples can be sent and analyzed at 
other institutions.

During the transition between SSR and GBS systems, we used SNP microarrays 
and SNP arrays. On Illumina’s BeadXpress platform, we designed a custom SNP 
array for selecting 14 useful genes among 31 varieties (Kurokawa et al. 2016). This 
array enabled a versatile haplotype-selection method that remains reliable across 
many cross combinations. However, although the SNP array system is useful for 
gene pyramiding, the advent of GBS decreased the importance of SNP arrays for 
plant breeding.

Through the employment of genotyping and phenotyping systems for target 
traits, we developed NILs, recombinant inbred lines (RILs), and chromosome seg-
ment substitution lines (CSSLs). These breeding lines can be used to evaluate the 
effects of introduced target genes/QTL to popular local varieties, enabling to inves-
tigate the usefulness of the genes/QTL. Findings from experiments and field screen-
ings can then contribute to the development of new parental lines for Kenya.

Currently, we have successfully used cross breeding to develop NILs with genes 
for increasing spikelet number (Gn1a (Ashikari et al. 2005), WFP/OsSPL16 (Miura 
et al. 2010), APO1 (Ikeda et al. 2007; Terao et al. 2010), and TAWAWA1 (Yoshida 
et al. 2013)) introgressed into popular local varieties such as Basmati, NERICA 1, 
and NERICA 4. Furthermore, we are in the process of developing NILs of stress- 
tolerant backgrounds (e.g., Asu and Silewah for cold and blast resistance, IRAT109 
for drought resistance) possessing introgressed genes of the high-yield and a blast 
resistance gene (pi21, Fukuoka et  al. 2009). In addition, because the genes 
 characterizing Basmati were identified (e.g., aroma for BADH2 gene (Chen et al. 
2008) and slender grain for OsSPL16 gene (Wang et al. 2012)), these genes are also 
being introgressed to the stress-tolerant recipients by means of MAS. Although the 
preliminary data implies that pi21 does not confer apparent improvement of blast 
resistance, these materials are intended for the use in gene pyramiding to improve 
the yield potential. To develop breeding materials adaptable to low soil fertility, O. 
sativa L. lines were introgressed with genes encoding the vigorous biomass produc-
tion ability of O. longistaminata. Specifically, we selected promising low-fertility- 
resistant lines from progenies derived from a cross between O. longistaminata and 
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Taichung 65 (Gichuhi et al. 2016b). We also developed longistaminata chromosome 
segment introduced lines (LCSILs) from a cross between recipient Basmati and the 
O. longistaminata-derived pLIA-1 (Gichuhi et al. 2016c). These LCSILs allow us 
to identify chromosome segments that control biomass production in O. 
longistaminata.

With conventional breeding techniques, we crossed Kenyan local varieties and 
stress-resistant varieties and then accelerated their generations. Through testing, we 
obtained promising results from the lines derived via crossing Basmati 370 and 
blast-resistant varieties in the blast screening field. Candidate cold-tolerant lines 
(Basmati 370 crossed with cold-tolerant varieties) are currently being tested in the 
field, together with MAS for BADH2 and OsSPL16.

The next step in this research involves genotyping all breeding lines for the 
G × E × M analysis. Further, we will perform field evaluations of the lines’ growth 
and yield, evaluating the exact effect of introgressing the selected genes/QTL.

3.6.4  Development of Cultivation Technology

We intend to develop cultivation technologies that ensure the functional expression 
of useful agronomic traits in individual rice varieties. As stated earlier, a targeted 
method is necessary because rice performance in the actual field conditions is deter-
mined by the interaction of genes/QTL with cultivation environments and manage-
ment strategies. To evaluate these effects, we plan to perform cultivation trials on 
the NILs, RILs, and CSSLs that we have developed. These breeding lines allow us 
to quantify the effect of allelic variation at a specific locus while eliminating back-
ground genetic variation. They are thus suitable for analyzing G × E × M interac-
tions, which reveal the conditions for functional expression of target genes/
QTL. These conditions can then be applied to developing cultivation technologies 
that maximize the potential of individual rice varieties. Even prior to the generation 
of NILs, RILs, and CSSLs, we can conduct initial cultivation trials using existing 
rice varieties under controlled and natural environmental conditions in the experi-
mental fields.

To develop appropriate cultivation technologies for high-grain-number lines, we 
are evaluating how their yield is influenced by management practices (e.g., fertiliza-
tion and water management), planting density, and cultivation environment.

The development of cultivation methods for drought-tolerant lines focuses on 
root in, lateral root, and deep root development that are exhibited under drought 
stress. We revealed that NERICA 4 has greater plasticity in deep root development 
while NERICA 1 has greater plasticity in lateral root development. Both qualities 
are beneficial for drought resistance, and varietal differences in root plasticity were 
clearly observable, especially during moderate drought (Menge et al. 2016). Thus, 
we are currently examining the functional expression of NERICA root traits under 
various conditions of soil water deficit, as affected by soil types, topography, and 
cultivation management practices. We are also investigating variation in NERICA 
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yield and dry matter production in low soil moisture conditions, with the aim of 
increasing productivity during drought through improving fertilizer application. 
Finally, we are interested in how moisture-induced soil physical and chemical 
changes influence the growth, yield, and root development of rice varieties (Suralta 
et al., 2016).

In central Kenya, the long rainy season begins in March, and the low-temperature 
period occurs between June and August, lasting a few months. Starting rice cultiva-
tion during this rainy season often ends up with very low grain yield because the 
reproductive stage, which is one of the most sensitive periods to cold, coincides 
with the low-temperature period. To reduce the risk of cold damage, we have pro-
posed a strategy for escaping cold stress through delayed heading time. This pro-
posal involves utilizing rice lines introgressed with a mutated gene for shallow root 
systems, which exhibits delayed heading time under moderate drought stress and 
proper water management practices (Wainaina et al. 2017).

Additionally, we are investigating the underlying causes of poor grain yield in 
central Kenya’s tropical highlands and upgrading fertilization technology to address 
the issue. Another method that can potentially increase grain yield and save water 
involves introducing an aerobic rice cultivation system. The irrigation method of 
alternate wetting and drying may also be suitable for the region, and evaluations of 
its effects on rice growth and yield are underway. In sum, we are considering the 
interaction of multiple water managements with soil types and fertilization methods 
to understand how they all influence the growth and yield of rice varieties. This 
research should allow us to develop appropriate water-saving cultivation techniques 
for rice production in Kenya.

3.6.5  Characterization of Rice Cultivation Environment 
and Improvement of Cultivation Technologies

Even before new varieties are developed, upgrading existing cultivation methods 
can contribute to improving rice productivity. To this end, we conducted field sur-
veys in major Kenyan rice-producing regions to examine rice cultivation environ-
ments (e.g., chemical properties of soil and paddy water) and management practices 
(e.g., fertilization, water management, and land preparation). Furthermore, we iden-
tified the limiting factors of rice production through an analysis of the relationship 
between environmental factors and rice productivity. These results provide us with 
basic data that allows the creation of countermeasures and improved cultivation 
methods. In turn, we should be able to improve rice productivity and ensure sustain-
able rice production even with existing technology.

Soil surveys of the Mwea Irrigation Scheme demonstrated that severe cation 
imbalances have led to K+ deficiency during plant uptake. In response, researchers 
have suggested that soil management practices and farming systems should be 
altered to elevate soil K (Kundu et al. 2016). Correspondingly, Zn fertilization was 
recommended to overcome Zn deficiency in Mwea soil (Kundu et al. 2017). These 
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recommendations should theoretically enhance soil fertility and grain yield. Trials 
in farmers’ fields are being conducted to verify the feasibility and effectiveness of 
the suggested fertilization managements.

Lastly, we are investigating whether existing water-saving cultivation technolo-
gies are applicable to Kenya (especially the Mwea region). These technologies 
should reduce water input without a grain yield penalty. In an effort to reduce water 
leakage from paddy fields, we are also examining how puddling affects the develop-
ment of water impermeable layers.

3.7  Outreach Activities

To raise the visibility of our project and its achievement, we have held periodic 
symposiums and seminars.

On July 12, 2014 (approximately 1  year after project initiation), we held the 
“SATREPS Public Symposium – Progression and Perspective of Rice Research in 
Africa” at the Noyori Conference Hall, Nagoya University, Nagoya, Japan. After 
introducing the status of rice production and research progress in sub-Saharan 
African countries such as Kenya, Tanzania, and Senegal, we presented the outline of 
SATREPS and its state of implementation. We then described our aim to generate 
new rice-science paradigms through conducting international collaborative research. 
We clarified the application of research in Asia to improve rice production under the 
varied biotic and abiotic stressors in sub-Saharan Africa.

On December 6, 2016, we organized a 2-day international symposium entitled 
“Tailor-made rice breeding and cultivation technology development for sub- Saharan 
Africa – Progress and future prospects of the SATREPS project in Kenya” at the 
Conference Hall of KALRO headquarters in Nairobi, Kenya. Over 100 participants 
from 14 countries attended the first day of the symposium. We shared updates on the 
development of the SATREPS project. In addition, participants from different coun-
tries reported the status of rice research and promotion activities. We also held a 
panel discussion where we discussed the development of an international network 
for variety improvement and cultivation technology customized to the sub-Saharan 
African environment. This initiative would build upon the rice research established 
in KALRO-ICRC-Mwea. A day after the symposium, participants made a field trip 
to observe SATREPS implementation at KALRO-ICRC-Mwea and the extensive 
irrigated paddy fields in the region.

3.8  Capacity Building

The relative newness of rice studies in Kenya means that there is a pressing need for 
enhancing rice-related research capacity. Therefore, a major project goal is to foster 
young researchers and improve the research environment in Kenya, particularly 
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through establishing a rice research base. In Japan, we accept Kenyan Ph.D. or MSc 
students. Graduates from these study programs are expected to apply their skills 
toward developing rice research in Kenya. The project team based in KALRO- 
ICRC- Mwea also accepts graduate students of local collaborating Kenyan universi-
ties. To upgrade the research capacity of their Kenyan counterparts, Japanese 
researchers are expected to transfer their knowledge, skills, ethics, and attitude 
through the collaboration (Fig. 3.4). Additionally, Japanese graduate students travel 
to participate in the Kenyan side of the project, gaining the valuable experience of 
conducting research abroad in a different culture.

3.9  Challenges and Future Prospects

Through our 5-year project, we have established a base for developing rice breeding 
and cultivation technology in KALRO-ICRC-Mwea. At this research base, we are 
developing high-quality, unique evaluation systems for rice tolerance against the 
common stressors of drought, low temperature, high salinity, low fertility, and rice 
blast disease; these systems enable phenotyping under field conditions. Using MAS, 
we shall further improve the rice breeding system at our facility. Indeed, several 
promising rice lines carrying suitable genes/QTL have already been developed with 
molecular breeding techniques. Furthermore, we are testing novel cultivation tech-
nologies that maximize the potential of genetically modified rice varieties. 
Subsequently, we will implement breeding strategies developed during the project 
and continue generating highly productive, stable-yield, stress-resistant rice variet-
ies appropriate for Kenyan farmers and consumers. These varieties will all be 
assayed in actual farmer’s fields. Eventually, superior varieties and customized cul-
tivation technology will be disseminated to the farmers, in collaboration with enti-
ties specialized in agricultural extension, seed production, marketing, and other 
relevant industries. Of course, an effective partnership with farmer groups will be 
essential.

The breeding system (including trait evaluation methods and breeding materials) 
established in KALRO-ICRC-Mwea can contribute to the improvement of rice pro-
ductivity in other sub-Saharan African countries as well. Thus, the KALRO-ICRC- 

Fig. 3.4 Japanese and Kenyan researchers working together in the field and laboratory
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Mwea research base has the potential to be a hub for rice breeding and the 
development of cultivation technologies in sub-Saharan Africa. Following discus-
sions during the symposium in Nairobi in December 2016, we proposed to collabo-
rate with international research organizations such as International Rice Research 
Institute (IRRI) and Africa Rice Centre (AfricaRice), both with existing presence in 
sub-Saharan Africa. The aim of this collaboration is to develop an international 
network for generating customized rice varieties and cultivation technology for the 
region (Fig. 3.5). We further proposed to integrate our KALRO-ICRC-Mwea base 
with existing of IRRI and AfricaRice networks, furthering our aim to function as a 
hub for the region. This cooperative framework will enable us to gather and share 
information about each country’s specialized needs, resulting in improved develop-
ment of suitable varieties that can be evaluated in different environmental condi-
tions, before finally being distributed to individual nations.

Based on an agreement reached at the Sixth Tokyo International Conference on 
African Development (TICAD-VI) in Nairobi, Kenya, in August 2017, Japan com-
mitted itself to keep supporting rice promotion in sub-Saharan Africa. We will per-
sist in our efforts to establish international networking as a framework for conducting 
relevant, wide-ranging rice research. Moreover, we will continue to develop human 
resources capable of promoting such research.

• Breeding facility
• Trait evaluation system 
• Excellent research facilities
• Promising breeding lines

Platform for Rice Research Collaboration

Nagoya Univ.ICCAE
&

KALRO Mwea

East  & Southern Africa 
Rice Breeding Network

u Fostering young researchers 

u Seminars/ symposia

u Exchange of Researchers

u Collaborative research

Africa Wide Breeding 
Taskforce

Kenya national 
network 

Africa Rice

IRRI

Fig. 3.5 Conceptual diagram of an international collaborative network for the development of 
customized rice varieties and cultivation technologies for sub-Saharan Africa. KALRO, Kenya 
Agricultural and Livestock Research Organization; IRRI, International Rice Research Institute; 
AfricaRice, Africa Rice Centre
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Chapter 4
Development of Flood- and Drought- 
Adaptive Cropping Systems in Namibia

Morio Iijima, Simon K. Awala, Pamwenafye I. Nanhapo, Anton Wanga, 
and Osmund D. Mwandemele

In recent years, serious drought and flooding become more frequent than before, 
affecting semi-arid regions of Sub-Saharan Africa due to the climate change. The 
research project was conducted to develop a “flood- and drought-adaptive cropping 
system” which can preserve water resources and cope with the yearly fluctuation of 
flood and drought in a semi-arid densely populated region of north-central Namibia. 
The crop science team proposed six cultivation techniques adapted to both flood and 
drought environments. Hydrology team explored that origin of surface and subsur-
face water was from local rainfall that was pooled temporary on the surface of small 
wetland formed in a farm field. The wetland can be easily affected by direct evapora-
tion; however, rice cropping has no significant effect on the water environment of 
these wetlands. Shallow groundwater could be protected from drought weather con-
ditions, and the recharge rate to the shallow groundwater could be enough only from 
the local rainfall in spite of recent drought weather conditions. The development 
studies team established seven methods for understanding the changing attitudes and 
perceptions of farmers and the socioeconomic impact on farmers through the intro-
duction of the rice-pearl millet mixed cropping system. By using these methods, we 
found four aspects of socioeconomic impact and examined the socioeconomic sus-
tainability of mixed cropping from four perspectives (incentive, independence, 
accessibility, and systematization). In this article, the results of the crop science team 
and the possible list of the cultivation techniques are described in detail.
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4.1  Background of the Project

Harmonization between development and environmental conservation is one of the 
universal issues in the twenty-first century, especially for the semi-arid regions in 
Africa, where developmental activities are being carried out without proper consid-
erations for the environment. Furthermore, periodic serious droughts and flooding 
caused by heavy rains become frequent, affecting semi-arid regions of Sub-Saharan 
Africa in recent years (Suzuki et al. 2013, 2014). For example, millions of people 
suffered and experienced shortage of food due to heavy rains during the 2007/2008, 
2008/2009, and 2010/2011 rainy seasons and severe droughts in 2012/2013 and 
2015/2016. It is a new challenge resulting from the change of global environment 
for people to cope with such contrasting water conditions. In north-central Namibia 
(Fig. 4.1), farmers grow pearl millet (Pennisetum glaucum) and rear livestock. The 
average annual precipitation in the area is about 400 mm, but floodwater from the 
Angolan plateau creates a vast seasonal wetland of about 800,000 ha during the 
rainy season. The amount of floodwater has been fluctuating considerably in the last 
10 years, which causes serious flood or drought in the area (Fig. 4.2). Currently, the 
water resource of the seasonal wetland is not utilized for cropping but mainly for 
grazing. There is a risk of disrupting the vulnerable water environment if irrelevant 
large-scale development plans are targeted to the area. Therefore, the Government 
of Namibia has requested the technical cooperation project under the framework of 
Science and Technology Cooperation Program. The research project aims to develop 
a “flood- and drought-adaptive cropping system” which can preserve water resources 
and cope with the yearly fluctuation of flood and drought.

4.2  Project Purpose

Overall the goal of the research project was designed as follows: (1) “Flood- and 
drought-adaptive cropping system” is disseminated in north-central Namibia to 
contribute to the food security and cash income of local farmers. (2) “Flood- and 
drought-adaptive cropping system” is considered in the northeastern area of Namibia 
of high rainfall as well as in neighboring countries. The specific purpose which 
should be achieved within the project period was as follows: “Flood- and drought- 
adaptive cropping system” was proposed that can sustainably preserve the water 
environment of semi-arid region. The cropping system has been developed through 
trials in the fields of crop science, development studies, and hydrology (Fig. 4.3). 
Crop science team tried to develop the new concept of the mixed cropping which 
can cope with both the extreme conditions of water environment “flood and 
drought.” Development study team surveys farmers’ perceptions on the new crop-
ping system and then suggests the sustainable usage of the system. Hydrology team 
discusses the possible cropping area which can preserve the water environment of 
the seasonal wetland region by the water budget analysis. The ongoing results of the 
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development study and hydrology teams always provide feedbacks to the crop sci-
ence team to modify the cropping system in terms of sustainability of both social 
and water environments. The collaboration of far science fields of agriculture, soci-
ology, and natural sciences will create the new cropping system that can contribute 
to adaptation to climate change.

4.3  Summary of the Results

Five-year efforts of the three teams are as follows: The crop science team proposed 
six cultivation techniques adapted to flood and drought. They are (1) rice-based 
mixed cropping in the water fluctuation zone, (2) ridge and furrow mixed cropping, 

CityMain Road
Ogongo campus, University of Namibia

Seasonal river

0 50km

N

Fig. 4.1 Location of project site to establish flood- and drought-adaptive mixed cropping system 
to conserve water environments in semi-arid regions. Seasonal wetland is formed in north-central 
Namibia, within densely populated semi-arid region. The project focuses on an inland basin in 
north-central Namibia, which has semi−arid environment. The annual precipitation varies from 
91.4 to 822.2 mm. This area has the highest population density because of the seasonal wetland 
system, which is called Cuvelai Seasonal Wetland System, and the region is endowed with natural 
resources. The soil in this region is relatively poor in nutrients and in some cases commonly saline 
and sodic
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(3) close mixed plant system, (4) sequential planting after the rain, (5) cultivar 
selection (flood-tolerant cultivars of upland crops or short-duration and flood- 
resistant rice), and (6) sustaining soil fertility. Hydrology team explored that origin 
of surface and subsurface water (shallow groundwater) was from local rainfall that 
was pooled temporary on the surface of small wetland formed in a farm field. The 
wetland can be easily affected by direct evaporation; however, rice cropping has no 
significant effect on the water environment of these wetlands. Shallow groundwater 
could be protected from drought weather conditions, and the recharge rate to the 
shallow groundwater in the CSSWs could be enough only from the local rainfall in 
spite of recent drought weather conditions. However, if shallow groundwater was 
pumped up intensively in order to expand the area of the mixed cropping system in 
small wetland, we are not sure whether the water environment in the region will 

Fig. 4.2 Fluctuation of floodwater in a seasonal river. Flooding and drought conditions of a salt- 
affected seasonal river in the University of Namibia, Ogongo Campus, during March to the mid- 
rainy season of different years. The 2006, 2008, 2009, and 2011 were flood years; the water level 
used to rise by 10 cm/day and finally reached around 1 m high above the soil surface in a model 
rice field. The floodwaters persisted for nearly a month. Rice in the model field, in 2009, was com-
pletely killed by this flooding. In contrast, in 2013, the area was stricken by the severe drought as 
flooding never occurred in the seasonal rivers. In 2014–2016, the situation was similar to that of 
2013, severe droughts were experienced. Because of these fluctuations in floodwater arrival and 
quantities in the seasonal rivers, rice production in these water bodies is highly unstable and there-
fore not recommendable (Reprinted from Iijima et  al. (2016a, b), Guidelines for Flood- and 
Drought- Adaptive Mixed Cropping System to Conserve Water Environments in Semi-arid 
Regions, JST/JICA SATREPS Project, pp. 4)
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remain steady in the future or not. Therefore, it is highly recommended that shallow 
groundwater should not be pumped up intensively in order to conserve surface and 
subsurface water resources, both of which are important water resources in the wet-
land. The development study team established seven methods for understanding the 
changing attitudes and perceptions of farmers and the socioeconomic impact on 
farmers through the introduction of the rice-pearl millet mixed cropping system. By 
using these methods, we found four aspects of socioeconomic impact and examined 
the socioeconomic sustainability of mixed cropping from four perspectives (incen-
tive, independence, accessibility, and systematization).

4.4  Results of Crop Science Team

In this article, the results of the crop science team and the possible list of the cultiva-
tion techniques are described in detail. Before the commencement of the SATREPS 
project, the authors tried to introduce rice cropping to the seasonal wetland region 
and in the Zambezi River floodplain at the Kalimbeza rice project. Local annual 
rainfall data showed that during the 2007/2008, 2008/2009, and 2010/2011 rainy 
seasons, the region received higher local rainfalls (800–900 mm) than in the earlier 
years as well as heavy floods from Angola, causing extensive damage to the area 

Crop Science

Development 
Study

Hydrology

Fig. 4.3 Conceptual scheme of interdisciplinary organizational structure to harmonize develop-
ment and conservation. In this project, the study from three aspects was conducted in order to 
propose the flood- and drought-adaptive mixed cropping system (Reprinted from Iijima et  al. 
(2016a, b), Guidelines for Flood- and Drought- Adaptive Mixed Cropping System to Conserve 
Water Environments in Semi-arid Regions, JST/JICA SATREPS Project, pp. 6)
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(Fig. 4.2). In contrast to the floods, in the rainy season of 2012/2013, the wetland 
region was stricken by the most severe drought as local rainfall was extremely low 
(150 mm), and no floodwater was received from Angola. These contrasting environ-
mental phenomena of floods and droughts had negatively impacted on the produc-
tion of local dryland crops.

4.4.1  Rice Introduction to Northern Namibia

Previous attempts to introduce rice cultivation to Northern Namibia started nearly 
four decades ago with the first rice trials that were conducted in small wetland at the 
Omahenene Research Station situated in the western edge of the seasonal wetland 
between 1972 and 1974. However, no subsequent efforts were made to popularize 
production. Moreover, in the late 1980s, rice experts from the Philippines were 
recruited to carry out commercial rice production at the Kalimbeza rice project in 
the Zambezi Region, northeastern Namibia; however, this work was later termi-
nated. Between year 1996 and 1998, the Ministry of Agriculture, Water and Forestry 
(MAWF), Namibia, hired a consultant to conduct rice trials in the wetland and small 
wetlands, but this study failed; hence it yielded no scientific data. This study was 
associated with a rural development project in which extension officers distributed 
rice seeds from Zimbabwe to local farmers during the same period. However, no 
technical support was given to the farmers; thus this attempt at rice cultivation also 
failed.

It is evident that all initial rice introduction efforts by the ministry (MAWF) were 
inconclusive; therefore, it was not proven that rice could be cultivated successfully 
in Northern Namibian environment. Since then, there were no rice cultivation activ-
ities in Namibia until recently, when a joint rice project between the University of 
Namibia (UNAM) and Nagoya University, Japan, yielded scientific information that 
rice could be sustainably cultivated in Northern Namibia and in the Zambezi flood-
plains. The collaboration started in December 2002 when the first author of this 
chapter (formerly at Nagoya Univ.) and the late Prof. Luke Kanyomeka of UNAM, 
Ogongo Campus in Northern Namibia, and the last author (UNAM) decided to 
reinitiate rice research work in Northern Namibia in order to introduce rice to the 
seasonal wetland in this region (Fig. 4.4). At that time, they requested JICA to 
 initiate a follow-up program on the former capacity development program entitled 
“Rice Introduction Theory,” which was a training program for Namibian research-
ers to study at Japanese universities and also to conduct rice field days in Namibia, 
which started from 2004 and ended in 2010.

In addition to the JICA follow-up program, a 4-year basic scientific research 
project entitled “Introduction of rice by the use of flood water in the pearl millet 
growing region,” which was funded by the Japanese Society of Promotion of 
Science (JSPS), was initiated from April 2004. This project constructed rice cultivar 
selection fields at both Ogongo Campus and Kalimbeza rice project (Fig. 4.5) and 
started the basic research work from 2005 to 2006 rainy season. In the initial pro-
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duction study, 130 rice genotypes imported from Nagoya, Japan, and West Africa 
were included. The genotypes from the three cultivated species, Oryza glaberrima 
Steud. (African rice), Oryza sativa L. (Asian rice), and their interspecific progenies 
(New Rice for Africa), were assessed for growth and grain yields in a small wetland 
at the Ogongo Campus and at the Kalimbeza rice project during the 2005/2006, 
2006/2007, and 2007/2008 rainy seasons. The overall results suggested that rice 
yields were higher under the small wetland than the floodplain conditions (Awala 
et al. 2008). For the demonstration and/or extension purpose, four locations of the 
seasonal wetlands were selected, and rice was planted in farmer’s fields since 
2005/2006 season to assess the production potential under farm conditions.

As stated earlier, the water environment in the seasonal wetland fluctuates sig-
nificantly, resulting in frequent occurrence of flood or drought conditions that affect 
the productivity of locally grown staple cereals (pearl millet and sorghum). Then, 
finally we found that mixed cropping is necessary to be introduced in the region to 
overcome the water fluctuation (Fig. 4.6). We can fully utilize the small-scale sea-
sonal wetland within the farm field once the mixed cropping concept is introduced. 

Fig. 4.4 Rice introduction effort to seasonal wetland. An aerial view of a seasonal wetland. Nearly 
one third of the area is covered by seasonal floodwater. Rice can be grown in the wetland together 
with upland drought-adaptive crops (Reprinted from Iijima et al. (2016a, b), Guidelines for Flood- 
and Drought- Adaptive Mixed Cropping System to Conserve Water Environments in Semi-arid 
Regions, JST/JICA SATREPS Project, pp. 3)
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Fig. 4.5 Cultivar selection trials in Northern Namibia. In the initial production study, 130 rice 
genotypes from the three cultivated species, Oryza glaberrima Steud. (African rice), Oryza sativa 
L. (Asian rice), and their interspecific progenies (NERICA or New Rice for Africa), were assessed 
for growth and grain yields in an Oshana at the Ogongo Campus (a) and Zambezi River floodplain 
at the Kalimbeza rice project (b) in Zambezi region during the 2005/2006, 2006/2007, and 
2007/2008 rainy seasons. (Photo (a) and (b) by M. Iijima) Rice & Mahangu SATREPS Project 
2012–2017
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Mixed cropping in the water fluctuation zone is the major concept of flood- and 
drought-adaptive system to fully utilize the water environment in the seasonal wet-
lands. As shown in Fig. 4.6, most of the pearl millet farms have a lowland area, 
where a small-scale seasonal wetland is formed, and an upper dryland region, where 
upland crops are cultivated. If farmers can cultivate the wetland portion of their 
fields for rice cultivation, successful and sustainable rice production can easily be 
achieved in this area. The Namibian SATREPS project was then designed to intro-
duce the new cropping system which can stand for both flood and drought environ-
ments and conduced from February 2012 to February 2017.

Fig. 4.6 How to utilize the small-scale seasonal wetland within the farm. Utilization of small- 
scale seasonal wetlands formed within farm fields. Red and blue lines indicate pearl millet and rice 
planting zones, respectively. Mixed cropping can be introduced to the water fluctuation zone. Most 
of the pearl millet farms have a lowland where a small-scale seasonal wetland is formed and an 
upper dry region where upland crops are cultivated. If the farmers can cultivate the wetland portion 
of their fields, rice cropping can easily be introduced to this area. Mixed cropping in the water 
fluctuation zone is the major concept of flood- and drought-adaptive system to fully utilize the 
water environment in the seasonal wetlands (Reprinted from Iijima et al. (2016a, b), Guidelines for 
Flood- and Drought- Adaptive Mixed Cropping System to Conserve Water Environments in Semi- 
arid Regions, JST/JICA SATREPS Project, pp. 5)
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4.4.2  Rice-Based Mixed Cropping in the Water Fluctuation 
Zone

Firstly, the mixed cropping system along the natural slope of the farm field, from 
wetland to dry upland, was designed (Figs. 4.6 and 4.7). The project proposed a 
rice-based mixed cropping system model which recognizes the common land fea-
tures of crop fields in the area. Most local crop fields in this area are characterized 
by three distinct regions in terms of slope, the upper (upland) region, the lower 
(lowland) region, and the transitional region, which lies between the other two 
regions. The transitional region is characterized by fluctuating water or soil mois-
ture levels during the rainy season. The upland region lies above the seasonal wet-
land system; hence it is usually not flooded under normal circumstances. Pearl 
millet grows well on the upland region which is well-aerated, while rice grows well 
in the wet lowland region. During normal year, both crops will grow well in the 
transitional region. In flooding years, the lowland and the transitional regions are 
flooded, and the water level is high. Only rice can grow well in these flooded regions. 
Pearl millet which is sensitive to flooding will be killed by the flooding in the tran-
sitional region. Therefore, both the lowland and transition regions are parts of the 
wetland system and are hence prone to flooding, making them unsuitable for upland 
crop cultivation. In drought years, wetland water level is low. Rice grows well in the 
area of remained water in the lowland portion, while pearl millet grows well in the 
transitional region. However, pearl millet is killed by drought on upland. The rice- 
based mixed cropping can be introduced in the transitional region to promote the 
survival and production of pearl millet during both flood and drought years. The 
cropping system also allows the utilization of the seasonal wetland for rice 
cultivation.

Food security in semi-arid regions such as north-central Namibia could be 
improved through crop diversification and the efficient utilization of local natural 
resources. The floodwater could be utilized more effectively for cropping to ensure 
food security. Moreover, water resource conservation is also important because of 
the irregular severe droughts which often strike the area. For example, as was stated 
earlier, the case of recent dry rainy seasons which had caused food deficit in the 
area. Long-term rainfall information by Mendelsohn et  al. (2009) shows that in 
every decade, drought strikes the area. The frequency and duration of drought or 
flood events are important for food production and food security (Porter 2005). In 
years of severe flooding or drought, the subsistence farming communities generally 
suffer food deficit, as they have no other options to secure crops. They, therefore, 
rely on government for food handouts.

Although the transition region is part of the lowland thus considered as unsuit-
able for upland crop cultivation, generally from the waterlogged center of a wetland 
toward the dry uplands, there is a moisture gradient with more favorable moisture 
conditions for crop production. In the semi-arid Sahelian environment, which is 
almost identical to that of north-central Namibia, the yield of pearl millet increased 
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when the crop was planted toward the lower, wetter slopes (Rockström and de Rouw 
1997). In Namibia, the water accumulated in the lower parts of the slope also con-
tributed to the yield gradients of mixed planted pearl millet and cowpea (Zegada- 
Lizarazu et al. 2007). By diversifying the crops and appropriately matching them 
with the field microclimates, the new cropping system could provide insurance 
against total crop failure caused by irregular flooding or drought and increase total 
productivity per unit land area.

Pearl millet can survive!

Mixed Cropping Zonal Cropping
(Present System)

Lower!

Rice can survive!

Rice

Water level

Pearl millet

Higher!

Drought Year

Normal Year

Flood Year

Fig. 4.7 Proposed cultivation technique no. 1: mixed cropping in the water fluctuation zone. 
Schematic diagram of mixed cropping of rice and pearl millet along the water fluctuating slope in 
normal (upper), flood (middle), and drought (lower) years. The figure shows the difference between 
mixed (left) and zonal (right) cropping (Reprinted from Iijima et al. (2016a, b), Guidelines for 
Flood- and Drought- Adaptive Mixed Cropping System to Conserve Water Environments in Semi- 
arid Regions, JST/JICA SATREPS Project, pp. 26)
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4.4.3  Ridge and Furrow Mixed Cropping

Each farm field presents a different ecosystem in terms of water accessibility; there-
fore, cropping techniques should be adapted to individual farm water environment. 
Ridge and furrow is a small-scale water harvesting and water conservation tech-
nique designed to trap rainwater or water runoff in dry regions and to provide drain-
age to upland crops in wetter regions. Ridges are constructed by using a tractor 
drawn drive-type disk plow—plowing about 120  cm apart and 40–50  cm high. 
Rainwater drains faster from the ridge and the runoff collects in the furrow. This 
creates a dry and wet environment on the ridge and furrow, respectively (Fig. 4.8), 
making the ridges suitable for upland-adapted crops and the furrows suitable for 
wetland-adapted crops. Therefore, upland-adapted crop species such as pearl millet 
are direct seeded on the ridges, and rice is transplanted into the furrows.

Furthermore, in drought years when water is limited, pearl millet is direct seeded 
on ridges first, and then rice seedlings are transplanted after sufficient water accu-

Fig. 4.8 Proposed cultivation technique no. 2: ridge and furrow mixed cropping. Small-scale 
water harvesting by the ridge and furrow mixed cropping. Pearl millet should be grown on high 
ridges which can quickly become dry after the recession of floodwaters. Rice should be grown in 
furrows which can harvest water from the ridges. The important point is how the two species are 
mixed in the water fluctuation zone. Pearl millet is more adapted to the drier region of the field and 
thus should grow well on high ridges, which would quickly become dry after the floodwater reces-
sion. In contrast, rice is adapted to the wetter portion of the field and thus should grow well in 
furrows which can harvest water from the ridges, and this is especially important when water is 
limited (Reprinted from Iijima et  al. (2016a, b), Guidelines for Flood- and Drought- Adaptive 
Mixed Cropping System to Conserve Water Environments in Semi-arid Regions, JST/JICA 
SATREPS Project, pp. 27)
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mulates in the furrows (Fig. 4.9). In seasons with high rainfalls, ridges may be sub-
merged; in this regard, rice is transplanted to the furrow first, and then pearl millet 
is later direct seeded on the ridges when water drains away (Fig. 4.10). During nor-
mal season and light flooding year, both rice and drought-adapted crops can grow 
well together; thus a farmer can harvest both crops (Fig. 4.11). In severe flood year, 
rice can grow well to maturity, and farmers can harvest rice, while pearl millet may 
be killed by flooding (Fig. 4.12). This mixed cropping technique on ridges and fur-
rows can contribute to improved crop production in semi-arid regions by optimizing 
the use of surface water resource and mitigating the effects of temporal shortage of 
rain in the semi-arid region.

Wait for more rain

Direct plant pearl millet on ridge

Transplant rice between ridges

Rice

Pearl 
millet/Sorghum 

Pearl millet/ Sorghum 
seeds

Fig. 4.9 Ridges and furrow mixed cropping planting in drought years. Drought-adapted cereals 
are planted directly on the ridges. Drought-adapted crops will utilize the limited water in the soil 
to germinate and grow. After successive rains and sufficient water have accumulated in the furrow, 
rice seedlings are then transplanted in the furrows (Reprinted from Iijima et  al. (2016a, b), 
Guidelines for Flood- and Drought- Adaptive Mixed Cropping System to Conserve Water 
Environments in Semi-arid Regions, JST/JICA SATREPS Project, pp. 28)
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4.4.4  The Close Mixed Planting Technique: New Concept 
of the Mixed Cropping

Mixed cropping of rice and pearl millet along the slope or separated in ridge/furrow, 
either rice or pearl millet will survive in the water fluctuation zone under different 
water environments—flood, non-stressed moisture, or drought conditions. In terms 
of farm economy, all crop should be harvested. Normally, farmers are eager to 
obtain at least some yields from their seeding operation. In case of seasonal wetland 
formed in north-central semi-arid environment, local farmers used to grow only the 
dryland crops (pearl millet or sorghum) in their fields. Some of the pearl millet 
plants may survive drought and produce yields even in drought years, but in flood or 
high rainfall years, plants in the water fluctuation zone are killed by flooding due to 
their susceptibility to flooding (Zegada-Lizarazu and Iijima 2005). Moreover, 

Wait for water level to reduce

Transplant rice between ridges

Direct plant pearl millet on ridge

Rice

Rice

Pearl millet/Sorghum 
seeds

Fig. 4.10 Ridges and furrow mixed cropping planting in seasons with high rainfall. Rice seedlings 
are transplanted in standing water in the furrows and will utilize standing water in the furrow to 
establish and grow. After water level subsided, drought-adapted crop is then direct seeded on 
ridges (Reprinted from Iijima et  al. (2016a, b), Guidelines for Flood- and Drought- Adaptive 
Mixed Cropping System to Conserve Water Environments in Semi-arid Regions, JST/JICA 
SATREPS Project, pp. 29)
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introducing rice sole cropping in the water fluctuation zone also means farmers 
could only obtain yield in years with flooding or moderate soil water condition since 
rice is adapted to flooding, but the crop would fail in drought years. Rice adaptation 
to flooded, anoxic soils is ascribed to the fact that its roots possess an efficient inter-
nal aeration system and release O2 into the aqueous rhizosphere by radial O2 loss, 
thereby aerating the root environment and hence sustaining their growth. However, 
neither sole cropping of drought-resistant pearl millet nor sole cropping of flooding- 
adapted rice would stabilize the yields in the water fluctuation zone of the field.

The project conducted several preliminary trials to overcome the above situation 
of extreme flooding and drought. Finally, the close mixed planting technique was 
developed (Figs. 4.13, 4.14, 4.15,4.16, and 4.17). The seedlings shown in Fig. 4.13 
are the pearl millet and rice mixed seedlings grown together to enhance the inter-
twining of the roots of the two species. The photosynthetic rate and transpiration 
rate of pearl millet and sorghum were improved by the close mixed seedling tech-
nique (Iijima et al. 2016a, b). The reason for the enhanced physiological activities is 
most probably due to the oxygen supply from rice roots. The phenomenon was 
further investigated by following changes in the O2 concentration in an open-water 
system. The dissolved O2 concentration (Fig. 4.14) of the mixed seedling treatment 
was never depleted during the 16-h-long experiment, but in the case of the pearl 
millet single treatment, all the O2 was scavenged from the water in about 5 h.

The phenomenon observed in water culture should be tested under a real field 
conditions. The effects of the close mix planting of pearl millet and sorghum with 

Fig. 4.11 Ridge and furrow mixed cropping in a volunteer farmer’s field. Sorghum was planted on 
ridges and rice between the ridges (Reprinted from Iijima et al. (2016a, b), Guidelines for Flood- 
and Drought- Adaptive Mixed Cropping System to Conserve Water Environments in Semi-arid 
Regions, JST/JICA SATREPS Project, pp. 15)
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rice on their survival, growth, and grain yields were evaluated under the modeled 
farm field flooding (see Awala et al. 2016). The close mixed seedlings increased 
survival rates in both pearl millet (e.g., Fig. 4.15; the picture was taken in a demon-
stration farmer’s field) and sorghum. Further, in both the single-stand and mixed 
plant treatments as compared with the yields of the non-flooded upland fields, the 
yields were mostly higher in the close mixed plants than in the single-stand plants 
under flood conditions. In contrast, the yields of rice were increased by flooding. 
Furthermore, under flood conditions, the LER values for both pearl millet-rice and 
sorghum-rice mixtures were  >  1.0, indicating a mixed planting advantage over 
single- stand planting. Conclusively, the close mixed seedlings of pearl millet and 
rice or sorghum and rice mitigated the effects of flooding on the dryland crops.

4.4.5  Sequential Planting After Late Rainfall

In severe drought years, rice cropping seemed to be impossible because the crop 
requires more water than pearl millet. However, in such years some small, deep 
wetlands that retain water for extended periods after the cessation of the rainy sea-
son can be used for rice cropping. Such rainfall usually results in flooding of some 

Fig. 4.12 Rice planted between ridges survived to maturity during flood year in a demonstration 
farmers’ field. However, pearl millet on ridges did not grow well due to the flooding effect 
(Reprinted from Iijima et  al. (2016a, b), Guidelines for Flood- and Drought- Adaptive Mixed 
Cropping System to Conserve Water Environments in Semi-arid Regions, JST/JICA SATREPS 
Project, pp. 16)
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wetlands, and in case of heavy rainfall, the water level could reach about 1 m depth. 
A trial is being carried out to overcome the problem of crop failure due to the severe 
drought by transplanting rice into deep wetland during early March (mid-rainy sea-
son in Namibia, normally flowering or heading season) to utilize late rainfall water. 
This late planting or transplanting is actually delayed by more than a month relative 
to the normal planting season in a normal year and is therefore considered as 
sequential planting. The trials of this cropping technique had yielded positive 
results; therefore, this technique of transplanting late may be considered as one of 
the drought-adaptive cultivation techniques in the near future.

In fact, severe droughts struck north-central Namibia during the consecutive 
cropping seasons of 2012/2013 (Mendelsohn et al. 2013), 2013/2014, 2014/2015, 
and 2016/2017. Rainfall was very low, and no floodwaters were received in the local 
wetlands from Angolan higher lands. In some farms, even pearl millet was com-
pletely killed by the drought. Nevertheless, even in such severe drought years, some 
of the deep wetland could still store rainwater, which was generally used for live-
stock (cattle, donkeys, and goats) drinking despite its potential utilization for rice 
cultivation to improve local food security.

Tangled roots (root mat)

Growing medium

Plastic dish

Cell tray

Seedlings

Plastic holder

Water

Fig. 4.13 Schematic diagram of the mixed seedling system to enhance the intertwining of the 
roots of the two species. Pre-germinated seeds of pearl millet or sorghum were relay-planted into 
the same cell compartments containing the rice seedlings at 1 week after the rice seeds were sown. 
The seedlings were then grown further under hydroponic nutrient culture to form entangled root 
mats (Reprinted from Iijima et al. (2016a, b), Journal of Plant Physiology, 192: 21–25, Fig. 1)
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4.4.6  Cultivar Selection

The selection of flood-tolerant cultivars of upland crops such as pearl millet and 
cowpea is necessary to mitigate dryland crop losses due to floods. Therefore, in 
2015, a total of 312 lines of cowpea were introduced to Namibia from IITA, Nigeria, 
and are being tested for flood tolerance under field conditions at the University of 
Namibia (UNAM), Ogongo Campus. Similarly, early-maturing rice cultivars to 
escape from drought are necessary for successful rice cultivation in the flooding- 
affected semi-arid regions. Thus a total of nine short-duration (mature within 100–
110  days) rice cultivars were acquired from IRRI (International Rice Research 
Institute) at the beginning of 2016 and are being evaluated under in the field at the 
Ogongo Campus to select the best cultivars for cultivation by local farmers.
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Fig. 4.14 Dissolved O2 concentration in an open-water system as influenced by mixed seedling 
growth. A 4-week-old pearl millet and 5-week-old rice seedlings were transferred into the plastic 
pots filled with 800 mL of distilled water. The dissolved O2 concentration in the water was mea-
sured continuously for 16 h, during the dark phase from 0 to 10 h and subsequent light phase. 
Black and white bars at the top indicate periods of dark and light, respectively. Error bars indicate 
standard error of the means (Reprinted from Iijima et al. (2016a, b), Journal of Plant Physiology, 
192: 21–25, Fig. 3)
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Fig. 4.15 Close mixed seedling technique in a farmers’ field. Rice has a potential to enhance 
flooding stress tolerance of flood intolerant pearl millet under flood environment, by releasing 
oxygen into the rhizosphere through the process commonly known as radial oxygen loss (ROL). 
Pearl millet may have utilized the oxygen released from rice to mature under stagnant water condi-
tions (Reprinted from Iijima et al. (2016a, b), Guidelines for Flood- and Drought- Adaptive Mixed 
Cropping System to Conserve Water Environments in Semi-arid Regions, JST/JICA SATREPS 
Project, pp. 31)

(water level) Drought

(b) Flood

Flood
Normal

(a) Normal

Water fluctuation zone

Pearl
Millet

Rice

Mixed Seedlings

Fig. 4.16 Possible use of the pearl millet (or sorghum) and rice mixed seedling system, in flood- 
affected, rain-fed fields of smallholder farmers in semi-arid regions. This mixed cropping model 
could provide countermeasures to secure grain production under extreme weather conditions. 
(Reprinted from Awala et al. (2016), European Journal of Agronomy, 80:105–112, Fig. 6)
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4.4.7  Sustaining Soil Fertility

Flooding-resistant lines of leguminous crops such as cowpea should be introduced 
to the water fluctuation zone of the small wetlands. Such legumes would fix atmo-
spheric nitrogen in their root nodules and hence contribute to improved soil fertility. 
Wetland soil fertility improvement could be achieved by applying cow manure. A 
conventional application dosage of 3.1 kg m−2 can be used for the small wetlands. 
Consequently, this practice would improve both the soil conditions and the crop 
yields.

4.5  Future Implication

A five-year project proposed the possible cultivation technique which can overcome 
the flood- and drought-affected semi-arid agriculture for resource-poor small-scale 
farmers. The mixed seedling technique was accepted by a few farmers, and now it 
has been modified following their own traditional farmer’s knowledge (Fig. 4.16). 

Fig. 4.17 Close mixed plants of pearl millet and sorghum in a farmer’s field in Onamundindi vil-
lage, Namibia, 2015/2016 cropping season. Pearl millet has a potential to enhance drought stress 
tolerance of sorghum under drought conditions through hydraulic lift. Pearl millet deep roots help 
redistribute water from the wet deep soil layer to soil layer close to the surface. Sorghum may have 
utilized the water redistributed by pearl millet deep roots to overcome drought or prolonged dry 
spell during the 2015/2016 cropping season. (Reprinted from Iijima et al. (2016a, b), Guidelines 
for Flood- and Drought- Adaptive Mixed Cropping System to Conserve Water Environments in 
Semi-arid Regions, JST/JICA SATREPS Project, pp. 13)
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In the near future, the mixed seedling technique will be hopefully modified further 
or combined with existent cultivation technique. For example, the close mixed 
plants will be cultivated along the natural slope, from lower parts of rice/sorghum to 
middle portion of sorghum/pearl millet and pearl millet/cowpea mixed plants in 
upper most portion of dry upland (Fig. 4.17). Further, ridge and furrow planting 
concept may be included in the mixed seedling along the slope. Further research 
work will extend the concept to the seasonal wetland in Southern African region in 
the near future. Seasonal floodwater originating from the Angolan highland is con-
tinuously supplied to not only Namibia but also Botswana along the Okavango 
Delta and Zambia through Zambezi River. The local famers’ knowledge should 
have been combined to the basic idea of the close mixed plants, and the new system 
will be created in each region of seasonal wetland in Southern African countries.

Acknowledgments We thank all the members of “Namibia-Japan Rice and Pearl millet Project” 
in Kindai University, the University of Namibia, the University of Shiga Prefecture, Nagoya 
University, and the Tohoku University. We also thank the projects entitled “Flood- and Drought- 
Adaptive Cropping Systems to Conserve Water Environments in Semi-arid Regions” by the frame-
work of the “Science and Technology Research Partnership for Sustainable Development 
(SATREPS)” funded by both the Japan Science and Technology (JST) and Japan International 
Cooperation Agency (JICA). Scholarships for S. Awala, P. Nanhapo, and M. Wanga were funded 
by JST/JICA for graduate study at Kindai University, Japan.

References

Awala S, Nanhapo P, Kanyomeka L, Sakagami J, Mwandemele O, Ipinge S, Izumi Y, Suzuki T, 
Iijima M (2008) Potential for rice cultivation in seasonal wetlands and Zambezi river flood 
plains in Namibia. Jpn J Crop Sci 78(Extra Issue 1):10–11

Awala SK, Yamane K, Izumi Y, Fujioka Y, Watanabe Y, Wada KC, Kawato Y, Mwandemele OD, 
Iijima M (2016) Field evaluation of mixed-seedling with rice to alleviate flood stress for semi- 
arid cereals. Eur J Agron 80:105–112

Iijima M, Awala SK, Watanabe Y, Kawato Y, Fujioka Y, Yamane K, Wada KC (2016a) Mixed 
cropping has the potential to enhance flood tolerance of drought-adapted grain crops. J Plant 
Physiol 192:21–25

Iijima M, Itanna F, Awala SK, Hiyama T, Kambatuku J, Fujioka Y and Shivolo OT (2016b) 
Guidelines for flood- and drought- adaptive mixed cropping system to conserve water environ-
ments in semi-arid regions. JST/JICA, SATREPS, University, Namibia, Oshakati, Namibia

Mendelsohn J, Jarvis A, Roberts C, Robertson T (2009) Atlas of Namibia: a portrait of the land and 
its people, 3rd edn. Sunbird Publishers, Cape Town, pp 1–200

Mendelsohn J, Jarvis A, Robertson T (2013) A profile and atlas of the Cuvelai-Etosha Basin. 
RAISON & Gondwana Collection, Windhoek, pp 1–170

Porter JR (2005) Rising temperatures are likely to reduce crop yields. Nature 436:174
Rockström J, de Rouw A (1997) Water, nutrient and slope position in on-farm pearl millet cultiva-

tion in the Sahel. Plant Soil 195:311–327

4 Development of Flood- and Drought-Adaptive Cropping Systems in Namibia

trinhxuanhoatppri@gmail.com



70

Suzuki T, Ohta T, Izumi Y, Kanyomeka L, Mwandemele O, Sakagami J, Yamane K, Iijima M 
(2013) Role of canopy coverage in water use efficiency of lowland Rice in early growth period 
in semi-arid region. Plant Prod Sci 16:12–23

Suzuki T, Ohta T, Hiyama T, Izumi Y, Mwandemele O, Iijima M (2014) Effects of the introduction 
of rice on evapotranspiration in seasonal wetlands. Hydrol Process 28:4780–4794

Zegada-Lizarazu W, Iijima M (2005) Deep root water uptake and water use efficiency of pearl mil-
let in comparison to other millet species. Plant Prod Sci 8:454–460

Zegada-Lizarazu W, Kanyomeka L, Izumi Y, Iijima M (2007) Water acquisition from the seasonal 
wetland and root development of pearl millet intercropped with cowpea in a flooding ecosys-
tem of northern Namibia. Plant Prod Sci 10:20–27

M. Iijima et al.

trinhxuanhoatppri@gmail.com



71© Springer Nature Singapore Pte Ltd. 2018 
M. Kokubun, S. Asanuma (eds.), Crop Production under Stressful Conditions, 
https://doi.org/10.1007/978-981-10-7308-3_5

Chapter 5
Improving Resource Utilization Efficiency 
in Rice Production Systems with Contour- 
Levee Irrigation in Colombia

Kensuke Okada and Lorena Lopez-Galvis

Developing rice production systems with efficient use of input resources such as 
water and nitrogen is the pressing need worldwide. In Colombia, the contour-levee 
irrigation system in gently sloped land is widely used where the irrigation is applied 
in an intermittent manner and water is not stored continuously as in Asian paddy 
fields, and thus the utilization efficiencies of water and fertilizers are lower due to 
the surface drainage. Under the economic environment of increasing international 
competition for rice, it is required to decrease the production cost by increasing 
these efficiencies. For this purpose, the following researches are being conducted. 
First, the quantitative trait loci (QTL) related to root morphology and enhancing 
more roots at deeper soil layers are identified and introduced to the Colombian lead-
ing varieties to develop new-generation varieties. Second, a rice growth model is 
applied to the typical rice system, and better nitrogen management scheme is being 
developed through the scenario analysis by the simulation. Third, better irrigation 
methods are developed in the field, and their water-saving efficiencies in watershed 
scale are evaluated by using hydrological models. Fourth, the community precision 
agriculture and horizontal technology transfer methodologies are applied to the 
Colombian rice production system, and newly developed technologies are being 
integrated and disseminated in one of the major rice-producing region in Colombia. 
The new system is expected to be adopted by other Latin American countries where 
the similar irrigation systems are used.
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5.1  Introduction

5.1.1  Rice in Latin America

Rice is one of the three major cereals on earth and is the main staple of more than 
half of the world population which reached to seven billion in 2011 (FAO 2013). 
The price of rice, however, boosted higher than that of maize and wheat at the world 
food crisis in 2008, and many countries banned the exportation of rice. Even after 
2008, the rice price decreased at a lesser pace compared with other two crops, and 
therefore it is considered as the key crop on which world food security hinges (FAO 
2011).

In the world, more than 90% of rice is produced in Asia. The production increase 
in past decades, however, was higher in Latin America and Africa than in Asia 
(FAOSTAT). Per capita rice consumption also increases at higher pace in Latin 
America and Africa. In Latin America, the decreased price of the staples due to the 
increase of the supply of rice was considered to have significantly contributed to the 
alleviation of the poverty of the low-income sector in urban area (Scobie and Posada 
1978).

Rice cultivation in Latin America is quite diverse covering large-scale upland 
rice cultivation in the Cerrado of Brazil; rice cultivation in the slopes in Central 
America, Bolivia, Colombia, etc.; and advanced large-scale mechanized rice culti-
vation in southern Brazil and Uruguay (Zorilla et al. 2012). In terms of the produc-
tion quantity, the most important rice ecosystem is the irrigated rice, which 
contributes 59% of the total production of the region today.

Unlike in Asia, irrigated rice production system in Latin America employs 
“contour- levee system” with intermittent irrigation in most cases (Henry et  al. 
2014). And in a large-scale system, direct seeding with drill seeder on dry soil is the 
mainstream. In this irrigation system, the entire plot is at the certain slope, and the 
levees (or bands) of 15–30 cm are made by the use of special roller along the con-
tour before the sowing. Then the irrigation water is introduced to the highest point 
of the plot, and then the water is guided to the lower part through the breaks of the 
levees manually made at certain intervals (Fig. 5.1). In South America in general, 
rice cultivation is relatively new, and the entire rice industry is on the commercial 
basis, and thus the official assistance from the government is minimal. And even 
more, most of the rice farmers are producing rice on the leased land. These condi-
tions lower the incentives of the rice farmers to invest to the infrastructure to make 
the rice plot flat.

However, the flow of irrigation water in a sloped paddy from top to bottom tends 
to cause the low efficiency of water and fertilizer use due to the horizontal seepage 
and runoff to the lower plots (Smith et al. 2007). In addition, the water depth is 
dynamically changing and spatially heterogeneous, making the weed control more 
difficult which leads to cause the environmental problems due to aggravating the 
excessive herbicide use and a decline in productivity due to dense planting.

K. Okada and L. Lopez-Galvis

trinhxuanhoatppri@gmail.com



73

Under such situations of rice production systems in Latin America, if appropriate 
water management methods and new varieties tailored to the abovementioned irri-
gation environment will become available, accompanied with precision farming 
assisted with modern IT and sensing technologies, such new resource-saving rice 
cultivation systems are able to serve in many rice-growing environments in Latin 
American countries. Further, eventually, it may help the rice production systems in 
Asia where further labor shortage is expected and in Africa where there is a high 
potential of expanding rice systems in tropical savannas.

5.1.2  Rice Cultivation in Colombia

Colombia is the third largest country in Latin America following Brazil and Mexico 
in terms of population, producing various exportable agricultural products thanks to 
abundant and diversified natural resources in the country. The long-lasted civil war 
was ended in 2016 and is now expected to achieve the further political stability and 
economic development promoting exchanges with Asia and the Pacific Rim.

Rice is an important crop in Colombia where the rice cultivation area, 460,000 ha, 
is the second among the country’s annual crops (30%) (FAOSTAT). The major rice- 
producing areas in the country are Central Region, Eastern Plains (Llanos 
Orientales), Dry North Coast, and Humid North Coast (Fig. 5.2). The rice’s produc-
tion has increased in the past until around year 2000 and then almost stagnated at 
around 2.2 million tons (with husk). Colombia is the third rice-producing country 
following Brazil and Peru in Latin America. Rice is the major source of calories for 
Colombian people particularly for those with low income and is creating more 

Fig. 5.1 Rice growing at a paddy field with contour-levee irrigation system
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employment in the production and marketing systems contributing to the stable 
development of the local rural communities.

However, currently, production does not keep up with consumption increase, and 
the country is importing rice of about 150,000 tons per year. A statistical data in 
2009 indicates that the total rice production cost of Colombia (US$ 333) is higher 
than that of the USA (US$251) or other nearby countries such as Peru (US$ 223) 
and Ecuador (US$ 239), due to the higher cost of the fundamental items such as 
fertilizers, chemicals, and seeds, accompanied with relatively lower yield (Montoya 
2011). The import tariff of rice from the USA to Colombia used to be 80% but will 

Fig. 5.2 Four major rice-growing zones in Colombia (1 dot = 2000 ha). (Source: Ricepedia modi-
fied by the authors)
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become zero by 2030 due to the Trade Promotion Agreement which became effec-
tive on 2012. Under these conditions, it is crucial and urgent to reduce the input cost 
and increase the yield in the Colombian rice sector.

5.1.3  Social Impact of the Rice Research in Colombia

Currently, the greatest political challenges of Colombia are the resolution of domes-
tic dispute and its aftermath treatment. Colombia has to complete the return busi-
ness of internally displaced persons (IDPs) of 4.3  million (the world’s second 
largest), generated as a result of the internal conflicts over the past 40  years. 
Therefore livelihood assistance to IDPs and surrendered soldiers has become prior-
ity assistance areas for peace building. The Colombian government is currently 
focusing on the development of paddy fields for the resettlement of these people in 
the Eastern Plains of Colombia (Llanos Orientales region). And so if a highly effi-
cient rice production system based on this proposal is developed, it can contribute 
to the peace-building process in these regions in the future.

Therefore, we started SATREPS project “Development and Adoption of Latin 
American Low-input Rice Production System through Genetic Improvement and 
Advanced Field-management Technologies (2014–2019)” aiming to realize 
resource-conserving comprehensive rice production systems in Colombia, follow-
ing the four subthemes below:

 1. Developing promising lines of new-generation, high-productive, high water-, 
and nitrogen-use efficiencies through QTL pyramiding

 2. Developing fertilizer and crop management methodologies for efficient use of 
nitrogen fertilizer and water by using crop model

 3. Improving water-use efficiency at field and watershed levels through field exper-
iments and hydrological models

 4. Introducing horizontal technology transfer approach and community-based pre-
cision farming aiming to enhance the adoption of new rice technologies to the 
farmers in the target region

5.2  Developing Promising Lines with Higher Productivity 
and Higher Water and Nitrogen Utilization Efficiency 
Through QTL Gene Pyramiding

In this subtheme, we seek for the new QTLs, which are related to root morphology 
and expected to contribute to the efficient uptake of water and nitrogen. Then 
together with the promising QTLs already found from existing materials, we intro-
duce these QTLs to the leading varieties in Colombia through marker-assisted 
breeding to create promising lines during the project period and register them as 
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new Colombian varieties promptly after the project completion. We also construct a 
new system that efficiently evaluates a large number of genetic materials under field 
conditions.

This subtheme seeks for four purposes as below:

 1. Identification of genes for root traits associated with higher water- and nitrogen- 
use efficiencies and developing DNA markers for marker-assisted selection 
(MAS) of these target genes

 2. Development of near-isogenic lines and QTL pyramiding lines by MAS
 3. Evaluating the target traits in experimental fields
 4. Multiplying seeds from the breeding lines

Below, we focus on the marker-assisted breeding and the rapid phenotyping 
methods under the field conditions.

5.2.1  Identification of New QTLs and Marker-Assisted 
Breeding for Higher Efficiencies for Water and Nitrogen 
Utilization for Colombia

Recently a major quantitative trait locus (QTL), DEEPER ROOTING 1 (DRO1), 
was detected on chromosome 9 of rice by using recombinant inbred lines derived 
from a cross between the lowland cultivar IR64, with shallow rooting, and the 
upland cultivar Kinandang Patong (KP), with deep rooting (Uga et al. 2013a). It is 
an epoch-making result which made the improvement of root system possible by 
various breeding techniques such marker-assisted selection and gene transforma-
tion. DRO1 is a QTL found to altering the growth angle of roots and changing a 
shallower root system to a deeper one, hardly having other negative pleiotropic 
effects in above- or underground part of the plant. Therefore, the deeper-rooting 
lines to which DRO1 was introduced yield more than the original shallow-rooting 
genotypes under the drought conditions and maintain similar productivity under the 
favorable cultivation conditions. And thus DRO1 is considered as a useful gene for 
the practical breeding. The group of subtheme 1 aims at developing and disseminat-
ing new genotypes with higher water-use efficiency for South American countries 
through the introduction of DRO1 and other similar genes and will find and utilize 
the new genes which are related to the deep-rooting traits. Subtheme 1 was carried 
out by  the groups of the National Agriculture and Food Research Organization 
(NARO), the International Center for Tropical Agriculture (CIAT), and the 
Colombian Rice Producers Association (FEDEARROZ).

Development of new molecular markers for breeding is conducted by the group 
of NIAS from the first year. This group already detected QTLs for root length in five 
locations of the chromosomes 2, 5, 6, 7, and 8 by using the chromosome segment 
substitution lines made from the cross between IR64 and KP (Uga et  al. 2015; 
Kitomi et al. 2015). Already in this project, fine mapping of QTLs for root length on 
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chromosomes 2, 6, 7, and 8 has progressed, and now the DNA markers for these 
genes are being developed. The information of some DNA markers were already 
checked for the genotypes of selected BC3F2 progenies derived from a cross between 
Colombian accession and KP.

In Colombia, CIAT and FEDEARROZ chose three major varieties (Fedearroz 
60, Fedearroz 174, Fedearroz 473) and a promising line developed by CIAT 
(CT21375) as the target genotypes for introducing new root-related genes of this 
project. They made crosses between these varieties and the deep-rooting variety KP 
and backcrossed to their original Colombian genotypes. Then they selected the lines 
having target QTLs from the BC3F2 lines. Target QTLs are five: for root growth 
angle, DRO1 (Uga et al. 2013a), DRO2 (Uga et al. 2013b), and DRO3 (Uga et al. 
2015); for root length, qRL6.1 (Obara et  al. 2010); and for root volume, qFSR4 
(Ding et al. 2011). From 2016 on new root length QTL on chromosome 6 is also 
added as the target QTL for the selection. In case of the lines having Fedearroz 60 
background, which are most advanced in the breeding process, BC3F2 plants were 
grown in the field at CIAT, and a total of 15 lines were selected as promising lines 
based on the yield performance (grain weight per plant) and additional shoot char-
acteristics such as culm length, heading date, leaf color, and so on. In 2017, 
FEDEARROZ also started the breeding program at Las Lagunas Experimental 
Station at Saldaña in the Department of Tolima, central rice-growing zone in 
Colombia using BC3F1 progenies developed at CIAT. Thus the development of the 
promising lines in Colombia is progressing.

Toward the last years of the project, nearly fixed lines will be evaluated at several 
rice-growing zones in Colombia, accompanied with the seed multiplication effort 
by CIAT and FEDEARROZ.  FEDEARROZ is the leading organization for rice 
breeding in Colombia today, and thus it is guaranteed that they will continue the 
research and administration processes to release the new varieties in Colombia.

5.2.2  Development of Rapid Phenotyping Methodologies 
in Fields

In the breeding process, it is necessary to evaluate a large number of genetic lines in 
the field, although it requires enormous time and cost until now. Currently, the time 
and cost required to analyze genes (genotyping) have been reduced year by year, but 
the efficiencies for the trait evaluation (phenotyping) are still low, and it is consid-
ered as the concerns for plant breeding now. Therefore the efficient phenotyping 
methods using field remote sensing is developed in this project, albeit much effort 
is employed for the trait assessment by direct measurements in the field.

The collaboration of this research started from 2011 between the University of 
Tokyo and CIAT prior to the project started. Photos of the plant canopy at the exper-
imental field in CIAT by visible and infrared light cameras together with the thermal 
image cameras were collected. The cameras were fixed at the top of the tower of 8 m 
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high (“phenotower”) adjacent to the plot or at UAVs (drones). The images were 
regularly photographed and analyzed, while various traits were measured in the 
fields, and the relationship between these two measurements has been analyzed. An 
information system was developed in which the measured images and environmen-
tal data were stored in the data server, and their analysis can be done both in 
Colombia and Japan through the Internet.

In the first year, the methodologies for image transformation and the correction 
of the reflectance of the multispectral images obtained from phenotower were 
developed. Especially the effectiveness of correcting the reflectance by using the 
reflection references installed in the field was confirmed. Useful information was 
also obtained regarding the specification of plot area of each line.

In the second year, another experiment with different nitrogen treatments was 
conducted at CIAT. Six yield-related traits (panicle number, grain weight, shoot bio-
mass, grain sterility percentage, plant height, and panicle length) were measured at 
harvest. Meanwhile various vegetation indices and canopy cover indices were cal-
culated from multispectral images taken at different growth stages in the field. Then 
the possibility to estimate useful yield traits from the image analysis indices during 
growth was tested using single regression analysis. As the result, high correlation 
was found between several vegetation indices and multiple yield traits (panicle 
number, grain weight, and shoot biomass). Especially the vegetation indices 
obtained at flowering time had the highest coefficient of determination with yield 
per plant and were promising. Moreover, QTL analysis was conducted using vege-
tation indices, and it was shown that the vegetation indices obtained at panicle ini-
tiation can be used to detect the QTL related to panicle number (Naito et al. 2017).

In the third year, the similar measurement was done using the upland plot under 
different drought stresses imposed by mobile rain-out shelter at CIAT. In this exper-
iment, it was found that the image analysis for upland plot was heterogeneous and 
the leaf rolling due to water stress and dead leaves affected the image analysis, 
which indicated the necessity to reevaluate the plant traits in more details.

5.3  Technological Development for Crop and Fertilizer 
Management for Efficient Crop Production in Target 
Site

As was mentioned before, the contour-levee irrigation system is common in 
Colombia, and therefore, there is a possibility that surface water and nitrate dis-
solved in water are taken away from paddy fields, lowering the efficiency of nitro-
gen fertilizer use. Therefore, it is necessary to determine appropriate fertilization 
method and fertilizer application rate according to the irrigation conditions. 
However, testing various fertilization schemes under different irrigation conditions 
in field experimental is tedious and time-consuming, and therefore, it would be 
desirable to test various scenarios assisted by computer simulation.
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Many crop models have been developed in the world, but most models were cre-
ated for specific purposes. Only a few models are comprehensive and can be used 
for a wide range of purposes, with user-friendly interface and being updated con-
tinuously. One such model is the Agricultural Production Systems Simulator 
(APSIM), developed in Australia. It can deal with complex cropping systems with 
multiple crops and can conduct simulation in the long time span (Keating et  al. 
2003). APSIM can handle more than 27 crops including rice. In fact the rice module 
in APSIM is from another model, ORYZA2000, developed by the International 
Rice Research Institute (IRRI). This model has been recently extended to simulate 
both flooding and upland conditions with smooth transition (Gaydon et al. 2012), 
and therefore it is best suited to be used in the research of this project.

In this subtheme the following two research components are being carried out.

5.3.1  Application of Rice Growth Model for Developing Crop 
and Fertilizer Management Schemes

For the purpose of model calibration, large-scale field experiments are being carried 
out at three pilot farms around Ibague (4.433° N, 75.233° W) in the central rice- 
growing zone in Colombia by the University of Tokyo and FEDEARROZ. 
Experimental area corresponded to commercial plots of about 2 ha with contour-
levee irrigation system. Four genotypes (Fedearroz 60, Fedearroz 174, Fedearroz 
473, and CT21375) were tested under three irrigation frequencies (farmer’s prac-
tices, more frequent, and less frequent) and three nitrogen application levels (100% 
(190–220 kg N ha−1 depending on the farmer) and 50% and 150% of the farmer’s 
practice). Farmers in the region do not apply nitrogen fertilizers as basal but split it 
to four to five times during the crop growth. The seeds were sowed with no-till drill 
planters to the dry soil directly which is a normal practice around this region. The 
weed control was done by the herbicides prior sowing and with preemergence her-
bicides after sowing. Pests and diseases were controlled, if needed, following the 
normal practice of each farmer. The plant samples were collected at about 30 and 
60 days after emergence, at flowering, and at maturity, to measure the dry weight, 
leaf area, nitrogen concentration, leaf chlorophyll content using SPAD meter, and 
yield components.

As the first step of the model application, the model APSIM-Oryza2000 was 
calibrated and validated with the assumption of zero-grade plot by using the data in 
2014 and 2015 trials and the simulation for several scenarios with different irriga-
tion schemes. The preliminary results showed the effect of the amount of irrigated 
water on the rice yield and agronomic water-use efficiency at different irrigation 
frequencies, and the usefulness of the modeling approach toward the improvement 
of the water management was demonstrated (Fig. 5.3).

Next, various water measurements such as irrigation volume, the depth of flood 
water, level of underground water, and amount of deep percolation are being mea-
sured with automated sensors at the fields in collaboration with the group of 
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 subtheme 3. And we will combine the calibrated spatial hydrological model with the 
crop growth model and enable the rice growth simulation under the contour-levee 
irrigation system. Then the optimal nitrogen application scheme and irrigation 
method will be elucidated through scenario analysis of the simulation.

Toward the final year of the project, the field experiments will be conducted with 
the new lines with Dro1 and other root-related genes developed in subtheme 1, and 
the model will be re-parameterized for the new lines, and it will be further calibrated 
at several different locations in Colombia. Finally the improved model which is 
adapted to the rice-growing conditions in Latin America will be summarized and 
offered to the public.

5.3.2  Increasing the Nitrogen-Use Efficiency by Revisiting 
the Nitrogen Management Scheme

To evaluate the degree of nitrogen loss in contour-levee irrigation system, we mea-
sured ammonia volatilization and loss of nitrate in percolated water throughout the 
cropping seasons in the fields. The results showed that nitrogen loss through ammo-
nia volatilization was only 7–9 kg ha−1 throughout the cultivation period or 4–6% to 
the amount of total nitrogen fertilizer applied. It was relatively higher, however, at 
an early stage of growth due to the less cover by leaf canopy, which has implications 
for fertilizer management. The nitrate loss through deep percolation was estimated 
to be much higher, although the further measurement is needed to confirm the rate 
of vertical and horizontal percolation in the contour-levee system. Colombian coun-
terpart, FEDEARROZ, is interested in this experiment, and they started their own 
experiments to estimate nitrogen loss by using different types of nitrogen fertilizer 
including slow-releasing sources.
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Fig. 5.3 Effect of total amount of irrigation water on the rice yield under different frequencies of 
intermittent irrigation (left) and the effect of total irrigated water on water-use efficiency (right) 
with high (H), medium (M), and low (L) frequency of the irrigation. Simulation results for 
Fedearroz 60 under the soil and weather conditions of a farm at Ibague in 2015
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5.4  Development of Water-Efficient Rice Production 
Technologies with New Trait Rice Genotypes and Water 
Balance Evaluation and Management at Watershed 
Scale

Rice requires a large amount of water for its growth. Traditional irrigated rice culti-
vation uses 5000 L of water to produce 1 kg of grain. There exists little quantitative 
data on water budget for the rice cultivation in Colombia. There may be a possibility 
that some water is wasted in their irrigation method at the field level and/or the use 
of water resources in the ecosystem is not optimal. Therefore, in subtheme 3, water 
balance is quantified, and water-saving techniques will be established at the plot 
level at first (Sect. 5.4.1), where the genetic variation in the physiological and mor-
phological characteristics of rice will also be used. Then the water-saving effect of 
newly developed technologies will be estimated at the watershed level (Sect. 5.4.2), 
and the easy identification of suitable locations for new reservoirs for water harvest-
ing will also be developed to enable the further water conservation at the watershed 
level.

5.4.1  Assessment of Environmental Adaptation of Rice 
and Development of Water-Saving Cultivation 
Technology at Field Level

In the first 3 years of the project, several field experiments were conducted using 
DRO1 introduced IR64 near-isogenic lines at the University of Tokyo in Japan. 
Various parameters such as grain yield, root growth angle, root length, and photo-
synthesis were measured, and the water productivity and transpiration efficiency 
were evaluated under three water management including the water-saving method 
(continuous flooding, alternate wetting and drying (AWD), and upland) at the uni-
versity’s experimental field in Japan. The main purpose was to evaluate the gene x 
environment interaction to elucidate the environment and agronomic management 
in which deep-rooting ability will be fully realized.

Under an irrigated water-saving conditions (AWD), the yield of DRO1-NIL 
excelled that of IR64, and the additional introduction of Sta1 which increases the 
stele transversal area of roots did not further increase the yield but increased radia-
tion interception (Deshmukh et al. 2017). This result suggests that the pyramiding 
of DRO1 and other root-related genes may enhance the adaptation to the water- 
saving conditions of rice, suggesting the importance of evaluating the multiple gene 
introductions to the Colombian varieties.

In Colombia, the University of Tokyo and FEDEARROZ conducted series of 
experiments at Las Lagunas Experimental Station at Saldaña in the Department of 
Tolima. They used genetic material mentioned above together with six leading 
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 varieties in Colombia under AWD with two different magnitudes of water saving. 
The genotypic differences in yield, biomass production, and root growth angle were 
measured, and their interactions with fertilizer and water treatments are being ana-
lyzed as the water demand and water productivity as important criteria.

5.4.2  Quantitative Assessment of Water Saving at Basin 
and Regional Scales

The aim of this subtheme is to develop a mathematical model to quantify the water 
balance at different scales such as plots (several hectares), farms (tens to a hundred 
hectares), and watershed. By using hydrological data at plots and flow rate of rivers, 
multiscale hydrological models will be developed. And the developed plot-level 
model will be coupled with a crop model according to the necessity and will be used 
for the evaluation of the various water-saving irrigation technologies.

At the local farmers’ plot in Colombia, water management is done by empirically 
optimized rules such as checking the soil water conditions at the surface by visual 
assessment, without having the precious data of irrigation amount. Therefore, to 
start measuring the water balance at plot level is the first step toward efficient use of 
the water resources. This enables the evaluation of the different water-saving tech-
nologies proposed in the project and makes it possible to improve the farm opera-
tion (e.g., expansion of cultivation area) by using the saved water. This study was 
conducted by Kyushu University and Tokyo University of Agriculture and 
Technology at the Japanese side and FEDEARROZ and the University of Valle at 
the Colombian side.

For the monitoring system of water balance of the plot level, an inexpensive flow 
monitoring weir (e.g., Parshall flume) was made with local materials with a pressure 
gauge Baro-Diver as water level gauge and tested at the farmers’ fields around 
Ibague. It was found that improvement is needed to cope with the higher flow rate 
at heavy rainfall events and the shape of Parshall flume was modified. Another water 
level gauge, “eTape,” was also tested, and it was confirmed that more stable mea-
surement was done with this new meter. In Colombia, the charge of irrigation water 
is fixed in terms of the plot area, but a new charging system is being explored in 
which the producers who measure and report the water usage will get benefit of 
deduction. Therefore, this new low-cost device to measure the water flow is drawing 
a lot of attention among the rice farmers as an important tool to be implemented in 
farm.

For a better understanding of water balance at plot level, a field experiment to 
elucidate the soil drying process was conducted during the dry season in three fields 
at Ibague in collaboration with subtheme 2. The spatial measurement of soil water 
content by time-domain reflectometer (TDR) revealed that while surface soil tends 
to become dry quickly, the soil moisture at 20 cm depth was constantly maintained 
high. Based on the detailed analysis of the spatial water dynamics, the adequate 
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irrigation quantity, the timing of irrigation, and the methods for the water distribu-
tion will be proposed. We are now testing different water-saving irrigation methods 
such as multiple-inlet rice irrigation (MIRI) and early stopping of irrigation. These 
methods can be integrated for better water saving in a plot.

Further, for the purpose of building a hydrological model at larger scale, various 
basic digital information (digital elevation model (DEM) map, land use map, soil 
map, river network information, etc.), crop information (crops, planting calendar, 
irrigation calendar, etc.), hydrometeorological information, and flow rate of major 
rivers were collected. These information will be integrated to geographic informa-
tion systems (GIS), to build a distributed rainfall-runoff model. The basic digital 
map information (elevation, etc.) were collected from an online database (ASTER 
GDEM, etc.). As a prototype of hydrological models at the first stage, the WaterWorld 
(Mulligan 2013) was adopted.

As the local needs, the focus is on the methodology to select potential construc-
tion sites of a new reservoir. By applying the developed distributed hydrologic 
model to the target area, and assessing the water resource available at watershed 
scale, we will identify the candidate sites for a new reservoir. The effective collabo-
ration with Latin American Fund for Irrigated Rice (FLAR), which has extensive 
experiences in water harvest not only in Colombia but other countries in Latin 
America, is planned.

Finally, the water-saving effect of the new rice lines and new water-saving field 
management technologies will be evaluated spatially, and the effectiveness of these 
will be mapped in the target area.

5.5  Technology Integration and Transfer to the Farming 
Communities

In this subtheme, the final purpose is to disseminate the technologies developed in 
subthemes 1–3 to be adopted by the producers. It also includes research activities to 
introduce the advanced knowledges and skills of effective technology transfer 
developed in Japan to the Colombian producers. In particular, the community-based 
precision agriculture and the system of horizontal technology transfer with advanced 
IT technologies, “Nosho Navi,” are being implemented under subtheme 4 carried 
out by the groups of Tokyo University of Agriculture and Technologies, Kyushu 
University and FEDEARROZ.
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5.5.1  Introducing Precision Agriculture at Community Level

To realize the “community-based precision agriculture,” a paradigm developed by 
Tokyo University of Agriculture and Technology in which the people from different 
fields such as academia, private business and industry companies, and administra-
tors and policy makers work together, the technologies to create soil fertility map 
are being introduced to Colombia in collaboration with FEDEARROZ. The produc-
ers, extension staff, and researchers are working together to cope with the heteroge-
neity of the plot based on the soil fertility map. For this purpose, the Colombian 
counterparts of FEDEARROZ participated in the short-term trainings to master the 
rapid analysis of soil chemical properties through near-infrared spectroscopy, the 
cartography using geographic information system, and the acquisition of the con-
cept of community-based precision agriculture. Now soil maps are being developed 
for the large-scale farmers around Ibague in Colombia.

5.5.2  Horizontal Technology Transfer in Low-Input Rice 
Production System

The “Nosho Navi” is a comprehensive system being developed by Kyushu 
University. In this system, the technologies and the information systems with which 
the “craftsmanship” of the skilled farmers, the tacit knowledge rapidly being lost in 
Japan, will be visualized and transferred to other farmers and the new entrants. The 
basic concept and the methodologies of this research accomplishment are consid-
ered to be effective in the technology transfer and dissemination of agricultural 
technologies in the developing countries as well. The system consists of (1) con-
structing the database to manage the information in the context of on-farm practices 
including environmental parameters and workers’ operations, (2) integrating and 
visualizing the complex datasets, and (3) extracting the core knowledge and know- 
how to be transferred. Now several advanced and skilled farmers of both Japanese 
and Colombian sides have joined the project as researchers, and direct contact and 
dialogue among them have started. In 2017, Colombian farmers visited advanced 
farmers in Japan who are operating large-scale rice farming by using advanced ICT 
and sensing technologies, and the reverse visit is also planned in the year. The key 
is to enable the rice production and marketing with higher land and labor productiv-
ity with less environmental impact by using various technologies for field sensors 
and data visualization.

As the preparation step, a questionnaire survey was conducted for 105 farmers 
that were randomly selected around Ibague regarding the precision agriculture and 
the transfer of advanced technologies, and the answers collected from 70 farmers 
were analyzed (Khoy et al. 2017). The results showed the interest of the local farm-
ers for the technology transfer. For example, for the irrigation management, the 
management methodologies for water volume had the highest ranking followed by 
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the measuring methods for water volume. For the area of soil and fertilizer manage-
ment, the interpretation of the analyzed data had the higher interest. In terms of the 
calibration of the agricultural technologies, the demand was highest for the planters 
and laser leveler calibration, which was interpreted as the high interest of the farm-
ers to reduce the input to the cultivation.

In the last year of the project, the research output from subthemes 1–3 will be 
integrated with the technology transfer approaches introduced and improved in sub-
theme 4. Then the research output of the project will be transferred to the producers 
through the demonstration at field days and the farmers’ meeting. Also the technolo-
gies are planned to be transferred to other countries of Latin America through FLAR 
which eventually may contribute to the food security at the global scale.
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Chapter 6
Development of Wheat Breeding Materials 
Using Genetic Resources in Afghanistan

Tomohiro Ban

6.1  Background and Aim of the Project

Wheat is a staple crop that is the source of 25% of the calories in diets in developing 
countries. The basis of semi-dwarf genes introduced from the Japanese wheat culti-
var “No. 10” in the 1960s led to the “green revolution”, which ended the food crisis 
in the world by developing high productivity cultivars with lodging tolerance to the 
application of excess fertilizer (Borlaug 1970). On the other hand, intensive agricul-
ture devastated the land by using of multi-application and excess nitrogen fertilizer, 
which is released as a powerful greenhouse gas (N2O) and increases the environ-
mental load (Ortiz et al. 2008). Narrowing the genetic diversity of modern commer-
cial varieties with high productivity may cause the vulnerability of wheat to 
medium- and long-term environmental change and short-term climate fluctuation. 
Thus, the utilization of landraces is required, as these native genetic resources have 
been adapting to the environment over a long period to continuously produce wheat 
adaptively to environmental changes to mitigate global climate change. The genetic 
background of the wheat landraces is expected to be adaptive to agricultural climate 
classification and micro-meteorology while taking advantage of diversity and hav-
ing a buffer effect against environmental burden.

Modern wheat varieties of a semi-dwarf nature are suitable for an irrigated agri-
cultural cropping system and their performance is boosted in a well-managed field. 
However, they are not effective in Afghanistan, where more than 60% of the fields 
involved in the total wheat production are in rain-fed areas with limited seasonal 
water being supplied from groundwater (Afghanistan Statistical Yearbook 2010–
11). Thus, it is considered that the Afghan wheat landraces and their genetic diver-
sity are valuable for establishing a sustainable agricultural production system, 
which responds to the fluctuating climate and environmental change while avoiding 
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intensive and deprivation agriculture. Afghan wheat landraces collected by Dr. 
Hitoshi Kihara and his team during three botanical expeditions between 1955 and 
1979 which were organized by the Kyoto University Scientific Expedition to 
Karakoram and Hindukush (KUSE) in 1955, Thomas’s expedition in 1965, and the 
Kyoto University Scientific Expedition to Southwestern Eurasia (SGK) in 1979 
(Kihara et al. 1965; Terasawa et al. 2008) are known as the Kihara Afghan wheat 
landrace (KAWLR) and were used as the starting materials. In this regard, a genome- 
wide association analysis approach to analyze the diversity of Afghan wheat landra-
ces between phenotype and genotype variation to clarify their adaptability to each 
environment is essential in order to accelerate development of novel breeding mate-
rials. It is possible to accelerate the development of environmentally adaptive breed-
ing materials using genome design by combining the latest genomic information 
with data on the growth response of wheat in various environments in Afghanistan.

It is believed that frontier research on the Afghan landraces in the field of plant 
genetics and breeding studies of the post-genome era will bring us towards global 
food security by mitigating climate change with useful gene stewardship (Lopes 
et al. 2015). We developed novel wheat-breeding materials for Afghanistan with a 
high tolerance to an environment negatively affected by various types of drought or 
limited water stress and alkaline soil conditions, and promoted resistance to rust 
diseases and effective mineral uptake into the grains for human consumption by 
utilizing the potential of unique traits among Afghan landrace resources. 
Capacity  development of self-reliant scientists for  plant genetic resources and 
breeding research is also a very important part of this project, both in Afghanistan 
and Japan, for bridge-building future cooperation. This will functionalize conserva-
tion and utilization of crop genetic resources being developed at the Plant Genetic 
Resource Department (PGRD) in the Agriculture Research Institute of Afghanistan 
(ARIA), part of the Ministry of Agriculture, Irrigation and Livestock (MAIL), 
which will lead the way to the development of a national crop germplasm center and 
sustainable national project for conservation and materialization of wheat genetic 
resources in Afghanistan. We believe that it will provide a platform for further pre- 
breeding research and breeding utilization of wheat genetic resources through col-
laborative research for the overall goal of this Science and Technology Research 
Partnership for Sustainable Development (SATREPS) project to reconstruct a sus-
tainable national wheat breeding system and the development of breeding material 
utilizing the KAWLR.

6.1.1  Objectives of This Project

The SATREPS Afghan Wheat Project worked to develop novel wheat-breeding 
materials for sustainable food production in Afghanistan: (1) overall goals; (2) proj-
ect purpose; (3) outputs; and (4) activities for the whole of Afghanistan and relevant 
countries with mutual global issues via an international collaborative research 
network.
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 1. Overall Goal:
National crop breeding system provides a core function to increase wheat 

production in Afghanistan.
 2. Project Purpose:

Novel breeding materials for sustainable wheat production in Afghanistan are 
developed through international collaboration.

 3. Output of the project:

 (i) Knowledge of the genetic diversity among wheat germplasm originating 
from Afghanistan to improve adapted commercial wheat varieties is 
accumulated;

 (ii) Practical breeding and evaluation methods for wheat germplasms highly 
adapted to marginal lands in Afghanistan are developed;

 (iii) Novel wheat-breeding materials with wide adaptations introduced from 
wheat wild relatives are developed;

 (iv) Afghan wheat germplasms are conserved and utilized.

 4. Activities of the project:

 (i) Assessment of genetic diversity of Afghan wheat:

 (a) The genetic diversity and agricultural characteristics of wheat germ-
plasms should be evaluated jointly in both Japan and Afghanistan;

 (b) Core sets of Afghan wheat germplasms for wheat breeding are estab-
lished in Japan and brought back to Afghanistan to evaluate their adap-
tation to various Afghan environments.

 (ii) Development of practical wheat-breeding technology to utilize the germ-
plasms to be adapted for marginal land and climate change:

 (a) Pre-breeding system for useful breeding materials is established;
 (b) Practical evaluation and screening of the germplasm highly adapted to 

marginal lands is established;
 (c) Genome-wide analysis and DNA marker techniques for Afghan wheat 

are developed;
 (d) Ideotypes of high yielding and adapted wheat for Afghanistan are 

revealed.

 (iii) Development of novel wheat experimental lines with gene stewardship 
from the wheat wild relatives:

 (a) The responsible agronomic traits and genetics of wild wheat relatives 
that are highly adapted to marginal lands in Afghanistan faulty environ-
ment are developed;

 (b) Chromosomal transfer of wild species is conducted through outcross 
and backcross;

 (c) Tolerance to abiotic/biotic stresses in the faulty environment is assessed 
and selected.
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 (iv) Conservation and utilization and the Afghan wheat germplasm:

 (a) The current situation of wheat production and germplasm in Afghanistan 
is surveyed;

 (b) Breeding objectives for each region are analyzed;
 (c) Human resources are trained for germplasm conservation and utiliza-

tion of the sustainable Afghan breeding production is employed through 
stepwise education of the Afghan researchers.

By working closely with national (MAIL) and international partners (the 
International Maize and Wheat Improvement Center [CIMMYT]) we achieved a 
clear goal of the project: “Sow seeds of hope to grow Afghan wheat, a symbol of 
recovery”.

6.2  Achievement of the Project

6.2.1  Establishment of the Operational Structure of the Project

One of the most difficult parts of this project was security concerns in Afghanistan, 
with our Japanese scientists being limited in their travel and research activities 
inside the country. We established an international research network to achieve 
cooperation of research and capacity development through the beneficial linkage 
(Fig.  6.1). The Cereal Improvement section of ARIA was the direct counterpart 
team under the management of the Deputy Minister of MAIL to be re-established a 
plant genetic resource center with a gene bank. Provincial agriculture stations were 
additional components as subcenters for germplasm survey and conservation and 
the development of a wheat national adaptation nursery. The Faculty of Agriculture 
at Kabul University was an additional member for development of young research-
ers to promote MAIL–ARIA scientists in future cooperation. We had a joint work-
shop on wheat genetic and breeding science to utilize germplasm’ with National 
Agricultural Experiment Station Rehabilitation Project (NARP) operated by Japan 
International Cooperation Agency (JICA) in Kabul on 7–10 June 2010. More than 
20 participants from ARIA and the provincial agriculture stations attended this 
workshop and field day to discuss mutual concerns and project formation with a 
draft of the national wheat-breeding network  being provided by the SATREPS 
counterpart team.

The SATREPS Japanese research team comprised three groups led by principal 
investigators: Dr. Tomohiro Ban, Kihara Institute for Biological Research (KIBR), 
Yokohama City University, was project leader and worked on “Pre-breeding for 
development breeding materials and methodologies for Afghan wheat breeding”; 
Dr. Hisashi Tsujimoto, Arid Land Research Center, Tottori University worked on 
“Gene stewardship of wheat wild relatives”; and Dr. Minami Matsui, RIKEN Center 
for Sustainable Resource Science worked on “Characterization of the wheat 
 germplasm with cutting edge technology”. A domestic research network was also 
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integrated into the National Agriculture Research System, involving universities 
and institutes for plant science in project research and capacity development.

Each research team communicated via a weekly video conference. Logistical 
support was provided for other JICA projects on agricultural and rural development 
such as from Capacity Development and Institutional Strengthening (CDIS) MAIL, 
Rice-based Agriculture Development in Afghanistan (RIPA), and the JICA 
Afghanistan office helped us to manage project administration in the counterpart 
team.

Afghanistan, like many devastated countries, is in the process of reconstruction, 
and thus many developed countries and international organizations have funded 
international support for wheat production for food supply and a national breeding 
system with high-yielding modern varieties. We led a round-table discussion to 
coordinate international cooperation with our comparative advantages to stakehold-
ers relating to the pre-breeding of wheat avoid any conflict and competition relating 
to donations for Afghan agriculture. CIMMYT and the International Center for 
Agricultural Research in the Dry Areas (ICARDA) have extensive active interna-
tional wheat-breeding nurseries and training courses for practical wheat improve-
ment, and the Afghan branch of Food and Agriculture Organization of the United 
Nations (FAO) has been developing a seed certificate protocol for farmers. Our 
SATREPS project assumed the role of developing a succession program in ARIA, 

Fig. 6.1 Operational structure with international cooperation of Science and Technology Research 
Partnershipfor Sustainable Development (SATREPS) Afghanistan Wheat Project
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MAIL to conserve the Afghan wheat landraces and utilize their unique nature of 
adaptation to the marginal land. They are not only promising breeding materials for 
Afghanistan, but also very attractive novel gene pools for global wheat breeding to 
mitigate climate change. The SATREPS Japanese research team provided our 
knowledge of plant genetics and genomics for breeding technology, combining 
practical breeding skills in the field in CIMMYT with the young wheat scientists of 
Afghanistan through the third country training course (TCTC) cooperating with the 
national agriculture research organization of Mexico (Instituto Nacional de 
Investigaciones Forestales, Agricolas y Pecuarias;  inifap and SECRETARÍA  DE 
AGRRICULTURA, GANADERÍA, DESARROLLORURAL, RESCA Y 
ALIMENTACIÓN;  SAGARPA), as the CIMMYT head office and spring wheat 
program are based there, and that of Turkey (National Agriculture Research 
System;  NARS and GENERALDIRECTORATE OF AGRICULTURAL 
RESEARCH AND POLICIED;  TAGEM) along with the CIMMYT/ICARDA 
International Winter Wheat Improvement Program (IWWIP) through shuttle educa-
tion system.

6.2.2  Assessment of Genetic Diversity in the Kihara Afghan 
Wheat Landrace (KAWLR)

Narrowing the genetic diversity of commercial varieties with high productivity may 
cause vulnerability of wheat to medium- and long-term environmental change and 
short-term climate fluctuation. Our challenge was to contribute to the resolution of 
paying attention to the “wheat landraces for conservation and breeding material of 
indigenous crop genetic resources that shows resilience to environmental change”. 
Our aim is to reveal the genetic diversity of the KAWLR, which have adapted to 
their various habitats’ environments in Afghanistan, and trace phenotypic variation 
such as agronomic traits and growth characteristics such as drought tolerance and 
disease resistance to establish the new pre-breeding strategy on genome-wide 
association.

In total, 446 germinated accessions of 481 KAWLR conserved in KIBR 
(Yokohama, Japan) were grown to propagate in the field at KIBR in the season from 
December 2010 to July 2011. The average number of days to reach heading for 
KAWLR was 132 days and 86.8% ranged from 119 to 139 days, which was almost 
the same as 130  days for modern Afghan varieties and longer than the around 
1 month for Japanese commercial varieties. KAWLR were generally taller, with an 
average 138 cm plant height (ranging from 100 to 185 cm) than the semi-dwarf 
leading varieties, with 80–95 cm plant height, in Afghanistan. The semi-tall wheat 
plant may have an advantage in resistance to drought stress under conditions of low 
ground water levels, and farmers use the long straw for feeding and various materi-
als. The grain color of KAWLR was white to pale red in 70.1%, suited for good 
quality of naan, and accessions collected in the northeast high land part had a 
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 tendency to carry a dark color (Manickavelu et al. 2014a). Variations in spike mor-
phology were also explored, revealing ten different spike types, ranging from var. 
compactum (Alef.) Velican to var. speltoides (Alef.) Velican (Fig. 6.2), as described 
in our report (Manickavelu et al. 2014b). Such an abundance of phenotypic diversity 
in these materials makes this collection an essential resource for rebuilding genetic 
diversity in the Afghan wheat-breeding system. It also means that this historical 
germplasm represents an important resource for understanding wheat genetics and 
for developing new varieties that may be better adapted to local climates.

Some of the accessions showed late heading in mid-July with high day-length 
sensitivity and they couldn’t set seeds or be harvested in the rainy season in 
Yokohama, Japan; 346 accessions were harvested in the field and two lines were 
added from the greenhouse. Propagated seeds of 332 accessions of KAWLR were 
brought back to Afghanistan and planted to evaluate their growing habit and agro-
nomic traits, and for propagation in the fields of Badam Bagh and Darul Aman, 
ARIA, MAIL in Kabul on September 2011 (Fig. 6.3). We had a field day to evaluate 
the KAWLR with our ARIA counterparts at the ripening stage of wheat accessions 
on May 2012. These observed data were shared with 28 Afghan young scientists 
and breeders from 18 provinces at the SATREPS Project Wheat Research Workshop 
Series 2012 on “Planning and Conducting Experiments” at MAIL, Kabul on 14–16 
October 2012. We decided on regional curators and experiment sites for the wheat 

Fig. 6.2 Classification of spikes in Afghan wheat landraces. The germplasm number and botanical 
variety for each landrace is given in the attached label. Although a total of 19 botanical varieties 
were identified, only those showing clear variation are shown here. (From Manickavelu et  al. 
2014b)

6 Development of Wheat Breeding Materials Using Genetic Resources in Afghanistan

trinhxuanhoatppri@gmail.com



94

national adaptation nursery in Heart for dryland conditions and Nangarhar for a 
wheat–rice rotation system from 2012, and in Takhar for high-altitude climate and 
Bamyan for spring sowing from 2013 (Figs. 6.3 and 6.4). For cross-global environ-
mental observations on adaptation, a small number of the seeds from 348 accessions 
were shared to plant in the CIMMYT fields of Cd. Obregon and Toluca in Mexico 
in 2011, and in the IWWIP fields of Haymana, Eskisehir, and Konya in Turkey in 
the 2012 cropping season (Table 6.1). We held several SATREPS Project Wheat 
Research Workshops and Series for TCTC for Afghan young researchers and 
Japanese students at the sites of the nurseries in Mexico and Turkey. Most KAWLR 
grew well in the Kabul, Heart, and Takhar sites in Afghanistan and in Turkey as 
winter sowing, but severe disease damage from yellow rust and Karnal bunt was 
observed in Nangarhar with facultative cropping. In the spring sowing in Bamyan 
and Cd. Oblegon in Mexico, the winter-type wheat could not reach heading.

KAWLR collected by Dr. Kihara and colleagues from Afghanistan, the place of 
secondary origin of wheat, are an untapped genetic resource for mining novel 
alleles. They were collected from seven agro-ecological zones. The 446 KAWLR 
from 16 Afghanistan provinces were propagated in Yokohama, Japan and seven 
reference lines from diverse locations with genome-wide molecular markers were 
found (Manickavelu et al. 2014a; Sohail et al. 2015; Stanikzai et al. 2015). They 

Fig. 6.3 Multi-environmental observation nursery to characterize phenotypic diversity and adap-
tation of Kihara Afghan wheat landrace (KAWLR) in Afghanistan. (a) Badam Bagh experiment 
field in Kabul; (b) field evaluation in Urdu Khan station in Heart; (c) growth habit in Shisham Bagh 
station, Nangarhar; and (d) flowering stage in Darul Aman field in Kabul
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were characterized using diversity array technology (DArT) and single-nucleotide 
polymorphism (SNP) markers, as well as diagnostic molecular markers at important 
loci controlling vernalization (Vrn), photoperiod response (Ppd), grain color (R), 
leaf rust (Lr), yellow rust (Yr), stem rust (Sr), and Fusarium head blight (Fhb) 
(Manickavelu et al. 2014a). A genome-wide marker array revealed a large amount 
of genetic diversity among the landraces, 53% of which were winter types, 43% 
were either spring types or facultative, and 4% were either unknown or had Vrn- 
A1c—a rare spring allele that needs to be confirmed with additional genotyping and 
phenotyping. At Ppd, 97% of the lines carried a photosensitive allele. In the case of 
grain color, classification based on dominant or recessive allelic combinations 
revealed that approximately 39% of the population is characterized by white grain. 
Four gene-specific markers that were targeted to identify loci for rust and Fnb resis-
tance enabled us to identify 17 unique landraces with known resistance genes.

We analyzed the genetic diversity of the 446 KAWLR genotyped using 30,000 
DArT markers, of which 15,817 were polymorphic (Sohail et al. 2015). The landra-
ces were grouped into 15 subpopulations based on population structure and phylo-
genetic studies (Fig. 6.5). DArT markers were used to group landraces based on 
their origins or collection sites and to differentiate East Asian genotypes, CIMMYT 
lines, and modern Afghanistan cultivars from Afghan landraces. The Afghan land-
races were highly diverse compared with lines from other origins. These landraces 
seem to possess unique genes that might allow enrichment of the global wheat gene 

Fig. 6.4 Multi-environmental observation nursery sites to characterize phenotypic diversity and 
adaptation of Kihara Afghan wheat landrace (KAWLR) in Afghanistan. (Map source: ‘FAO 
AFGHANISTAN PROJECT 2013’ operated by Food and Agriculture Organization of the United 
Nations; FAO)
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pool and improvements in wheat production worldwide. SNP markers using geno-
type by sequencing (GBS) arrays revealed significant genetic distances between 
landraces, particularly among those collected from distanced provinces by pair- 
wise genetic distance analyses (Manickavelu et al. 2014b). We were able to divide 
the landraces into 14 major classes, with the greatest degree of diversity evident 
among landraces isolated from Badakhshan province. Population-based analyses 
revealed an additional 15 subpopulations and significant correlations were evident 
in both the provincial and botanical varieties. Genetic distance analysis was used to 
identify differences among provinces, with the strongest correlations seen between 
landraces from Herat and Ghor province, followed closely by those between 
Badakhshan and Takhar provinces (Fig. 6.6). This result closely resembles existing 
agro-climatic zones within Afghanistan, as well as the wheat varieties commonly 
cultivated within these regions. Molecular variance analysis showed a higher pro-
portion of intra-province variation among landraces compared with variation among 
all landraces as a whole.

Table 6.1 Multi-environmental observation nursery to characterize phenotypic diversity and 
adaptation of Kihara Afghan wheat landrace (KAWLR)

Country Location
Nursery 
type

Number 
of 
entries Evaluation of agronomic traits

Starting 
year

Afghanistan Badam 
Bagh, 
Kabul

Winter 332 Growth habit, vernalization 
requirement, flowering time, 
maturing time, flag leaf angle, leaf 
color, plant height, spike shape, 
grain shape, grain color, 1000 
kernel weight, disease resistance 
(yellow rust, leaf rust), drought 
tolerance, yield potential

2011

Darul 
Aman

Winter 332 2011

Herat Winter 332 2012
Nangarhar Winter 332 2012
Takhar Facultative 332 2013
Bamyan Spring 332 2013

Japan Maioka, 
Yokohama

Facultative 481 Heading date, plant height, spike 
shape, growth habit, disease 
resistance (Fusarium head blight, 
powdery mildew, leaf rust), root 
angle

2010

Mexico El Batan Spring 348 Disease resistance (leaf rust, yellow 
rust)

2011

Cd. 
Obregon

Spring 348 Growth habit, disease resistance 
(leaf rust)

2011

Toluca Spring 348 Growth habit, vernalization 
requirement, disease resistance 
(yellow rust)

2012

Turkey Haymana Winter 348 Growth habit, disease resistance 
(yellow rust)

2012

Eskisehir Winter 348 Drought tolerance, disease 
resistance (yellow rust), yield 
potential

2012

Konya Winter 348 Drought tolerance, winter hardness, 
yield potential

2012
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Fig. 6.5 Genetic diversity and population structure of the 446 Kihara Afghan wheat landraces 
(KAWLR) genotyped using 15,817 of 30,000 diversity array technology (DArT) markers. (From 
Quahir et al. 2015)
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Based on evaluation data on the agronomic traits of 346 KAWLR for multiple 
locations and years for, we selected several unique accessions for the primarily core 
set. They were then re-evaluated to represent the population structure of the original 
KAWLR collection to avoid any distortion of their genetic diversity by genetic 
markers. Core sets of KAWLR for each trait, consisting of 17 accessions for drought 
tolerance (Lopes et al. 2015; Haque et al. 2016b), 21 for yellow (stripe) rust resis-
tance (Manickavelu et  al. 2016), nine with high Fe and Zn content in the grain 
(Kondou et al. 2016; Manickavelu et al. 2017), and nine adapted to minimum tillage 
crop production, were assembled (Fig. 6.7).

6.2.3  Development of Practical Wheat-Breeding Technology 
to Utilize the Germplasms to Be Adapted for Marginal 
Land and Climate Change

The most important challenge of sustainable wheat production in Afghanistan is 
development of drought-tolerant varieties. Afghanistan is located in a dry part of the 
world with an annual precipitation of 300–400  mm which decreases to below 
150 mm in rain-fed areas in some years (Beekma and Fiddes 2011; FAO 1972). In 
addition, due to the particular soil type and structure (mostly sandy and calcareous), 
the underground water content is significantly reduced between mid-spring and the 
beginning of summer and the water table drops. Therefore, the production of wheat 
in rain-fed regions depends on deep-stored soil water on the impermeable bed of 
CaCO3 and on occasional rains in the summer (Haque et al. 2016a).

Fig. 6.6 Population-based analyses revealed the additional 15 subpopulations and significant cor-
relations of genetic diversity and the origin of accessions as evidence of environmental adaptation. 
(Map source: United States Central Intelligence Agency 2008)
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The root system architecture has gained keen attention for adaptation of the crop 
to the drought-prone areas (Wasson et al. 2012), as the root growth angle controlled 
by quantitative trait loci (QTLs) for the downward direction has the potential for 
great improvement of the rice yield to avoid drought damage (Uga et al. 2013). We 
also observed the KAWLR accessions for their seminal root angles, which have the 
potential to reach the deeper ground water table. Twelve KWARL accessions and 
four modern varieties with deep depression angles of over 60–80 ° were selected as 
promising breeding materials. Two KAWLR accessions, KU11209 and KU3089, 
with the most downward growing seminal roots were crossed with several Afghan 
commercial varieties, such as Solh-2, Ariana-7, Bakhtawar, and advanced genera-
tions through single cross, tree-way cross, and backcross with selection to promis-
ing breeding lines by the SATREPS Afghan counterpart team.

Root length and root growing speed are other important factors for the root archi-
tecture. We developed an efficiently managed drought condition by controlling 
ground water to simulate rain-fed regions of Afghanistan (Osmani et al. 2015; Haque 
et al. 2016c). We used sod soil-filled 1 or 2 m PVC pipes in which moisture was 
controlled to a depth of 1 m by maintaining 30 cm of water at the bottom by capil-
lary action. The top 20 cm of the pipe was maintained in an irrigated field condition 
by placing 2% water-holding gel on top. Thus, approximately 80 cm of the middle 
layer of the pipes was created as a dry zone. This screening system was used to 
understand the root system in 360 KAWLR accessions grown on 2 m PVC pipes 
versus 1  m pipes as control and the length of root systems was measured after 

Fig. 6.7 Kihara Afghan wheat landraces (KAWLR) core set for wheat pre-breeding are estab-
lished in Japan and then brought back to Afghanistan to evaluate their adaptation to various Afghan 
environments
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 flowering. KAWLR showed large root length variations, categorized as long root 
(LR; > 200 cm), medium root (MR; 100–150 cm), and short root (SR; 20–100 cm) 
systems. LR genotypes were more drought resistant in terms of greater plant surviv-
ability than other groups and were capable of adjusting their root biomass partition-
ing at the deepest part of the soil prole. The majority of the LR genotypes originated 
from predominantly rain-fed provinces, and most of their agronomic traits were 
strongly correlated with root biomass deep in the soil in response to drought. Three 
LR genotypes, including the longest root genotype LR-871 (KU7604), are recom-
mended for rain-fed wheat breeding in Afghanistan (Fig. 6.8) (Haque et al. 2016b). 
The rapid root growth into the deep soil could significantly improve the capture of 
the underground water in the rain-fed wheat cropping system in Afghanistan. 
KAWLR extended their roots until 60 cm within 1 month and, interestingly, were 
able to change their growth speed depending on the magnitude of the drought condi-
tion (Motokawa et al. 2015).

High CaCO3 is a typical problem in the rain-fed regions that makes the rhizo-
sphere alkaline and causes an imbalance in nutrient status, resulting in reduced root 
growth and poor plant development. A novel screening method was developed to 
identify genetic variations in plant growth and nutritional adsorption using a semi- 
hydroponic two-chambered cup culture system with CaCO3 solutions (Haque et al. 
2016a). A spring-type KAWLR, Kabul-501 (KU11201), and Chinese spring (CS) 
were grown on the soil of the upper cup, which had several holes in the bottom. The 
bottom cup contained saturated CaCO3 and Hyponex solution, thus giving a gradi-
ent towards the upper cup that will move through the holes. CaCO3 inhibited root 
length by 22.3% in CS and 12.5% in Kabul-501 and root dry biomass by 12% in CS 
and 8.5% in Kabul-501. Chlorophyll contents were decreased much more in flag 
leaf in CS (17%) than in Kabul-501 (8%). For elements, the unused N+ and P− levels 
were lower, while K+ was higher in the saturated solution in both cultivars. Kabul- 501 
showed a moderately higher tendency for N+, P−, and K+ uptake. This screen can be 

Fig. 6.8 Overall comparison among MC and LR Kihara Afghan wheat landraces (KAWLR). 
Whole-plant view of physiologically matured wheat harvested from the pipes. From left: Lalmi-2, 
LR-616, LR-697, and LR-871 (from Haque et al. 2016b). F facultative, LR long root, MC modern 
cultivars;
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extended to other species and in response to other abiotic stress such as salinity or 
osmotic stress (Haque et al. 2016a; Sato et al. 2016).

Osmotic stress is one of the main abiotic factors relating to drought damage that 
limits worldwide crop productivity, such as in wheat in drought-prone areas. We 
evaluated the response of several accessions of KAWLR to a severe osmotic stress 
(30% PEG [polyethylene glycol] 6000) with the semi-hydroponic double-cup cul-
ture system. The analysis showed significant differences between landraces and 
genotype–treatment interactions. Two commercial check varieties, Lalmi-2 and 
Chonti-1 (CH1), completely died after 15 and 23 days, respectively, with 30% PEG 
(equal to −1.2 MPa) at the three-leaves stage, which was defined as a severe osmotic 
stress simulation. When screened under this system for 23 days, only six accessions 
out of 37 KAWLRs (16%) survived and had resurged growth following severe 
osmotic stress (Fig. 6.9, Table 6.2). On the basis of the survival of these plants under 

Fig. 6.9 Promising Kihara Afghan wheat landrace (KAWLR) germplasms survived under extreme 
osmotic stress within 30% PEG [polyethylene glycol] 6000 (−1.2 MPa) and revived with highly 
osmotic stress tolerance. (a) Typical phenotype of sensitive/tolerant under osmotic stress; and (b) 
six selected KAWLR germplasms survived and revived with highly osmotic stress tolerance
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extreme osmotic stress, the reviving landraces should be classified as resistant rather 
than merely tolerant (Haque et al. 2016b; Mohammad et al. 2017).

A knowledge base of genetics and genomics to develop practical wheat-breeding 
technology to utilize the germplasms is required. A linkage map of DNA markers is 
useful for genome-wide analysis of the agronomic traits and selection markers for 
marker-assisted selection. In addition, a high-density genetic map of hexaploid 
wheat has been created using 100 recombinant inbred lines from a cross between 
CS and the synthetic wheat line ADB-4 (Tritucum carthlicum 31H1165/Aegilops 
tauchii 31H1160 developed by Dr. H. Kihara et al. in 1948). DArT and transposon 
markers were used for genotyping (Fig. 6.10). Phenotyping was carried out under 
field conditions in Afghanistan (Gorafi et al. 2016). This map has been shown to be 
useful in the identification of QTLs associated with important agronomic traits. A 
considerable number of markers have been mapped to the D sub-genome, which is 
known to have narrow diversity and, consequently, a limited number of markers. 
Ideotypes of high-yielding and adapted wheat for Afghanistan have been revealed 
by genome-wide association study (GWAS) using the DNA markers.

6.2.4  Development of Novel Wheat Experimental Lines 
with Gene Stewardship from the Wheat Wild Relatives

A multiple synthetic derivatives (MSD) population include the diversity of Ae. taus-
chii and is a promising resource to uncover useful quantitative traits derived from 
this wild species (Tsujimoto et al. 2015; Elbashir et al. 2017). In this SATREPS 
Afghan Wheat project, two combinations of MAD populations were developed. The 
germplasm of Ae. tauschii as the D-genome donor for bread wheat has great genetic 
diversity as a gene pool, with wide distribution adapted to a variety of environments 

Table 6.2 Promising Kihara Afghan wheat landrace (KAWLR) germplasms that survived under 
extreme osmotic stress within 30% PEG [polyethylene glycol] 6000 (−1.2 MPa) and revived with 
highly osmotic stress tolerance

Entry #
Accession 
number

Growth 
habit

Origin (Afghan 
province)

Rate of plant survival 
(%)

654 KU11319B Spring Badakhshan 60
653 KU11319A Facultative Badakhshan 40
666 KU1330 Spring Badakhshan 60
585 KU11265B Winter Badakhshan 40
709 KU3080 Winter Baghlan 50
577 KU11258 Facultative Faryab 60
Check- 1 Chonti-1 Spring Afghan commercial 0
Check- 2 Lalmi-2 Winter Afghan commercial 0
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such as desert margins, steppe regions, stony hills, wastelands, roadsides, sandy 
shores, and even humid temperate forests (Sohail et al. 2014).

Two MSD populations developed from crosses of two leading Afghan bread 
wheat varieties, “Sephadak Ishkashim” (SI) and CH1, to synthetic hexaploid wheat 
lines derived from crosses between 41 accessions of Ae. tauschii and T. turgidum 
var. durum cv. “Langdon” (Kajimura et  al. 2011; Matsuoka and Nasuda 2004; 
Elbashir et al. 2017). Each of 41 F1 plants was backcrossed with SI and CH1 and 
then their BC1F2 seeds were bulked evenly as a bulk in Tottori, Japan to construct 
two MSD populations for SI and CH1. MSD-SI including 3000 plants was culti-
vated in the fields of Badam Bagh Experiment Station (BBES), Kabul, Afghanistan 
and Arid Land Research Center (ALRC), Tottori University, Japan in the 2013–
2014 cropping season. MSD-SI showed broad phenotypic diversity such as leaf 
rolling under the dried condition, segregating glaucousness/stem waxiness (74%) 
versus non-glaucousness (26%) and glume color. BC1F3 generation of the 3000 
plants as a bulk was evaluated in the BBES field, Afghanistan and ALRC field, 
Japan in the 2014–2015 season for their adaptation and was screened as having 
higher drought tolerance than SI. These lines were continuously evaluated for their 
disease resistance for the novel breeding materials. MSD-CH1 showed transgres-
sive segregation for their biomass with a larger spike than CH1 in the BC1F1 genera-
tion in 2013–2014. The promising ten high-yielding lines were advanced in their 
generation and yield trials as candidates for a new release variety in both Afghanistan 
and Japan.

6.2.5  Conservation, Utilization, and the Afghan Wheat 
Germplasm

Security concerns hampered our operation in Afghanistan after 2014 especially 
with the presidential election that year. We had to modify part of our research plan 
to evaluate the elemental composition of wheat grain for increasing human con-
sumption with bio-fortification and the livelihood of farmers as promising breeding 
objectives, and even our initial plan to survey the current situation of wheat produc-
tion and germplasm in Afghanistan had to be modified.

Elements are required not only for plant growth but also as minerals for human 
nutrition and health. Energy-dispersive X-ray fluorescence (EDXRF) spectrometry, 
which is the most commonly used bench-top method, was deployed for the simulta-
neous measurement of multi-elements in many samples to screen the breeding 
materials. EDXRF was used to measure the content of some of the elements to 
establish elemental composition in grains of 266 KAWLR using ten reference lines 
(Kondou et al. 2016). The sampling method for measurement using EDXRF was 
optimized, resulting in high-throughput profiling of the elemental composition in 
wheat grains at a low cost, which is applicable to the breeding system in Afghanistan. 
Four elements—K, Mg, P, and Fe—were measured by standardizing sample prepa-
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ration. For two of the best germplasms for P and Fe content, KU7466 (#756) and 
KU11224A (#528), with large grain weight was identified as a novel breeding mate-
rial of the core set by the systemic analysis (Table 6.3).

Further observation of the genetic potential of 269 KAWLR for increasing ele-
mental contents in the various environments was undertaken to clarify the underly-
ing genetic systems (Manickavelu et al. 2017). The contents of three major (Mg, K, 
and P) and three minor (Mn, Fe, and Zn) elements in wheat grains were measured 
by EDXRF spectrometry. Marker-based heritability estimates were low to moder-
ate, suggesting that the elemental contents are complex quantitative traits. Genetic 
correlations between two locations in Yokohama, Japan and BBES, Kabul, 
Afghanistan and among the six elements were estimated using a multi-response 
Bayesian linear mixed model. Low and moderate genetic correlations were observed 
among major elements and among minor elements, respectively, but not between 
major and minor elements. A single-response GWAS detected only one significant 
marker, which was associated with Zn. Genomic predictions for major elemental 
contents were moderately or highly accurate, whereas those for minor elements 
were mostly low or moderate. This indicated that genomic selection may be useful 
for improvement of the elemental contents of wheat for bio-fortification.

6.2.6  Capacity Development of Afghan Researchers

Capacity development of the young Afghan researchers is one of the most important 
components of the SATREPS project in order to deliver the output of project with 
the overall goal as a social investment. The counterpart members of the SATREPS 
Afghan research team have been working together to understand the importance of 
biodiversity and its conservation with sustainable utilization. We operated shuttle 
education between in Japan and Afghanistan with TCTC through international 
cooperation from Mexico and Turkey to gain range of experience for genotype × 
environment × management interaction for wheat breeding. Six young scientists 

Table 6.3 Comparison of grain weight and elemental composition for promising breeding 
materials of Kihara Afghan wheat landrace (KAWLR) (Kondou et al. 2016)

Entry#
Accession 
number

Average grain size (mg) ± standard 
deviation Element Content

756 KU7466 29.4 ± 7.4 P 0.624%
782 KU7498 42.4 ± 5.1 P 0.509%
504 KU11202b 38.3 ± 7.0 Fe 106.118 ppm
528 KU11224A 41.9 ± 7.4 Fe 99.511 ppm
585 KU11265B 36.9 ± 7.0 Fe 107.519 ppm
665 KU11329 25.6 ± 6.4 Fe 121.875 ppm
700 KU3068 37.0 ± 5.7 Fe 96.195 ppm
718 KU3089 23.8 ± 6.3 Fe 87.330 ppm
761 KU7471 21.9 ± 8.0 Fe 99.718 ppm
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from ARIA, MAIL achieved their master’s degree project at Yokohama City 
University and gained experience, relevant skills, and knowledge in plant germ-
plasm research. They brought their experience and knowledge back to ARIA, MAIL 
to contribute to establishing the Plant Germplasm Research Department (PGRD) to 
conserve the Afghan wheat and other crop germplasms as a national gene bank and 
to utilize the KAWLR germplasm for their pre-breeding. The new laboratory space 
for PGRD in the BBES was established through SATREPS project cooperation.

The installation of National Landrace Adaptation Nursery trials in agriculture 
research stations in Kabul and other provinces is extremely important. This installa-
tion of national trails is required to adapt landraces in their home location and to 
carry out adaptive research. ARIA, MAIL currently has 18 research stations through 
the country, but has no systematic planning and management system across these 
research farms. We launched the “SATREPS-CDIS-MAIL Joint Wheat National 
Adaptation Nursery (SMNAN 2015–16)”, which consists of 13 KAWLR from the 
drought core set (KU11212, 11,263, 11,298, 11319A, 11,323, 11,330, 3064, 3069, 
3070, 7652, 7656, 7678, 7684) with two check varieties, Chonte-1 and Lalmi-2, in 
seven stations in six provinces: Badam Bagh, Darul Aman (Kabul), Shisham Bagh 
(Nangarhar), Urdo Khan (Heart), Zakhira (Takhar), Posa-e-shan (Baghlan), and 
Baharak (Badakhshan). The SATREPS Afghan counterpart researchers operated 
SMNAN 2015–16 under dry stressed and normal conditions to evaluate adaptation, 
yield, and disease resistance (Fig. 6.10). ARIA research activities and planning have 
relied on support from JICA, Japan and their international partners. Technical assis-
tance is much needed in order to develop all elements of nursery and farm manage-
ment and networking, and the national nursery should be installed and standardized 
so that it can be integrated into the MAIL budget system.

6.3  Challenges and Future Prospects

Agricultural research and its extension in Afghanistan is organized as a separate 
directorate under MAIL. ARIA, under the administrative control of MAIL, is the 
key public sector institution for conducting and coordinating agricultural research 
in the country. The issues related to institutional and technical capacity development 
of scientists engaged in research will be crucial to ensuring the visibility of research 
outcomes and in determining the success of the research systems. The current situ-
ation of human resources management, however, is a struggle, with a limited budget 
and economic conditions relating to a price-wage spiral. Trained young researchers 
need to be encouraged to keep their research position rather than leaving a job in 
MAIL for the international non-governmental organization (NGO) or private sec-
tors. Research institutes staffed with the SATREP trainees can be improved though 
expansion of the organization structure “Tashkil” and the capacity building for 
results (CBR) program to strengthen the Afghan Government’s public administra-
tion capacity. This includes development arms of major donor countries involved in 
Afghanistan’s post-war stabilization and reconstruction (USAID [United States 
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Fig. 6.10 Field view of “SATREPS-CDIS-MAIL Joint Wheat National Adaptation Nursery 2015- 
16 (SMNAN 2015–16)” operated by the SATREPS Afghan  project research team of the Plant 
Genetic Resource Department (PGRD) and provincial stations, Agriculture Research Institute of 
Afghanistan (ARIA), MAIL. (a) Baharak research station located in Baharak district of Badakhshan 
province; (b) Badam Bagh research station in the north part of Kabul city, SATREPS project main 
site; and (c) Shisham Bagh, located inside Jalalabad city, Nangarhar province
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Agency for International Development], JICA, CIDA [Canadian International 
Development Agency], DFID [Department for International Development], AusAID 
[Australian Aid]/ACIAR [Australian Centre for International Agricultural 
Research], European Commission), international agricultural research centers 
(ICARDA, CIMMYT), and UN agencies. Establishment of collaboration and lead-
ing mechanisms by ARIA will be a vital prerequisite for effective implementation 
of the national wheat policy.

A national gene bank will be established for collection, conservation, utilization, 
and diversification of the pool of wheat genetic resources in Afghanistan and will be 
available for use in breeding based on our SATREPS outcomes. The Government of 
Afghanistan will provide support for wheat material and genetic resources collec-
tion, conservation, and utilization to enable optimum utilization and preservation of 
Afghanistan’s landrace wheat material for the PGRD.  In addition, the National 
Wheat Catalogue will be updated regularly. ARIA will be upgraded and strength-
ened to lead program planning, research coordination of SMNAN for testing, evalu-
ation, and identification of the best wheat-breeding lines, and develop improved 
crop management technologies, such as integrated pest management (IPM), includ-
ing pest survey and surveillance systems, and reduction of post-harvest losses. 
Farmers’ access to quality seeds of improved wheat varieties derived from KAWLR 
will be made possible through production of adequate amounts of the nucleus and 
breeder seeds with construction of strategic stores for early-generation seeds.

A transition plan for SATREPS and PGRD was proposed by MAIL as a task and 
a task requiring action that need to take place in order to deliver the outcomes at the 
end of the project. The agriculture programs and projects in Afghanistan during the 
post-conflict period has mostly been supported and implemented directly by donors 
or international agencies. So far, less attention has been paid to institutional capac-
ity development of government organizations. Thus, when projects have no any 
transition and exit plan at the end of the project term, there is no sustainable hand- 
over. The SATREPS project, which was jointly implemented by MAIL over 5 years, 
had undertaken institutional capacity building of ARIA. This ensures that the proj-
ect outcomes will contribute in a sustainable way to the national crop-breeding sys-
tem, which provides a core function of increasing wheat production in Afghanistan.
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Chapter 7
Application of Biotechnology to Generate 
Drought-Tolerant Soybean Plants 
in Brazil: Development of Genetic 
Engineering Technology of Crops 
with Stress Tolerance Against Degradation 
of Global Environment

Kazuo Nakashima, Norihito Kanamori, Yukari Nagatoshi, Yasunari Fujita, 
Hironori Takasaki, Kaoru Urano, Junro Mogami, Junya Mizoi, 
Liliane Marcia Mertz-Henning, Norman Neumaier, 
Jose Renato Bouças Farias, Renata Fuganti-Pagliarini, 
Silvana Regina Rockenbach Marin, Kazuo Shinozaki,  
Kazuko Yamaguchi-Shinozaki, and Alexandre Lima Nepomuceno

Brazil is the second largest soybean-producing country, but yields have recently 
been unstable because of droughts. The objective of this project was to develop 
drought-tolerant soybean lines based on information from earlier molecular studies 
involving model plants. We also searched the soybean genome for genes conferring 
drought tolerance and elucidated the mechanisms regulating the identified genes. 
Based on our findings, we generated new soybean lines, which were then evaluated 
under greenhouse and field conditions to identify the most drought-tolerant lines. 
We analyzed the functions of drought tolerance genes in Arabidopsis thaliana and 
identified soybean genes exhibiting similar properties. We also comprehensively 
investigated soybean gene expression levels in stressed plants. Additionally, we 
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determined the best combinations of drought tolerance genes and promoters and 
introduced these combinations into soybean cells using biolistic and Agrobacterium 
tumefaciens-based methods. We evaluated the stress tolerance of the resulting trans-
genic plants in a greenhouse and in the field and observed that some transgenic 
soybean lines exhibited increased drought tolerance. We developed a new technique 
for generating genetically modified soybean lines that are more tolerant to environ-
mental stresses such as drought. These lines may be useful for mitigating the effects 
of climate changes. The developed technique and generated transgenic soybean 
lines may help stabilize or increase soybean production in Brazil.

7.1  Introduction

During the last decade, the global frequency of droughts has significantly increased, 
which may be associated with climate changes. Brazil is the second largest soybean- 
producing country and has a history of yield losses caused by drought. In addition 
to decreased yields, indirect losses to the agribusiness industry and overall economy 
of soybean-producing regions can have considerable adverse societal consequences. 
There are few options for mitigating water deficit problems affecting agricultural 
productivity. However, one of the most effective approaches involves the develop-
ment of drought-tolerant cultivars. Thus, biotechnological research tools have 
become important for generating new cultivars with increased tolerance/resistance 
to various abiotic stresses.

Our research groups at the Japan International Research Center for Agricultural 
Sciences (JIRCAS), RIKEN, and the University of Tokyo have studied the molecu-
lar mechanisms involved in environmental stress responses in Arabidopsis thaliana, 
which is a commonly used model plant for biological studies. We have successfully 
isolated various stress-responsive genes and revealed that stress-inducible transcrip-
tion factors (TFs), such as the dehydration-responsive element-binding protein 
(DREB), abscisic acid (ABA)-responsive element-binding factor (AREB), and the 
no apical meristem (NAM), Arabidopsis transcription activation factor (ATAF), and 
cup-shaped cotyledon (CUC) TFs (i.e., NAC TFs), have important functions related 
to the regulation of stress tolerance and responses (Fig. 7.1; reviewed in Nakashima 
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et  al. 2014; Nakashima and Suenaga 2017). The accumulation of these proteins 
enhances the stress tolerance of A. thaliana plants growing in a growth chamber.

The DREB1A and DREB2A TFs from the ABA-independent pathway bind to the 
promoter region of target genes containing an essential cis-element with the core 
sequence A/GCCGAC, which is named the dehydration-responsive element (DRE); 
(Mizoi et al. 2012). The binding of the TFs to the DRE induces the expression of the 
target genes and activates the mechanisms involved in protecting cellular structures 
during exposures to stress conditions. The overexpression of DREB1A reportedly has 
enhancing effects on stress tolerance in many kinds of plants including wheat 
(Pellegrineschi et al. 2004), A. thaliana (Kasuga et al. 1999), potato (Behnam et al. 
2007), tobacco (Kasuga et  al. 2004), and rice (Oh et  al. 2005; Ito et  al. 2006). 
Additionally, the overexpression of DREB2A increases the abiotic stress tolerance of 
A. thaliana (Sakuma et al. 2006a, b). The DREB2 homologs have been studied in 
many kinds of plants including maize (Qin et al. 2007) and rice (Dubouzet et al. 2003). 
A soybean DREB2 gene (i.e., GmDREB2A;2) was recently identified (Mizoi et al. 
2013). Furthermore, AREB1, which functions in an ABA-dependent pathway, binds 
to a conserved cis-element called an ABA-responsive element (ABRE; PyACGTGG/
TC) in the promoters of ABA-inducible genes to control gene expression. In A. thali-
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Expression of target stress-inducible genes
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LEA proteins Proteinases Chaperons etc.
Enzymes for synthesis of osmoprotectants (sugars, proline, etc.) including GolS
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Fig. 7.1 Plant transcriptional network under environmental stress conditions. Abiotic stresses, 
such as osmotic stress, heat stress, and cold stress, induce the production and/or activation of tran-
scription factors. The transcription factors bind to specific cis-elements to induce the expression of 
stress-inducible genes. The encoded proteins affect stress tolerance and responses. Ellipses and 
boxes correspond to transcription factors and cis-elements, respectively. Additional relevant details 
are provided in the text. The figure was adapted from Nakashima and Suenaga (2017)
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ana, AREB1 has been reported to regulate environmental stress responses and ABA 
signaling during the vegetative stage (reviewed in Fujita et al. 2013).

The aforementioned TFs regulate the expression of target genes encoding impor-
tant metabolic proteins that protect cells from dehydration, including water channel 
proteins, chaperones, proteases, late embryogenesis abundant (LEA) proteins, and 
enzymes for the synthesis of osmoprotectants (i.e., compatible solutes such as sug-
ars and proline), including galactinol synthase (GolS) (Fig. 7.1). Galactinol syn-
thase is the key enzyme in the production of raffinose family oligosaccharides, 
which influence drought tolerance by regulating osmotic potentials and also protect 
enzymes and membranes during exposures to environmental stresses. The GolS 
genes are reportedly upregulated by abiotic stresses in many kinds of plants includ-
ing A. thaliana (Taji et  al. 2002) and soybean (Marcolino-Gomes et  al. 2014; 
Rodrigues et al. 2015). The overexpression of AtGolS2 increases the abiotic stress 
tolerance of A. thaliana (Taji et al. 2002).

The NCED3 gene encodes an important enzyme in the ABA biosynthesis path-
way (Fig. 7.1). This enzyme catalyzes the cleavage of epoxycarotenoids to produce 
xanthoxin (i.e., first C15 intermediate) and abscisic aldehyde oxidase. The expres-
sion of NCED3 is strongly induced by water deficit stress in many kinds of plants 
including A. thaliana (Iuchi et al. 2001). The overexpression of NCED3 increases 
the abiotic stress tolerance of A. thaliana (Iuchi et al. 2001).

The governments of Brazil and Japan agreed to collaborate on research projects 
through the Science and Technology Research Partnership for Sustainable 
Development (SATREPS), which involves the Japan Science and Technology 
Agency (JST) and the Japan International Cooperation Agency (JICA). These agen-
cies are supported by the Ministry of Education, Culture, Sports, Science, and 
Technology and the Ministry of Foreign Affairs, respectively. The primary objective 
of the “Development of Genetic Engineering Technology of Crops with Stress 
Tolerance against Degradation of Global Environment” project was to establish 
techniques to develop genetically modified (GM) soybean lines that are more toler-
ant to environmental stresses such as drought (Fig. 7.2). This project was approved 
and signed by representatives from JICA and the Division of Science and Technology 
of the Ministry of Foreign Affairs on December 29, 2009. The project started on 
March 4, 2010, and lasted 5 years.

Embrapa Soybean, which is a branch of the Brazilian Agricultural Research 
Corporation (Embrapa), and is headquartered in southern Brazil, was in charge of 
this project on the Brazilian side. Embrapa is the only corporation that has devel-
oped a genetically engineered commercial soybean variety in Brazil. All of the asso-
ciated biosafety studies were conducted in Brazil by Embrapa and its partner 
research institutes. Additionally, to generate GM plants, Embrapa developed and 
patented a technique that considerably improves the efficiency of the gene gun 
transformation method. Researchers from JIRCAS, RIKEN, and the University of 
Tokyo contributed to this project. Research activities undertaken in Japan were sup-
ported by JST.  During the project, Embrapa Soybean annually sent technicians, 
postdoctoral fellows, and scientists to Japan to undergo scientific training, which 
was supported by JICA. Additionally, JICA sent Japanese scientists to Embrapa 
Soybean as long- and short-term researchers.
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To mitigate the adverse effects of drought, GM soybean plants were generated 
using different genetic engineering strategies. After completing molecular character-
izations of GM soybean plants, Embrapa Soybean tested promising lines in a green-
house or under field conditions to assess physiological and agronomic responses 
under simulated drought conditions. In this chapter, we summarize the techniques 
used during this project to develop GM soybean lines exhibiting increased tolerance 
to environmental stresses, such as drought and heat. These novel lines may be rele-
vant for minimizing the soybean production problems caused by climate changes.

7.2  Identification of Genes Encoding Stress Tolerance 
Regulators and the Development of Genetic Engineering 
Techniques for Generating Stress-Tolerant Soybean 
Plants (JIRCAS)

The JIRCAS team identified useful genes and promoters related to tolerance against 
environmental stresses, including drought, based on data from studies of A. thaliana 
and rice. The JIRCAS team also conducted comprehensive gene expression 
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Fig. 7.2 Outline of the Science and Technology Research Partnership for Sustainable Development 
(SATREPS) project “Development of Genetic Engineering Technology of Crops with Stress 
Tolerance against Degradation of Global Environment.” The project aimed to establish techniques 
to develop genetically modified soybean lines that are more tolerant to environmental stresses such 
as drought. The figure was adapted from Nakashima and Suenaga (2017)
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analyses and compiled genome sequence information. To generate a drought- 
tolerant soybean line, the JIRCAS team provided Embrapa Soybean with constructs 
carrying isolated genes and/or promoters. Moreover, the JIRCAS team character-
ized the mechanism underlying the stress tolerance of the transgenic soybean lines 
developed by Embrapa Soybean.

7.2.1  Development of a Soybean Oligoarray and Protoplast 
Experimental System

To identify genes associated with environmental stress tolerance, the JIRCAS team 
designed an oligoarray (i.e., microarray using an oligonucleotide) based on the 
available soybean genome sequence information. The team also conducted compre-
hensive expression analyses of stress-responsive genes in the Japanese soybean 
variety Norin-2. From the expression data and the genome sequence information, 
we identified soybean genes encoding AP2/ERF-type TFs (i.e., GmDREB1s) and 
bZIP-type TFs (i.e., GmAREBs).

The JIRCAS team also established a transient expression analysis system using 
soybean protoplasts. This system can be used to determine the subcellular localiza-
tion of the identified TFs and assess their transcriptional activities. The team exam-
ined soybean growth conditions using a CO2 incubator and tested protoplast isolation 
methods to ensure transient expression experiments using soybean protoplasts could 
be conducted regardless of the season or weather conditions.

7.2.2  Isolation and Analysis of Soybean DREB1 Transcription 
Factors

Based on the soybean genome sequence data (http://www.phytozome.net/soybean), 
the JIRCAS team identified all genes encoding AP2/ERF-type TFs (i.e., DREB1s). 
Fourteen genes encoding soybean DREB1 TFs were identified, including 
GmDREB1A1, GmDREB1B1, and GmDREB1B2. These three TFs belong to AP2/
ERF subgroup 1, which also contains A. thaliana DREB1E and DREB1F. 
Additionally, GmDREB1D1, GmDREB1D2, GmDREB1E1, and GmDREB1E2 
belong to AP2/ERF subgroup 2, which includes A. thaliana DREB1A, DREB1B, 
DREB1C, and DREB1D. The remaining soybean DREB1 TFs (i.e., GmDREB1F1, 
GmDREB1G1, GmDREB1G2, GmDREB1H1, GmDREB1H2, GmDREB1I1, and 
GmDREB1I2) belong to subgroup 3. To reveal the transcriptional activities of the 
soybean DREB1 TFs, we analyzed transient expression levels in A. thaliana proto-
plasts using a reporter plasmid containing the β-glucuronidase (GUS) reporter gene 
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controlled by a soybean DRE sequence. Some GmDREB1s significantly enhanced 
GUS activity, indicating GmDREB1A;1 exhibits transcriptional activities via the 
DRE.

The JIRCAS team also isolated and investigated the soybean GmAREBs, which 
are bZIP-type AREB TFs. The GmAREB1, GmAREB2, and GmABF3 cDNAs were 
cloned and sequenced. The transcriptional activities were analyzed in A. thaliana 
protoplasts using a transient expression system. Because the reporter activities sig-
nificantly increased in the presence of ABA, the isolated GmAREBs were deter-
mined to activate transcription in A. thaliana protoplasts in the presence of ABA.

7.2.3  Isolation of Dehydration-Responsive Soybean Promoters

The JIRCAS team identified five soybean dehydration-responsive promoters (i.e., 
Gm2, Gm3, Gm4, Gm5, and Gm11) that contained cis-acting elements related to 
dehydration responses. The team also identified the Gm17 promoter containing a 
heat shock element. Using Japanese soybean Norin-2 genomic DNA, the team iso-
lated the DNA fragments containing these promoters. The isolated fragments were 
introduced into the pBI221 vector for subsequent transient expression analyses that 
were used to assess promoter activities. The JIRCAS team introduced the constructs 
into soybean protoplasts and analyzed the promoter activities. Three of the isolated 
promoters (i.e., Gm3, Gm4, and Gm11) exhibited an ABA-responsive increase in 
activity. The promoter expression profiles in roots, stems, and leaves indicated that 
the expression of all genes was highly responsive to drought. Furthermore, the 
expression levels of Gm2 and Gm3 were lower than those of Gm4, Gm5, and Gm11 
in the absence of stress. The transient expression levels for the five promoters in 
soybean protoplasts indicated that, with the exception of Gm2, the promoters exhib-
ited an ABA-responsive increase in activity. Thus, the team selected the Gm3 pro-
moter as the most useful drought-responsive soybean promoter, with low background 
activity under non-stressed growth conditions.

7.2.4  Preparation of Soybean Transformation Constructs

The JIRCAS team designed suitable combinations of stress-responsive genes (e.g., 
DREB and AREB) and constitutive promoters [e.g., cauliflower mosaic virus 
(CaMV) 35S or soybean stress-responsive promoters]. The team sent Embrapa 
Soybean seven and two types of constructs for gene bombardment and Agrobacterium 
tumefaciens-mediated transformation of soybean plants, respectively.
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7.3  Screening of Regulatory Genes Affecting Soybean 
Drought Tolerance (RIKEN)

Based on the comparison between A. thaliana and soybean genome and transcrip-
tome data, the RIKEN team searched for candidate soybean genes that confer 
drought stress tolerance. Specifically, the team characterized soybean genes related 
to the biosynthesis, catabolism, and signaling of ABA, which is a major stress- 
related plant hormone. According to the comparisons of plant genome sequences, 
the RIKEN team focused on the isolation and characterization of genes encoding 
9-cis-epoxycarotenoid dioxygenase (NCED), which affects ABA biosynthesis. 
Additionally, the team aimed to generate “omics” databases (e.g., transcriptome and 
metabolome) that may be useful for researchers interested in identifying novel soy-
bean genes influencing drought stress tolerance and responses.

7.3.1  Isolation and Expression Analysis of the Soybean Gene 
Encoding 9-cis-Epoxycarotenoid Dioxygenase

To isolate the dehydration-responsive gene encoding NCED from the soybean 
genome, the team searched the soybean cDNA database using A. thaliana NCED3 
as a query. The team identified two soybean NCED genes that were dehydration- 
responsive according to microarray data (i.e., GmNCED3A and GmNCED3B). 
Gene expression analyses revealed that GmNCED3A transcript levels increased in 
response to dehydration stress and decreased after root, stem, and leaf tissues were 
rehydrated. The promoter region upstream of the GmNCED3A initiation codon was 
subsequently isolated for an additional analysis of the regulatory region. Transgenic 
A. thaliana plants were generated by transforming plants with the GmNCED3 pro-
moter: GUS construct using the pC3300J vector. The GUS signal was detected in 
vascular tissues when the transgenic plants were subjected to dehydration stress, 
while weak or no GUS signals were observed in non-stressed plants. These results 
indicate that the soybean GmNCED3 gene is a homolog of A. thaliana AtNCED3. 
The GmNCED3 promoter is thought to contain regulatory regions related to 
vascular- specific and dehydration-responsive elements that might be useful for 
studying plant responses to water deficit stress.

7.3.2  Integrated Analysis of Metabolome and Transcriptome 
Data of Drought-Stressed Soybean Plants

For a comprehensive analysis of soybean metabolic responses under drought stress 
conditions, the RIKEN team profiled various plant metabolites using several types 
of high-resolution mass spectrometry. To analyze the tissue-specific metabolic 
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changes under drought stress conditions, the V1, V2, and V3 leaves, stem, and roots 
were harvested from soybean plants exposed to drought stress for 3 or 4  days. 
Additionally, tissue-specific metabolites were analyzed in reproductive organs such 
as the buds, flowers, pods, and seeds. Hormone analyses by liquid chromatography–
tandem mass spectrometry revealed that ABA levels increased in all organs of 
drought-stressed plants, especially young leaves. In contrast, cytokinin and cis- 
zeatin levels increased only in the roots. Primary metabolite profiling using gas 
chromatography–mass spectrometry and capillary electrophoresis–mass spectrom-
etry analyses indicated that amino acid contents increased in old leaves during the 
later stages of drought treatments. However, the abundance of sugars and proline 
increased in roots soon after plants were exposed to drought stress. These results 
suggest that metabolite functions related to stress responses and growth regulation 
differ among organs and depend on the duration of drought stress.

A microarray and cap analysis of gene expression (CAGE) involving the V3 leaf, 
stem, and roots of drought-stressed plants were used to investigate genome-wide 
expression profiles and transcription start sites. The CAGE is useful for detecting 
transcription initiation sites. Thousands of new transcript units were discovered, as 
were drought-inducible promoters, in the V3 leaf, stem, and roots. A motif analysis 
of cis-acting elements in drought-inducible promoters revealed that the ABRE and 
G-box sequences were present in all tissues. These results suggest that ABRE is a 
major cis-motif of drought-inducible soybean genes. Future analyses combining 
soybean promoter and metabolic gene data will be important for identifying useful 
genes and promoters associated with drought tolerance under field conditions.

7.3.3  Application of Arabidopsis thaliana Metabolic Genes 
for the Genetic Engineering of Stress-Tolerant Soybean 
Plants

The RIKEN team analyzed the metabolic genes related to A. thaliana drought stress 
tolerance and selected two genes for further study (i.e., AtNCED3 and AtGolS2). 
AtNCED3 is a key gene for the accumulation of ABA under drought stress condi-
tions. Transgenic A. thaliana plants overexpressing this gene reportedly exhibit 
drought stress tolerance, and its knockout mutants are sensitive to drought stress 
(Iuchi et al. 2001). AtGolS2 encodes a galactinol synthase, which is important for 
the biosynthesis of raffinose family oligosaccharides under drought conditions. 
Transgenic A. thaliana plants overexpressing AtGols2 are drought-tolerant (Taji 
et  al. 2002). The RIKEN team constructed binary vectors containing these two 
genes under the control of the constitutive CaMV 35S promoter for soybean trans-
formations. Researchers at Embrapa Soybean used the constructs to generate trans-
genic soybean plants.
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7.4  Identification of Genes Involved in Stress Perception 
(The University of Tokyo)

The University of Tokyo team searched the A. thaliana and soybean genome and 
transcriptome data for candidate soybean genes potentially useful for improving 
drought and heat stress tolerance. The team previously determined that an A. thali-
ana histidine kinase (i.e., AHK1) functions as an osmosensor in yeast cells and that 
this enzyme positively regulates A. thaliana drought stress responses. In contrast, 
the DREB2A TF was revealed to affect osmotically and heat stress-induced gene 
expression. The overexpression of DREB2A increases drought and heat stress toler-
ance in transgenic A. thaliana plants. Therefore, in this project, the University of 
Tokyo team tried to isolate soybean homologs of AHK1 and DREB2A and charac-
terize their functions in plants. Furthermore, the constructs containing the isolated 
genes were used by researchers at Embrapa Soybean to generate stress-tolerant 
transgenic soybean plants.

7.4.1  Isolation and Analysis of Soybean Histidine Kinase 
Genes

In A. thaliana, AHK1 is a histidine kinase that functions as an osmosensor. This 
enzyme is similar to cytokinin receptor histidine kinases. To identify soybean AHK1 
homologs, the University of Tokyo team first searched the soybean genome sequence 
database (http://www.phytozome.net/soybean) and identified 12 putative genes 
encoding histidine kinases, which were designated as Glycine max histidine kinases 
(GmHKs). A phylogenetic analysis of the 12 putative GmHKs and 4 AHKs revealed 
that 4 GmHKs (i.e., GmHK1A;1, GmHK1A;2, GmHK1B;1, and GmHK1B;2) are 
members of the AHK1 family, suggesting they are osmosensors. Because the 
deduced GmHK1A;1 and GmHK1B;1 amino acid sequences are very similar to the 
sequences of their corresponding paralogs, GmHK1A;2 and GmHK1B;2, respec-
tively, the team then cloned and characterized GmHK1A;1 and GmHK1B;1.

To clarify whether GmHK1A;1 or GmHK1B;1 function as osmosensors, the 
University of Tokyo team conducted complementation tests using a budding yeast 
mutant lacking SLN1, which is a histidine kinase vital for osmosensor activities. 
The GmHK1A;1 and GmHK1B;1 genes were expressed in yeast cells, and the sub-
sequent complementation tests indicated that GmHK1A;1 and GmHK1B;1 possess 
histidine kinase and osmosensor activities in yeast. These results suggest that the 
AHK1 homologs, GmHK1A;1 and GmHK1B;1, mediate osmotic stress responses in 
soybean, similar to their roles in A. thaliana.
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To test whether GmHK1A;1 or GmHK1B;1 are involved in osmotic stress 
responses in planta, the University of Tokyo team generated transgenic A. thaliana 
plants expressing GmHK1A;1 and GmHK1B;1. The team also screened the elite 
lines based on the transgene expression levels and identified three independent 
GmHK1A;1- and GmHK1B;1-overexpressing lines for further physiological stud-
ies. Similar to the AHK1-overexpressing plants, the GmHK1-overexpressing trans-
genic plants did not exhibit any visible growth phenotype differences under normal 
growth conditions when compared with vector control plants. The growth pheno-
types and stress tolerance of the GmHK1-overexpressing transgenic plants under 
osmotic stress conditions are now being analyzed.

7.4.2  Isolation and Analysis of DREB2-Type Soybean 
Transcription Factors

The DREB2-type TFs are important regulators of gene expression in response to 
drought and heat stresses. Although several soybean DREB TFs have been reported, 
typical DREB2-type TFs have not been isolated. Therefore, we attempted to iden-
tify and analyze a genuine DREB2-type TF. We initially identified 21 DREB2-type 
TFs based on genome sequence data. Among these TFs, GmDREB2A;2 was the 
most similar to A. thaliana DREB2A. Importantly, GmDREB2A;2 expression was 
highly induced in response to low and high temperatures, drought, and salinity. The 
ability of GmDREB2A;2 to activate the transcription of target genes via a specific 
cis-acting DRE sequence was confirmed with reporter assay systems involving soy-
bean protoplasts. In A. thaliana, DREB2A is posttranslationally regulated. 
Additionally, the removal of a negative regulatory domain results in the constitutive 
activation of DREB2A. Because a negative regulatory domain-like sequence was 
detected in GmDREB2A;2, we generated a mutated GmDREB2A;2 lacking this 
domain. Using a protoplast reporter assay system, we confirmed that this constitu-
tively active (CA) form of the TF was more active than the original full-length (FL) 
TF. These results suggest that GmDREB2A;2 is a functionally relevant ortholog of 
DREB2A. To test the ability of GmDREB2A;2 to enhance plant stress tolerance, we 
generated transgenic A. thaliana plants expressing GmDREB2A;2 FL or CA. The 
ectopic overexpression of GmDREB2A;2 CA, but not GmDREB2A;2 FL, under the 
control of the CaMV 35S promoter (35S:GmDREB2A;2 CA) severely inhibited 
plant growth. The negative effect of GmDREB2A;2 CA on plant growth was reversed 
by the use of a drought-inducible RD29A promoter instead of the CaMV 35S pro-
moter. The results of stress tolerance tests indicated that plants expressing 
35S:GmDREB2A;2 FL and RD29A:GmDREB2A;2 CA exhibit increased heat and 
drought tolerance, respectively. A transcriptome analysis revealed that plants 
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carrying 35S:GmDREB2A;2 FL and CA exhibit increased drought- and heat-induc-
ible gene expression levels compared with vector control plants. We transiently 
expressed GmDREB2A;2 FL or CA in soybean protoplasts and verified that stress-
inducible genes were expressed in these cells. These results suggest that soybean 
GmDREB2A;2 and A. thaliana DREB2A are expressed in response to heat and 
drought, resulting in increased tolerance to these stresses (Mizoi et al. 2013).

7.4.3  Utility of DPB3-1: A Newly Identified DREB2A- 
Interacting Partner that Enhances Arabidopsis thaliana 
Heat Stress Tolerance, for Increasing Soybean Heat 
Stress Tolerance

We identified DPB3-1 as a novel DREB2A interacting partner in A. thaliana and 
revealed that ectopic overexpression of DPB3-1 improves heat stress tolerance 
without causing growth defects in transgenic A. thaliana plants (Sato et al. 2014). 
Therefore, we tested whether DPB3-1 can be used for improving stress tolerance in 
soybean (Sato et al. 2016). We confirmed the physical interaction between DPB3-1 
and GmDREB2A;2. Furthermore, transient expression of DPB3-1 enhanced 
GmDREB2A;2-mediated transcriptional activation of stress-inducible promoters in 
protoplasts. In the same series of experiments, we observed that transgenic rice 
plants overexpressing DPB3-1 exhibit improved heat stress tolerance with no 
growth defects. Collectively, these results suggest DPB3-1 may be useful for 
improving soybean heat stress tolerance. The University of Tokyo team constructed 
six plasmids containing the identified genes for soybean transformations that were 
completed by Embrapa Soybean researchers to produce transgenic plants.

7.5  Generation and Evaluation of Stress-Tolerant Transgenic 
Soybean Plants (Embrapa)

Soybean plants are generally difficult to transform. However, we improved the 
transformation efficiency of Brazilian soybean cultivars by establishing a transfor-
mation method using A. tumefaciens. The transformation efficiency was 1.74% 
when we used the GUS reporter gene, which enabled the production of transgenic 
soybeans at a practical level. Genetically modified soybean lines were obtained 
using different genetic constructs containing diverse genes associated with ABA- 
dependent and ABA-independent drought response pathways as well as other water 
deficit response mechanisms. The transgenic soybean lines were genetically modi-
fied to produce TFs (i.e., DREB1A, DREB2, and AREB1) and enzymes (i.e., 
NCED3 and GolS2). The 37 generated transgenic lines were characterized for their 
molecular, anatomical, physiological, and agronomic responses to drought stress in 
experiments conducted in a greenhouse or under field conditions.
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7.5.1  Characterization of DREB1-Expressing Transgenic 
Soybean Lines Grown in a Greenhouse

Molecular analyses indicated that AtDREB1A expression levels increased in GM 
P58 plants under drought conditions, confirming the stability of the transgene in the 
T2 and T5 generations and the induction of the rd29A promoter. Other drought- 
responsive genes were highly expressed in severely stressed plants (Polizel et al. 
2011). For physiological characterizations, the P58 soybean plants (T2 generation) 
were treated with 15% gravimetric humidity for 31 days in sand. To induce water 
deficit stress, the humidity of pots containing soil+sand was decreased to 5% (mod-
erate stress) for 29 days and then to 2.5% (severe stress). The GM plants exhibited 
higher stomatal conductance as well as higher photosynthetic and transpiration rates 
(Polizel et al. 2011). Kasuga et al. (2004) reported that tobacco plants transformed 
with the 35S:DREB1A construct were more photosynthetically active than control 
plants. The chlorophyll contents were also higher in GM lines than in control plants 
(Polizel et al. 2011). Similar results were reported for transgenic rice constitutively 
expressing DREB1A (Oh et al. 2005).

The results of a scanning electron microscopy analysis suggested that the inser-
tion of AtDREB1A into soybean cells did not cause visible alterations to stomatal 
structures, trichomes, or the epidermal surface of leaflets. However, a morphometric 
analysis detected a decrease in leaflet thickness. The GM P58 plants also had a thin-
ner palisade parenchyma, which may have been due to more tightly packed cell 
layers, as the cell length did not decrease. Tightly packed cells might help plants 
adapt to low water availability by increasing the cell surface contact area to facilitate 
the capture of light energy and gaseous elements, which are necessary for photosyn-
thesis (Polizel et al. 2011).

In the greenhouse, in addition to line P58 (T8 generation), line P1142 (T5 genera-
tion) was exposed to water deficit stress, followed by a recovery period during 
which the watering of plants resumed. Drought stress was imposed by progressively 
decreasing the water levels in pots containing a clay soil to 40% (i.e., moderate 
drought stress) and then 20% (i.e., severe drought stress). The plants were watered 
again after 6 days, and the recovery rate was calculated after 3 days by counting the 
number of surviving plants. The greenhouse data suggest that the higher survival 
rates of DREB-expressing plants (i.e., 70% for line P58 and 60% for line P1142) are 
because of lower water use resulting from lower transpiration rates under well- 
watered conditions (Rolla et al. 2013). This may have led to a more conservative 
growth pattern in the transgenic plants than in the controls (Saint-Pierre et al. 2012). 
Higher survival and recovery rates in DREB-expressing plants exposed to severe 
water deficit stress have been reported for wheat (Pellegrineschi et al. 2004), tobacco 
(Kasuga et  al. 2004), rice (Dubouzet et  al. 2003), maize (Qin et  al. 2007), and 
groundnut (Bhatnagar-Mathur et al. 2007).
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7.5.2  Characterization of DREB2-Expressing Transgenic 
Soybean Lines Grown in a Greenhouse

The molecular, physiological, and agronomic responses of GM lines transformed 
with AtDREB2A were characterized under drought conditions. A total of 78 GM 
soybean lines containing 2–17 copies of AtDREB2A CA were produced. The 
AtDREB2A expression levels in the leaves and roots of plants exposed to diverse 
water deficit conditions were analyzed for two lines (i.e., P1397 and P2193). The 
leaves were dehydrated under biological oxygen demand conditions, while the 
leaves and roots were dehydrated under hydroponic conditions. Transgene expres-
sion levels were relatively high in both GM lines, with the P2193 roots exhibiting 
the highest expression levels under water deficit conditions. Upregulated transgene 
expression was also observed in dehydrated samples in the hydroponic system, with 
expression levels peaking after 60 min of stress (Engels et al. 2013). These findings 
suggest that AtDREB2A CA is differentially expressed in soybean organs. Similar 
findings have been reported for roots expressing a DREB2A homolog under the 
control of the constitutive 35S promoter in maize (ZmDREB2A) (Qin et al. 2007). 
The physiological parameters examined during water deficit treatments revealed 
that the photosynthetic, stomatal conductance, and transpiration rates as well as the 
leaf–air temperature differences in transgenic plants differed from those of the con-
trol cultivar BR 16 for all treatments (Engels et al. 2013). These findings suggested 
that plants were stressed in the hydroponic system and tended to exhibit decreased 
stomatal conductance, photosynthetic, and transpiration rates.

The AtDREB2A CA copy numbers and expression levels in GM plants indicated 
that this transgene was inserted into the genome and its subsequent expression. 
Thus, AtDREB2A CA was differentially expressed in three P2193 generations (i.e., 
T0, T1, and T2) and in the leaves and roots under water deficit conditions (Engels 
et al. 2013).

7.5.3  Characterization of AREB1-Expressing Transgenic 
Soybean Lines Grown in a Greenhouse

Soybean plants overexpressing AtAREB1 were produced and fully characterized in 
a greenhouse. Among the generated lines, the drought tolerance of A24.10 and 
A2889.12 was assessed because these lines overexpressed AtAREB1 and had a low 
transgene copy number. Line A2057.03 was also analyzed because it expressed 
AtAREB1 at low levels but had a high transgene copy number (i.e., >100). Under 
drought conditions imposed in a greenhouse, the A24.10 plants produced slightly 
fewer leaves and a shorter internode compared with the other analyzed lines. 
Additionally, A2057.03 plants did not exhibit inhibited growth. Drought stress tol-
erance was particularly enhanced in A24.10 and A2889.12 plants, which were able 
to survive a 5-day water deficit treatment. The leaves were undamaged 3 days after 
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watering was resumed. Furthermore, plant growth and physiological performance 
under drought stress conditions were better for these lines than for the wild-type BR 
16 plants (Barbosa et al. 2013).

A second experiment was conducted using AREB1-expressing soybean lines 
(i.e., 1Ea2939, 1Eb2889, and 1Ea15). A molecular analysis indicated that AtAREB1 
was not expressed in 1Ea15 plants. The drought-responsive GmRAB18 gene was 
overexpressed in BR 16 and 1Ea15 plants under water deficit conditions. In con-
trast, the expression level of this gene was relatively low in transgenic lines 
1Ea2939 and 1Eb2889. This result was consistent with the daily transpiration and 
stomatal conductance observations, implying that transgenic lines 1Ea2939 and 
Eb2889 are less sensitive to water deficit stress than the BR 16 and 1Ea15 plants. 
Additional evidence of the greater sensitivity of BR 16 and 1Ea15 plants to drought 
stress includes the predominance of catabolic processes (e.g., respiration) over ana-
bolic processes (e.g., photosynthesis) in the BR 16 and 1Ea15 plants (Marinho 
et al. 2016). Higher RAB18 expression levels were reported in A. thaliana plants 
exposed to low temperatures, drought stress, or exogenous ABA (Iuchi et al. 2001) 
and in soybean plants under moderate water deficit conditions (Marcolino-Gomes 
et al. 2014).

Phenotypic analyses indicated that there were no obvious plant growth differ-
ences among the 1Ea15, 1Ea2939, and 1Eb2889 transgenic lines, suggesting that 
the constitutive promoter CaMV 35S did not cause dwarfism. However, at the end 
of the experimental period, differences in root dry matter, leaf blade dry matter, and 
total leaf area were observed in comparison between well-watered and drought- 
stressed plants. Additionally, 1Ea2939 and 1Eb2889 plants produced more pods and 
seeds with increased dry matter content than the other analyzed lines. The improved 
performance of the transgenic 1Ea2939 and 1Eb2889 plants may be related to 
mechanisms that minimize water loss (e.g., decreased stomatal conductance and 
leaf transpiration rates) under control conditions (Marinho et al. 2016).

Water storage differences in the substrate used to grow the transgenic lines were 
confirmed by measuring the substrate water potential at the end of the growth analy-
sis experiment. The substrate water potential in pots containing 1Ea2939 and 
1Eb2889 plants was higher than that of pots with BR 16 and 1Ea15 plants. Similarly, 
previous studies in peanut (Bhatnagar-Mathur et al. 2007) revealed that decreases in 
transpiration rates when the growth substrate is relatively humid lead to increased 
storage of water by the substrate. This may be advantageous for plants during pro-
longed droughts because the water stored in the soil may be available for use in the 
later plant development stages.

Regarding agronomic traits of plants grown in a greenhouse, the transgenic 
1Ea2939 plants produced more pods, viable seeds, and total seeds per plant than the 
other analyzed plants. They also contained higher pod dry matter content, viable 
seed dry matter content, and total seed dry matter content. These results suggest that 
the constitutive overexpression of AtAREB1 in soybean plants leads to increased 
drought tolerance with no yield losses (Marinho et al. 2016).
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7.5.4  Characterization of GolS-Expressing Transgenic 
Soybean Lines Grown in a Greenhouse

The molecular, physiological, and agronomic characteristics of soybean lines trans-
formed with 35S:AtGols2 were analyzed. Four soybean lines were observed to 
transmit the transgene to subsequent generations. The 2Ia1 and 2Ia4 plants carried 
two to four copies of AtGols2 (Honna et al. 2016). Analyses of greenhouse-grown 
soybean plants indicated that the overexpression of AtGolS2 led to increased galac-
tinol transcript abundance, which likely induced changes in carbohydrate metabo-
lism. The transcription levels of the raffinose 1 and 3 genes as well as LEA2 and 
LEA6 were upregulated in line 2Ia4. The encoded proteins may function as osmo-
protectants, leading to increased drought tolerance.

In greenhouse-grown soybean plants, there was a significant interaction between 
plant materials and water deficit conditions for sub-stomatal CO2 concentration (Ci) 
and gravimetric moisture of the substrate, while no significant interaction was 
observed for stomatal conductance (gs) and photosynthetic rate (A). Additionally, 
higher values were recorded for 2Ia4 plants under water deficit conditions (Honna 
et  al. 2016), possibly because the osmotic adjustment was unable to prevent the 
decrease in photosynthetic rate in the drought-stressed plants. However, turgor 
maintenance, confirmed by the relatively high gs values in 2Ia4 plants, likely 
enabled photosynthesis and other important physiological activities to proceed 
uninterrupted (possibly at low levels) under water deficit conditions. Thus, carbon 
and nitrogen continued to be redistributed in 2Ia4 plants.

A relatively high survival rate was observed for the 2Ia4 plants after a 21-day 
water-withholding period and a 9-day recovery stage when watering was resumed 
(Honna et  al. 2016). Similar survival rates were observed for A. thaliana plants 
exposed to a 14-day drought treatment followed by a 5-day recovery period. The 
drought-stressed A. thaliana plants survived because of the accumulation of raffi-
nose and galactinol in tissues, suggesting that these carbohydrates function as 
osmoprotectants (Taji et al. 2002). In terms of agronomic parameters, the 2Ia4 and 
BRS 184 plants produced more pods (with or without seeds) and seeds and had 
higher total seed dry matter contents than the other analyzed soybean lines. There 
were no differences among plant materials regarding the number of seeds per pod 
and 1000-seed weight.

7.5.5  Characterization of Transgenic Soybean Lines 
Under Field Conditions

After characterizing plants in a greenhouse, the GM lines expressing AtDREB1A 
(1Ab58), AtDREB2A CA (1Bb2193), or AtAREB1A FL (1Ea2939) were investi-
gated under field conditions during two consecutive growing seasons in 2013/2014 
and 2014/2015. The main plot was treated with the following four water regimes: 
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irrigated (matric soil water potential maintained between −0.03 and − 0.05 MPa), 
nonirrigated (natural rainfall), artificial drought stress induced at the vegetative 
stage, and artificial drought stress induced at the reproductive stage. To simulate 
drought stress, rainout shelters were programmed to automatically close upon rain-
fall and open as soon as the rain stopped.

Molecular, physiological, and agronomic characteristics were evaluated. Genes 
associated with drought responses (e.g., stomatal opening/closing and osmotic 
adjustment), photosynthesis, metabolic and hormone pathways (e.g., nitrogen 
assimilation), and proteins related to drought responses (e.g., dehydrins, heat shock 
proteins, and water channels) were analyzed. Gene expression analyses of samples 
collected in 2013/2014 crop season revealed that AtDREB1A, AtDREB2 CA, and 
AtAREB1 FL expression levels were upregulated under nonirrigated conditions. 
Among TFs, AtDREB1A was the most highly expressed gene (line 1Ab58), while 
no expression was detected for the BR 16 conventional soybean cultivar. All of the 
analyzed endogenous drought-responsive genes were differentially expressed 
among plant lines, with varying expression patterns observed for the GM lines. 
However, some gene expression patterns (i.e., up- or downregulated) were identified 
for endogenous drought-responsive soybean genes, illustrating how one or more of 
the encoded proteins may be activated to interact with each other to cope with water 
deficit periods (Fuganti-Pagliarini et al. 2017).

Physiological results for the 2013/2014 growing season regarding instantaneous 
(A/E; E: transpiration) and intrinsic (A/gs) water use efficiency and leaf area index 
did not reveal any significant interactions between water conditions and plant mate-
rials. Under nonirrigated conditions, 1Ea2939 plants produced the highest soybean 
yield (i.e., 2.153 kg ha−1), which was not significantly different from the final yield 
for this line under irrigated conditions (i.e., 2.012 kg ha−1). Additionally, 1Ea2939 
plants were relatively low yielding because of severe lodging that occurred after a 
heavy rainfall (i.e., 341.4 mm), which decreased productivity and final yields. Seed 
protein and oil contents were unaffected by the insertion of TFs DREB1A, DREB2A, 
and AREB1. However, it must be emphasized that in both growing seasons, the 
highest protein content and lowest oil content were observed for 1Ea2939 plants 
under irrigated and nonirrigated conditions. Overall, the protein and oil contents of 
the GM lines were acceptable for the crushing industry, meeting quality reference 
standards and commercial specifications. The maintenance of these parameters in 
GM soybean lines is essential for adding value to the crop. It will ensure the com-
petitiveness of the soybean lines in the global market and enable these lines to enter 
the feed market for poultry, pork, cattle, other farm animals, and pets (Fuganti- 
Pagliarini et al. 2017).

There were no detectable differences in the physiological and agronomic param-
eters during the field experiment in the 2014/2015 growing season. This was likely 
because of the optimal rainfall volume received during the whole cycle, which lim-
ited the drought stress experienced by the plants. According to the data collected at 
the weather station located in the experimental plot, total rainfall for the growing 
season was 790.8 mm. The recommended water requirements for soybean crops 
vary between 450 and 800 mm/cycle and depend on weather conditions, crop man-
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agement practices, and cycle duration. Because no differences were identified, 
molecular analyses were not conducted (Fuganti-Pagliarini et al. 2017). The field 
experiment data suggest that GM plants expressing DREB and AREB genes can 
modulate metabolic activities during drought responses by targeting different mech-
anisms, which ideally will increase survival rates and maintain crop productivity 
(Fuganti-Pagliarini et al. 2017).

The GolS-expressing GM lines were also investigated under field conditions. 
During the 2014/2015 growing season, the 2Ia4 plants produced the highest yields 
under irrigated and nonirrigated conditions. Additionally, the protein and oil con-
tents tended to be similar between 2Ia4 and BRS 184 seeds regardless of water 
conditions (Honna et al. 2016). These results imply that 2Ia4 plants may be useful 
for breeding drought-tolerant plants.

Similar to our observations, Passioura (2012) reported that results obtained under 
controlled conditions in greenhouses may not reflect plant behaviors over an entire 
season in the field. During greenhouse experiments, plants are unable to express 
their total potential because of limitations due to pot size. Additionally, controlled 
water contents, temperature fluctuations, and diseases and pests do not challenge 
the plants, unlike field conditions. Thus, field tests are crucial for challenging GM 
plants to verify their improved drought tolerance resulting from different genetic 
manipulations.

7.6  Conclusion

The data regarding genes, promoters, expression levels, and metabolic activities 
generated in this project may form a useful resource of basic information but may 
also be relevant for generating and analyzing stress-tolerant crops. The information 
presented herein is important not only for basic research but also for applied research, 
including the breeding of soybean and other agriculturally important crops.

The development of an effective A. tumefaciens-based transformation method 
optimized the transformation efficiency of Brazilian soybean cultivars. Furthermore, 
genes mediating stress tolerance were introduced into soybean lines. The resulting 
transgenic plants were evaluated for drought tolerance under greenhouse and field 
conditions. The GM lines generally modulated their metabolic activities through 
molecular and physiological plasticity to respond to water deficit conditions. 
Diverse cellular mechanisms were involved in increasing survival rates and stabiliz-
ing productivity.

Our GM soybean lines already were introduced in Embrapa’s breeding program 
for the generation of new cultivars. Tests in different environments as well as safety 
evaluations among other studies are starting. Drought-tolerant soybean cultivars may 
help stabilize or increase soybean production in Brazil as well as in South American 
and African countries, with potentially considerable positive societal effects.

In the future, in addition to developing stress-tolerant soybean varieties based on 
the promising GM soybean lines generated in this project, we expect to apply the 
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developed technology in studies involving other important crops. For example, in 
collaboration with Embrapa Agroenergy in Brazil, we have already introduced 
DREB2 into sugarcane. Assays involving transgenic sugarcane plants expressing 
the A. thaliana DREB2Aca gene have produced promising results under greenhouse 
conditions (Reis et al. 2014). Future studies will focus on the performance of sugar-
cane transformants under drought conditions in fields. Because sugarcane can be 
propagated through shoots, genetic fixation is not required. Therefore, the develop-
ment of GM varieties might be easier for sugarcane than for crops that require trans-
gene fixation. We hope that the crops developed in our international joint research 
projects will someday help stabilize agricultural production and provide a sufficient 
global supply of food and energy.
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Chapter 8
Sustainable Management of Invasive 
Cassava Pests in Vietnam, Cambodia, 
and Thailand

Hiroki Tokunaga, Tamon Baba, Manabu Ishitani, Kasumi Ito, 
Ok-Kyung Kim, Le Huy Ham, Hoang Khac Le, Kensaku Maejima, 
Shigeto Namba, Keiko T. Natsuaki, Nguyen Van Dong, Hy Huu Nguyen, 
Nien Chau Nguyen, Nguyen Anh Vu, Hisako Nomura, Motoaki Seki, 
Pao Srean, Hirotaka Tanaka, Bunna Touch, Hoat Xuan Trinh, 
Masashi Ugaki, Ayaka Uke, Yoshinori Utsumi, Prapit Wongtiem, 
and Keiji Takasu

Cassava is an important crop, in which root tubers have been known as a staple food 
in tropical area. Recently, cassava tubers are processed by various methods into 
numerous products and utilized in various ways. The land area of cassava cultiva-
tion has been increasing especially in Southeast Asia. Such a situation is causing an 
introduction of new cassava diseases and insect pests in the region. In the main part 
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of this chapter, we reviewed the current cassava situation in Vietnam, Cambodia, 
and Thailand and then illustrated the major cassava diseases and insect pests and 
their management methods. In addition, we described the international activities 
developing the cassava agriculture to date, the existing agricultural extension sys-
tem, and the socioeconomic situation of cassava farmers. Since 2016, we have been 
conducting SATREPS project to establish a management of invasive cassava dis-
eases and insect pests. At last part chapter, we showed our approach to establish the 
sustainable agriculture of cassava.
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8.1  Introduction

Cassava (Manihot esculenta Crantz) is a tropical crop, whose tuberous root is a 
major source of starch in Africa, Latin America, and Asia (Food and Agriculture 
Organization of the United Nations 2013a, b). Not only as staple food, but also 
cassava plants are widely used as animal food and materials like paper, textile, glue, 
etc. Recently, the starch from cassava is further processed into a modified starch and 
fuel ethanol. Thus, the social situation changed and cassava is becoming a cash 
crop. Over the last couple of decades, cassava production has been increasing 
steadily especially in Asia. Cassava has different features from cereals, such as rice 
and maize, and can be grown on the oligotrophic soil. Also, the cultivation method 
is unique, and thus cassava plant is propagated from the cutting of its stem, which is 
the vegetative organ, and a remaining part after tuberous root is harvested. This 
vegetative multiplication has the advantage of growing faster and more vigorously, 
compared to plant growth from seed germination (Alves 2002). However, this prop-
agation system raises the risks in spreading diseases and harmful insects. Recently, 
pests have begun to spread throughout Asia with the increasing cassava production. 
This paper reviews the pest situation in Vietnam, Cambodia, and Thailand and the 
measures to prevent the pest spread and, finally, explains our activities in SATREPS 
project.

Cassava Situation in Vietnam
In Vietnam, cassava has switch from the role of a food crop to an industrial crop 
with high competitive advantage. Cassava production brings in major incomes for 
many poor farmers in rural and marginal land areas. According to the General 
Statistics Office of Vietnam (GSOVN), cassava production area has increased 2.3 
times from 237,600 ha in 2000 to 551,100 ha in 2014 (GSOVN – General Statistics 
Office of Vietnam 2016). In the same period of time, productivity has increased 
from 8.4 ton/ha to over 18.6 ton/ha. Hence, yield has increased from 5.1 million 
tons to 10.22  million tons. The majority of cassava produced in Vietnam is for 
export, mainly to China, Korea, and Eastern European countries. Vietnam cassava 
export began to surge from 2008 with average growth of 28% annually. In 2015, 
among ~10 million ton of fresh cassava tuber, 4.08 million tons were exported with 
returning revenue of 1.31 billion USD, while fresh consumption and animal feed 
accounted for 12.2% and 22.4%, accordingly (GSOVN – General Statistics Office 
of Vietnam 2016).

Cassava Situation in Thailand
In Thailand in 2016, the harvest area is expected to be 8.90 million rai (1 ha = 6.25 
rai), the product was 30.91 million tons, and the average yield was 3.47 tons per rai. 
Compared to 2014/2015, the harvest area and the yield were reduced by 0.67% and 
4.48/3.88%, respectively (Office of Agricultural Economics 2016a, b). The reason 
is that drought caused the plant death or reduced growth and then inadequate supply 
of stakes to farmers. Another reason is an outbreak of mealybug in the country. After 
the situation, some farmers shifted the cultivated crop to the other crops instead of 
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cassava. Cassava can be processed into chips, pellets, starch, and ethanol. 
Subsequently, in the factory, they are transformed to a variety of processed products 
such as food, animal feed, sweeteners, monosodium glutamate, paper, textiles, etc. 
Of the total products, around 20–25% supply the domestic demand in Thailand, and 
the rest is for export. Most of the processed products for export are chips, which 
amount to around 40–50 billion baht/year, and the second product is starch. Export 
volume is based on the price of the grain trade. The large market of cassava product 
is Asia, and China is the largest importer currently (Office of Agricultural Economics 
2016c).

Cassava Situation in Cambodia
In Cambodia, cassava has the second largest crop production after rice. Its cultiva-
tion area increased dramatically from 16,279 ha in 2000 to 521,459 ha in 2015 due 
to increasing root demand for international markets and root production of 12.5 mil-
lion tons in 2015, with average yield about 20–30 tons per ha (Ministry of Agriculture 
2001, 2016). It is grown by smallholder farmers for export as fresh roots to Thailand 
and Vietnam, and these countries are the main sources of cassava stems used for 
planting materials. The production is faced with price fluctuation and losses by 
occurrence of the pests and the diseases and by heavy rainfall and drought (Wang 
et al. 2016; Chov and Touch 2016). Rapid expansion of the cultivated areas have 
caused concerns about destructive of soil fertility, serious erosion when planted on 
slopes or even gentle slopes (Howeler 2014; Ministry of Agriculture, Forestry and 
Fisheries in Cambodia 2015). Although intercropping and crop rotation systems are 
recommended for cassava production (Howeler 2014), a regionally coordinated 
research and extension program and strengthened capacity-building efforts may 
help to mitigate invasive pests, safeguard farmers’ harvests, and ensure the profit-
ability and sustainability of cassava cropping systems in the country (Graziosi et al. 
2016).

8.2  Main Subject

8.2.1  Cassava Diseases and Their Management

Significance of Cassava Viruses in the Tropics
Cassava is propagated from stem cuttings and thus has a high risk of virus disease 
problems. Of at least 20 different cassava viruses, 12 Begomoviruses causing cas-
sava mosaic disease (CMD) and 2 Ipomoviruses causing cassava brown streak dis-
ease (CBSD) are devastating (Table 8.1). CMD induced 47% estimated losses of 
production equivalent to more than 13 million tons annually in the east and central 
Africa by 2005 (Legg et al. 2006).
Since CMD was first described in Tanzania in 1894, two prevalent cassava mosaic 
geminiviruses (CMGs) tended to have a distinct distribution: African cassava 
mosaic virus (ACMV) occurred across the west, central, and central-southern 
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Africa, and East African cassava mosaic virus (EACMV) was restricted to the east 
African coast, Madagascar, Malawi, and Zimbabwe. Further epidemiological sur-
veys, however, revealed both ACMV and EACMV might occur in the same region 
by detecting recombinant CMGs, i.e., EACMV-UG and East African cassava 
mosaic Cameroon virus (EACMCV). Several studies confirmed a synergistic inter-
action through mixed infections of CMGs which could cause more severe symp-
toms than single infection and increase an opportunity for recombination and 
reassortment of DNA molecules. CMD by Indian cassava mosaic virus (ICMV) 
and Sri Lankan cassava mosaic virus (SLCMV) was observed in Indian subconti-
nent (Saunders et al. 2002). Only recently, an outbreak of CMD was observed in 
Ratanakiri, Cambodia, and was the first report of CMD in Southeast Asia, with 
SLCMV identified as its causal virus (Wang et al. 2016). There are few reports that 
CMGs infect to non-cassava plants in nature: ICMV on bitter gourd (Momordica 
charantia) (Rajinimala and Rabindran 2007) and biodiesel crop Jatropha curcas 
(Gao et al. 2010) in India. CMGs can be transmitted by a whitefly complex Bemisia 
tabaci (Gennadius) (Hemiptera: Aleyrodidae) with different populations depending 
on regions. The virus-vector coadaptation exists in the CMD pathosystem. 
Especially, the whitefly B-biotype has an extremely wide host range which might 
contribute to transfer CMGs or other geminiviruses from weed hosts to cultivated 
crops. Consequently, we need to keep monitoring epidemics of diversified CMGs in 
Asia to avoid a high potential risk inducing economical loss by mixed infections and 
recombination of CMGs as observed at CMD pandemic in Africa.

CBSD, another economically important virus disease, had been first reported in 
the early 1930s from Tanzania in east Africa (Storey 1936). While CMD symptoms 
on cassava plants develop leaves showing mild chlorotic mosaic to severe distortion, 
CBSD shows inter-venal chlorosis but no distortion on leaves and necrosis on stems 
and tuberous roots (Hillocks and Jennings 2003). Though Latin America is the cen-
ter of origin of cassava plantation, only the occurrence of cassava frogskin disease 
(CFSD) is known since its first report in 1971 from southern Colombia (Nolt et al. 
1992; Pineda and Lozano 1983). Four viral species were detected from mixed infec-
tions of CFSD-affected cassava in Colombia and identified as Cassava new alphaf-
lexivirus (CsNAV), Cassava polero-like virus (CsPLV), Cassava torrado-like virus 
(CsTLV), and Cassava frogskin-associated virus (CsFSaV) (Calvert et  al. 2008; 
Carvajal-Yepes et al. 2014).

Diagnostics of Cassava Begomoviruses in Plants and Vectors
The availability of reliable diagnostics for CMGs belonging to the Begomovirus 
genus is a key parameter in efforts to control CMD. In the field, visible CMD symp-
toms include foliar yellow or green mosaic, mottling, and misshapen and twisted 
leaflets that are often reduced in size (Fig. 8.1).

In the laboratory, serological diagnostics using poly- or monoclonal antibodies 
have been performed, including enzyme-linked immunosorbent assay (ELISA), 
double-antibody sandwich (DAS) ELISA, and triple antibody sandwich (TAS) 
ELISA. A DAS ELISA kit for detecting ACMV is available (AC Diagnostics, Inc., 
USA). Dot immunobinding assay (DIBA) was used to detect a tomato-infecting 
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Begomovirus. Although these serological methods are suitable for mass screening, 
they frequently cannot distinguish between related Begomovirus species. This is 
because the antibodies produced against Begomoviruses are often cross-reactive due 
to common epitopes in viral coat proteins. It is possible to directly observe geminate 
(twinned) icosahedral viral particles, characteristic of geminiviruses (Fig. 8.2), by 
using standard transmission electron microscopy (TEM) or virus-enriched immuno-
sorbent electron microscopy (ISEM). In vitro amplification of CMG genomic DNA 
using the rolling circle amplification (RCA) strategy, followed by sequencing, can 
be used to analyze both known and unknown geminiviruses, since this method can 
amplify any circular DNA without prior knowledge of target sequence information 

Fig. 8.1 Typical mosaic symptom in Cambodia

Fig. 8.2 Transmission electron micrograph of African cassava mosaic virus (ACMV) particles. 
Their shape is characteristic twinned icosahedra. Bar, 50 nm
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(Srivastava et al. 2015). Further, polymerase chain reaction (PCR) has been used 
extensively as a more specific and sensitive diagnostic. Multiplex PCR can detect 
multiple CMG species simultaneously (Aloyce et al. 2013), while real-time PCR is 
more sensitive than standard PCR and can quantitate the target CMG DNA (Otti 
et al. 2016). CMGs are transmitted from plant to plant by a set of whitefly species 
collectively called the “Bemisia tabaci species complex” in a non-propagative, cir-
culative manner (Gray et al. 2014) (Fig. 8.3). B. tabaci was formerly regarded as a 
single complex species but is currently recognized as a species complex, containing 
at least 24 cryptic (morphologically indistinguishable) species (De Barro et  al. 
2011). The ability to transmit CMG differs among the species. It is therefore essen-
tial to be able to identify both CMG and whitefly species in order to understand the 
CMD epidemic status and to determine appropriate management practices to con-
trol outbreaks. CMGs were detected from vectoring whiteflies serologically, by 
using DIBA or TAS ELISA. CMGs have been detected from the DNA prepared 
from an individual whitefly by using PCR techniques (Duraisamy et al. 2012). The 
isolated DNA can also be used to identify whitefly species as the template for PCR 
amplification of the mitochondrial cytochrome oxidase 1 gene. By using multiplex, 
real-time PCR, both the Begomovirus and the whitefly species can be simultane-
ously identified in a highly sensitive manner (van Brunschot et al. 2013).

Phytoplasma Diseases in Cassava
In cassava production, phytoplasma diseases have become a serious threat. 
Phytoplasmas are associated with cassava witches’ broom (CWB) and cassava frog-
skin disease (CFSD). CWB was first reported in Brazil in 1939. So far, it has been 
reported in Latin American countries such as Brazil, Venezuela, Mexico, and Peru; 
in Southeast Asian countries such as Vietnam, Thailand, and the Philippines; and in 
Polynesia (Wallis and Futuna Islands). CFSD was first reported in Colombia in 
1971. To date, it has been reported in Latin American countries such as Colombia, 
Brazil, Costa Rica, Panama, Peru, Venezuela, Nicaragua, Honduras, and Paraguay.

Fig. 8.3 Close-up image 
of CMG-transmitting 
whitefly Bemisia tabaci 
Mediterranean (formerly 
biotype Q) sacking the leaf 
vasculature tissue. Bar, 
1 mm
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CWB is involved in witches’ broom symptoms with leaf dwarfing and yellowing, 
and shortened internodes of aerial parts, and in phloem necrosis of roots, resulting 
in lower starch content and yield reduction up to 90% (Alvarez et al. 2013, 2014a). 
CFSD is involved in deep lesions, reduced diameter, and increased woodiness of 
roots, resulting in reduced content of starch and yield loss up to 90%. On the other 
hand, since the aerial parts do not show characteristic symptoms, it is difficult to 
notice CFSD before harvest (Alvarez et al. 2009, 2014b; Alvarez and Pardo 2014; 
de Souza et al. 2014; Téllez et al. 2016).

It has been reported that several ‘Candidatus (Ca.) Phytoplasma’ species are asso-
ciated with cassava diseases. ‘Ca. Phytoplasma asteris’ is associated with CWB 
(Alvarez et al. 2013, 2014a; Arocha et al. 2009a). ‘Ca. Phytoplasma pruni’-related 
strains are associated with CFSD (Alvarez et al. 2009; Téllez et al. 2016; Oliveira 
et al. 2014). In Brazil, a ‘Ca. Phytoplasma pruni’-related strain is also associated with 
CWB (Flôres et al. 2013). In Uganda, a ‘Ca. Phytoplasma aurantifolia’-related strain 
was detected from cassava showing yellowing, chlorosis, and dwarfing symptoms 
(Arocha et al. 2009b). However, since their pathogenicity has not yet been assessed 
by inoculation tests, nor have insect vectors yet been identified, further investigation 
is needed to understand the phytoplasmas-associated cassava diseases.

Management of Cassava Diseases ~ from the Case in Vietnam and Future~
In Vietnam, there are cassava anthracnose by Colletotrichum gloeosporioides and 
cassava bacterial blight by Xanthomonas campestris pv.manihotis. These diseases 
are, however, not serious enough to take any protection. As for CWB (Fig. 8.4) by 
phytoplasma (Alvarez et al. 2013), it usually occurs in the early rainy season with 
high temperature and humidity and causes relevant economic yield losses, and no 
control measures were successful. Most of the current cassava varieties are suscep-
tible (Fig. 8.5).

As for the prospective management, the following are needed to be done:

 1. Study and development of rapid detection and identification methods of the 
causal pathogen using techniques such as LAMP and real-time-PCR

Fig. 8.4 Typical symptom 
of cassava witches’ broom 
disease in Vietnam. (Photo: 
T. X. Hoat)

H. Tokunaga et al.

trinhxuanhoatppri@gmail.com



141

 2. Study on measures to control CWB disease transmission
 3. Development of techniques for production of disease-free seedlings and provi-

sion to growers
 4. Study and development of tolerant/resistant varieties to CWB disease
 5. Development of ICM for effective and sustainable management of CWB and 

other diseases/pests/weeds in cassava production

8.2.2  Major Cassava Arthropod Pests and Their Management 
in Southeast Asia

Cassava arthropod pests in Southeast Asia have been already detected and reported 
(Graziosi et al. 2016; Parsa et al. 2012). Here, we described several important cas-
sava arthropod pests in Southeast Asia and also discussed about current condition 
and management approach against the most important cassava insect pest, cassava 
mealybugs (Phenacoccus manihoti), in Thailand, Cambodia, and Vietnam.

Major Cassava Arthropod Pests in Southeast Asia
 1. Mealybugs

Mealybugs (Hemiptera, Pseudococcidae) usually have soft bodies and secrete 
some kind of white powdery and/or filamentous wax on body surface. They are typi-
cal plant sap-sucking insects, and their heavy infestations may cause leaf defoliation 
and bud death (Graziosi et al. 2016). Therefore, they could reduce the plant growth 
and root yield (Graziosi et al. 2016). At present, 24 species of them are known as 
cassava-infesting species in the world (García et al. 2016), and seven species have 

- Survey current socio-economic situation of cassava farmers

- Detect cassava pathogens - Monitor insect pests - Produce healthy cassaca seedlings
- Identify useful cassava varieties
- Develop new breeding technology

- Develop detection technologies
- Operate disease monitoring system

ST4. Extension Team

ST1. Plant Pathology Team ST2. Pest Management Team ST3. Seed Management Team

- Consider the extension scheme
- Develop the sustainable model to spread the healthy cassava seedlings

Goal: Establish Models for Pest Management & Healthy Seed Management

- Release natural enemies
- Develop pestmanagement

Fig. 8.5 Project Outline
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been recorded as common mealybug species on cassava in Southeast Asia (Table 
8.2). Here, we pick up and introduce the following two species as major pests of 
cassava in Southeast Asia:

 (a) Cassava mealybug, Phenacoccus manihoti Matile-Ferrero (1977)

Cassava mealybug is undoubtedly one of the most important and destructive 
arthropod pests of cassava in the world. It was reported as a new species by Matile-
Ferrero (1977) after this species had been accidentally introduced from Neotropical 
to Afrotropical Region and caused its destructive outbreak in cassava-growing areas 
in Africa. The parasitoid Anagyrus lopezi (Hemiptera: Encyrtidae) was collected in 
South America and introduced into Africa. A mass rearing and release program was 
conducted, and this pest was under biological control in nearly all parts of its range 
in Africa (Winotai et  al. 2010). However, in the late 2000s, the mealybug had 
expanded its distribution area to Southeast Asia, and its outbreak occurred in 
Thailand (Winotai et al. 2010). Since then, its occurrence in other adjacent countries 
including Cambodia and Vietnam has been reported (Graziosi et  al. 2016; Parsa 
et al. 2012; Sartiami et al. 2015). In the invaded area of Thailand, the mealybug 
caused serious cassava production loss (40%) (Graziosi et al. 2016). Now, the spe-
cies’ existence and outbreak in Southeast Asia became one of the most serious prob-
lems on cassava production there. At present, biological control programs for the 
mealybug by using Anagyrus lopezi have been conducted in some Southeast Asian 
countries (Winotai et al. 2010).

 (b) Papaya mealybug, Paracoccus marginatus Williams and Granara de Willink 
1992

Papaya mealybug was originally described by Williams and Granara de Willink 
(1992) based on the specimens collected on cassava in Belize, Costa Rica, 
Guatemala, and Mexico, and it is suspected that this species is native to Mexico and/
or Central America (Miller et  al. 1999; Miller and Miller 2002) Since the early 
1990s, the species was introduced and spread to many tropic and subtropic coun-
tries and became a considerable pest especially on papaya in some regions. This 
species is commonly found on cassava in Southeast Asia (Graziosi et al. 2016) and 
considered one of the important cassava pests in the region. In some Pacific islands, 
Caribbean islands, and India, effective parasitoids of the mealybug have been 
released for its control (Muniappan et al. 2008; Myrick et al. 2014).

 2. Whiteflies

Whiteflies (Hemiptera, Aleyrodoidea) are known as important sup-sucking insect 
pests. Some of them are also important vectors of plant virus disease such as cassava 
mosaic virus (CMV), a serious virus disease of cassava (Graziosi et al. 2016). Since 
CMV was found in Cambodia in 2015, more attention should be paid to abundance 
and distribution of whiteflies on cassava in this region. Two important whitefly spe-
cies were found in this region (Table 8.2). The tobacco whitefly, Bemisia tabaci 
(Gennadius 1889), is considered one of the most serious whitefly pests, and it infests 
more than 600 plant species (Graziosi et al. 2016). The species is also known as a 
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Table 8.2 Major arthropod pests of cassava in Southeast Asia

Common name Class Order Family Scientific name

Spider mite
  African red mite Arachnida Trombidiformes Tetranychidae Eutetranychus africanus

  Red mite Arachnida Trombidiformes Tetranychidae Eutetranychus orientalis

  Green mite Arachnida Trombidiformes Tetranychidae Mononychellus 
mcgregori

  Red mite Arachnida Trombidiformes Tetranychidae Neotetranychus lek

  Red mite Arachnida Trombidiformes Tetranychidae Oligonychus thelytokus

  Red mite Arachnida Trombidiformes Tetranychidae Oligonychus biharensis

  Red mite Arachnida Trombidiformes Tetranychidae Tetranychus marianae

  Red mite Arachnida Trombidiformes Tetranychidae Tetranychus yusti

  Red mite Arachnida Trombidiformes Tetranychidae Tetranychus urticae

  Red mite Arachnida Trombidiformes Tetranychidae Tetranychus 
cinnabarinus

  Red mite Arachnida Trombidiformes Tetranychidae Tetranychus 
neocaledonicus

  Red mite Arachnida Trombidiformes Tetranychidae Tetranychus truncatus

  Red mite Arachnida Trombidiformes Tetranychidae Tetranychus kanzawai

Mealybug
  Striped 

mealybug
Insecta Hemiptera Pseudococcidae Ferrisia virgata

  Hibiscus 
mealybug

Insecta Hemiptera Pseudococcidae Maconellicoccus 
hirsutus

  Papaya 
mealybug

Insecta Hemiptera Pseudococcidae Paracoccus marginatus

  Madeira 
mealybug

Insecta Hemiptera Pseudococcidae Phenacoccus 
madeirensis

  Cassava 
mealybug

Insecta Hemiptera Pseudococcidae Phenacoccus manihoti

  Cotton 
mealybug

Insecta Hemiptera Pseudococcidae Phenacoccus solenopsis

  Jack Beardsley 
mealybug

Insecta Hemiptera Pseudococcidae Pseudococcus 
jackbeardsleyi

Soft scale insect
  Black scale Insecta Hemiptera Coccidae Parasaissetia nigra

  Black scale Insecta Hemiptera Coccidae Saissetia miranda

Armored scale insect
  Cassava scale Insecta Hemiptera Diaspididae Aonidomytilus albus

Whitefly
  Spiraling 

whitefly
Insecta Hemiptera Aleyrodidae Aleurodicus dispersus

  Tobacco 
whitefly

Insecta Hemiptera Aleyrodidae Bemisia tabaci

Others
  Termites Insecta Isoptera Rhinotermitidae Rhinotermitidae spp.
  Whitegrubs Insecta Coleoptera Scarabaeidae Scarabaeidae spp.

Adopted and modified from Graziosi et al. (2016)
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vector of many virus diseases including CMV. The species has been distributed in 
Southeast Asia at least since 1933 (Oliveira et al. 2001).

 3. Spider Mites, Tetranychidae spp.

Spider mites (Arachnida, Trombidiformes, Tetranychidae) feed on plants and 
suck plant contents by their stylet. Because they have high reproductive rate and 
short development time, spider mites may cause their exponential and explosive 
population growth. They also seem to develop acaricide resistance rapidly. Cassava 
is frequently attacked by spider mites, and their damage becomes conspicuous in 
dry season. Until now, 13 species of spider mites have been recorded from Southeast 
Asia (Graziosi et  al. 2016) (Table  8.2). Phytoseiid predatory mites and ladybird 
beetles Stethorus spp. (Coccinellidae) have been recorded as their insect natural 
enemies in Vietnam and Thailand (HL, unpublished data).

Management Approach of Cassava Mealybug in Thailand, Cambodia, and 
Vietnam
As introduced above, there are a considerable number of arthropod pest species 
occurring on cassava in Southeast Asia. Among them, the most important arthropod 
pest in this region is undoubtedly the cassava mealybug. Therefore, we described 
current condition and management approach against cassava mealybugs in Thailand, 
Cambodia, and Vietnam.

 1. Thailand

In Thailand, there had been no serious pest problem until invasion of the cassava 
mealybug (Phenacoccus manihoti) in April 2008 when its outbreaks occurred (Food 
and Agriculture Organization of the United Nations 2013c). To control this invasive 
pest, Department of Agriculture (DOA), Thailand, imported Anagyrus lopezi from 
the International Institute of Tropical Agriculture (IITA) in Benin (Santis 1964). In 
July 2010, the biological control program initiated. More than 6,000,000 pairs of 
the wasp had been produced and released in the area infested by P. manihoti from 
July 2010 to August 2011 (Food and Agriculture Organization of the United Nations 
2013c). With this parasitoid release program, P. manihoti seems to be under control 
in Thailand. The mealybug infested area in Thailand had been also reduced to only 
10.88 ha by October 2013. Farmers also soaked cassava cuttings on an aqueous 
solution of thiamethoxam, imidacloprid, or dinotefuran before planting.

 2. Cambodia

In Cambodia, P. manihoti was first found in 2009  in Pailin province, and the 
infesting area was 95 ha (Food and Agriculture Organization of the United Nations 
2013c). In 2010, more cassava fields infested by the mealybugs were found (Food 
and Agriculture Organization of the United Nations 2013c). Since 2011, P. manihoti 
has been observed from many more areas such as Svay Rieng Province, Kampong 
Cham Province, Ratanakiri Province, and Kratie Province (Food and Agriculture 
Organization of the United Nations 2013c). The General Directorate of Agriculture 
(GDA), Cambodia, mass-reared the parasitoid A. lopezi at Phnom Penh and released 
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1200 pairs in Pailin, Battambang, and Banteay Meanchey provinces in November 
2013 as a part of the FAO capacity building for spread prevention and management 
of cassava pink mealybug in the Greater Mekong Subregion (TCP/RAS/3311)(Iv 
Phirun, GDA, personal communication).

 3. Vietnam

In Vietnam, the key arthropod pests of cassava had been spider mite (Tetranychus 
urticae), whitefly (Bemisia tabaci and Aleurodicus dispersus), and mealybugs 
(Paracoccus marginatus and Phenacoccus madeirensis). Their damages on cassava 
were not so serious that farmers did not use insecticide on cassava. After invasion of 
P. manihoti into Vietnam, farmers started using chemical pesticides (e.g., cyperme-
thrin, imidacloprid, thiamethoxam, chlorpyrifos, and other organophosphorus 
insecticides), as well as cutting and removal of young shoots/leaves or infested 
plants for control of A. manihoti. However, P. manihoti in Tay Ninh had spread fur-
ther and infested approximately 1.142,6 ha (Food and Agriculture Organization of 
the United Nations 2013c), and it has become a serious problem of cassava cultiva-
tion in the region. As a part of FAO program, the Plant Protection Department, Tay 
Ninh Province, released 1000 pairs of A. lopezi imported from Thailand in Tay Ninh 
province on 29–31 May 2013 (Food and Agriculture Organization of the United 
Nations 2013c). Since then, PPD Tay Ninh had been mass-rearing and releasing this 
parasitoid in the fields in Tay Ninh (Food and Agriculture Organization of the United 
Nations 2013c). This parasitoid has been maintained in PPD, Tay Ninh Province, 
for control of the cassava mealybug.

8.2.3  International Network for Cassava Research 
and Development

The Activities of MEXT and JST e-ASIA Projects
RIKEN group has advanced two international cassava collaborative projects: 
(1) “Towards food security in Asia and Africa by development and application 
of advanced molecular breeding technologies for the tropical crop, cassava” 
(2009–2012, in collaboration with CIAT, Mahidol University, and AGI, supported 
by Strategic Funds for the Promotion of Science and Technology, MEXT) and 
(2) “Advancement of Asian cassava molecular breeding by cutting-edge tech-
nologies” (2012–2015, in collaboration with AGI and Mahidol University, e-ASIA 
project supported by JST). By the abovementioned projects, RIKEN group has 
developed an integrative and functional genomics platform necessary for the cas-
sava molecular breeding. In the e-ASIA project, several cutting-edge technologies, 
such as the oligo DNA microarray containing about 30,000 cassava genes, heavy 
ion beam-mediated mutagenesis, and transformation technology, were used for 
identification of useful gene candidates and production of the transgenic cassava 
plants (Utsumi et al. 2016; Sojikul et al. 2015). The collaborative projects have also 
provided various opportunities for education of cutting-edge and global plant 
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science to Asian young researchers, strengthened our cassava research network, and 
contributed to the advancement of cassava molecular breeding toward resolution of 
the problems (Utsumi et al. 2012a, b). Several technologies and research products 
obtained in the MEXT and JST e-ASIA projects have been applied to the SATREPS 
project. Our approach using the platform will advance the molecular breeding of 
useful cassava, such as high yield, increased stress tolerance, and beneficial modifi-
cations of starch quality.

Cassava Propagation Center in Cambodia
The national cassava field bank in Cambodia is traditionally maintaining a wide 
variety of extensively adapted cassava cultivars and landraces for research and dis-
tributinon of the germplasm to different users. It comes with the technical simplicity 
of readily available vegetative material for immediate research purposes and also 
with a high vulnerability to pest and diseases. Therefore, to establish cassava seed 
system with aim of conservation, propagation, and distribution of disease free plant-
ing materials, the University of Battambang (UBB), Battambang, one of the largest 
cassava producing provinces in the country, initiated cassava tissue culture propaga-
tion in 2011. Subsequently, a Cassava Propagation and Distribution Center (CPDC) 
was established at the UBB farm in 2013 supported by the Government of Japan to 
extend the propagation of disease-free materials under insect-proof screen house 
conditions. This Center consists of two screen houses with the capacity to produce 
10,000 stakes annually. Establishment of this Center allowed UBB to conduct cas-
sava field days for provincial extensionists and demonstrating the importance 
of using disease-free materials to the farmers for sustainable cassava production. 
Thus, the Center will serve as a hub in most cassava-grown regions of Cambodia for 
cassava propagation, distribution, and demonstration for stakeholders including 
cassava farmers.

The Activities of ILCMB
A cassava breeding program was successfully established at CIAT headquarters in 
Cali, Colombia, in the early 1970s. Together with its national partners, CIAT 
launched cassava breeding activities in Thailand through conventional breeding 
program (Kawano 2003). To accelerate cassava breeding through molecular breed-
ing methods, such as advanced genomics/genome analysis tools, the International 
Laboratory for Cassava Molecular Breeding (ILCMB) was established in 2012 
between AGI, Vietnam Academy of Agricultural Sciences (VAAS) in Hanoi, and 
CIAT. RIKEN group joined ILCMB as a core group in May 2012 to advance the 
research collaboration with AGI and CIAT. The goal of ILCMB is to provide genetic 
solutions to overcome the challenges highly relevant to cassava producers as well as 
to offer opportunities to producers and end users such as commercially valued traits. 
Our main research areas are at this moment on (1) cassava seeds system to conserve 
and distribute useful cassava genotypes to the region, (2) cassava molecular breed-
ing including transgenic and gene editing approaches, and (3) human capacity 
development equipped with knowledge and skills of advanced molecular breeding 
techniques.
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Until now, we have four research projects being executed at ILCMB. One project 
is e-ASIA project as described above. Another is related to human capacity building 
project coordinated by the United Nations University Institute for the Advanced 
Study of Sustainability (UNU-ISP) called “On-the-Job Research Capacity Building 
for Sustainable Agriculture in Developing Countries” started in 2011. Through the 
4-year project, 23 national staffs from Vietnam, Cambodia, Thailand, Laos, and 
China were trained to gain the hands-on skills on cassava tissue culture. The third 
project is SATREPS cassava project described in this review, mainly working on 
cassava seed system. In collaboration with national partners in Vietnam, Cambodia, 
and Thailand, seed system for healthy and clean cassava materials will be 
established in addition to development of new cassava breeding techniques. Lastly 
we will establish a global research network towards the establishment of genome 
editing technology in cassava. This project will bring together leading scientists in 
genome editing such as CRISPR/Cas9 system (Endo et al. 2015; Baltes and Voytas 
2015; Ali et al. 2015) as well as genetic transformation (Altpeter et al. 2016). This 
project launched in 2016 for 3 years duration with a future perspective of extension 
of the network in Asia as ILCMB is a regional hub for new breeding technology in 
cassava.

8.2.4  Challenges in Implementing Dissemination 
of Agricultural Crop

Extension System of Cassava
Exploring existing extension and understanding socioeconomic situation of cassava 
farmers are essential in order to establish the sustainable extension scheme of 
healthy cassava seedlings with the necessary technologies and know-how to the 
farmers for the sustainable production.

Limitation of Government-Led Extension System
Agricultural extension system in this region is often not self-sustainable mainly due 
to lack of funding and leadership even though it is one of the most important key 
factors for agricultural development.

In Vietnam, government-led or public extension system was founded in 1993 and 
organized into five levels such as central, provincial, district, commune, and village 
or hamlet. Currently, the National Agriculture Extension Center belongs to the 
Ministry of Agriculture and Rural Development (MARD) which is responsible for 
government extension, and all 63 provinces have their own extension centers. The 
main responsibility of the center is to develop policies and mechanism of extension 
and to lead, organize, and guide the transfer of advanced techniques through setting 
up of demonstration models, disseminating information, and training farmers. 
However, lack of human resources in quality and quantity is considered as the main 
issue of the extension system.

8 Sustainable Management of Invasive Cassava Pests in Vietnam, Cambodia…

trinhxuanhoatppri@gmail.com



148

In Cambodia, government-led extension system has been limited. The Department 
of Agricultural Extension (DAE) of the Ministry of Agriculture, Forestry, and 
Fisheries (MAFF) was established in 1995. DAE has mandate to lead and coordi-
nate extension and technology transfer activities (Mak 2012; Ministry of Agriculture, 
Forestry, and Fisheries in Cambodia 2015). Extension of agricultural techniques has 
been undertaken by a number of stakeholders such as NGOs and international 
donors though adoption of new techniques and technologies by farmers is quite 
limited. Main reasons considered are lack of funding, techniques, extension materi-
als, system, and human resources and limited extension methodology and means 
(Ministry of Agriculture, Forestry, and Fisheries in Cambodia 2015).

Currently existing 74 agriculture cooperatives (AC), which some of them have 
been founded by the financial assistance of international donors, have no connection 
with extension system.

Cassava association (CA), which connects cassava companies or cassava 
producers in Cambodia, is about to be established. This association will hurry 
cassava contract farming and be profitable for participants. But it is still unknown 
how the CA will touch on cassava dissemination and will go along with the 
Cambodian government.

Under such circumstances, diversification of extension system such as involve-
ment of private sector has been expected by both governments in Vietnam and 
Cambodia (Mak 2012; Ministry of Agriculture, Forestry, and Fisheries in Cambodia 
2015; Nguyen 2012).

Socioeconomic Characteristics of Cassava Producers
Identifying socioeconomic of farmers is crucial to figure out suitable techniques and 
know-how to be disseminated. Socioeconomic status such as land size, income and 
its main source, purpose of producing agricultural product, etc. are widely recog-
nized as potential significant factors affecting adoption of newly introduced agricul-
tural technologies and know-how. However, research on such important status 
regarding cassava producers are limited in all of Vietnam and Cambodia.

In Vietnam, socioeconomic aspects of cassava production were reported based 
on household survey that accessed 1078 producers including both northern and 
southern Vietnam conducted by CIAT and Nong Lam University in 1991 (Pham 
et al. 1996). According to the results, the average land size for cassava production 
was 0.27 ha (0.5 ha in south and 0.22 in the north), and majority of the producers 
(66.7%) had more than 10 years of experiences. These tendencies have been possi-
bly changed in accordance with economic circumstances and market value of cas-
sava during the 25 years of time; however, only limited studies are available.

In Cambodia, socioeconomic characteristics of cassava production have been 
studied by the University of Battambang as part of the project funded by World 
Bank (World Bank 2014). The report, using questionnaires and in-depth interview, 
carried out a household survey covering a sample size of 200 household from 4 
districts in Battambang. This survey showed that farmers have 5.32 ha of cassava 
land in average, while their total holding land is 9.58 ha. Most of the farmers face 
heavy rainfall and drought, which are recognized as a major cause in destroying 
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approximately 40% on total yield, while pests and disease destroy around 15% on 
average.

The latest study conducted by Cambodia-China-UNDP South-South Cooperation 
Cassava Project with 126 cassava small farmers reported that cassava provided the 
most important household income for interviewed farmers, and their profit margins 
are strongly influenced by the price (Ou et al. 2016).

These existing studies however did not analyze details of socioeconomic status 
and its relationship with their cassava production; thus the detailed survey is urgently 
necessary to find out workable extension scheme in these two countries.

8.3  SATREPS project outline

The experts from Japan, Vietnam, Cambodia, and Thailand joined the cassava 
SATREPS project. This project consists of four sub-team (ST-1-ST-4), and the 
members of each team will overcome the technological challenges with their indi-
vidual expertise. ST-1 will study two major diseases of cassava and optimize the 
detection technology and the monitoring system. ST-2 develops sustainable insect 
pest management system. They will study major insect pests and their natural ene-
mies and try to develop a simple tool for the monitoring and biological control of 
cassava mealybug through the use of their natural enemies. ST-3 will establish a 
cultivation system to produce the healthy cassava seedlings. They also will try to 
identify useful varieties for breeding and develop new breeding technology. ST-4 
will improve agricultural extension system. They will survey socioeconomic situa-
tion of cassava farmers and assess how the extension scheme would impact on the 
current situation. Finally, together with the other ST, they will establish the sustain-
able model for the pest management and the extension of healthy cassava seedlings 
(Fig. 8.5).

Research Contents of ST-1
In ST-1, the two major diseases of cassava, cassava mosaic disease (CMD) by mul-
tiple cassava mosaic Geminiviruses (CMGs) and cassava witches’ broom (CWB) 
disease by phytoplasma, will be focused. For healthy and stable cassava production, 
the use of pathogen-free cassava cuttings should be prioritized together with the use 
of resistant varieties and control of vectors. Thus, output of ST-1 is set as “Major 
disease pathogens are identified and disease monitoring system is introduced.” Until 
recent report of Sri Lankan cassava mosaic virus, one of CMGs, in Cambodia, 
Southeast Asian countries were believed to be free from CMD. We also observe 
occurrence of CWB in Southeast Asian countries frequently though nature of 
pathogen(s) is not satisfactory characterized. Though CWB in Vietnam is reported 
to be caused by phytoplasma in group 16SrI (Alvarez et al. 2013), the casual pathogens 
of CWB in other countries are not yet well documented. To protect cassava crops in 
Southeast Asia from these two diseases, characterization of pathogens, development 
of diagnostic technologies, and extension of plant protection/quarantine  information 
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are strongly requested. In ST-1, field surveys will be conducted in Cambodia, 
Thailand, and Vietnam to collect pathogens of two major diseases, CMD and CWB, 
to identify their pathogens by serological and molecular technologies. The survey 
will also help us learn the route of new disease emergence and its spread. Then 
detection technologies will be optimized for rapid and accurate diagnostic in the 
laboratory level for diversity analysis, development of resistant variety, and confir-
mation of vectors. At the same time, the simple technologies suitable for diagnosis 
in field level should be developed. As for cassava farmers and companies, they need 
monitoring system to find emergence of diseases at the earliest stage and select 
pathogen-free cuttings as planting materials for the next season. Monitoring system 
and diagnostic kits for such producers will be developed in ST-1 research to assure 
implementation of the research results to cassava producers and related sectors. In 
our project, among various detection technologies, polymerase chain reaction 
(PCR) and other technologies for CMGs and loop-mediated isothermal amplifica-
tion (LAMP) for CWB pathogens are selected. In particular LAMP is promising for 
its high-sensitivity and simple procedure when CWB LAMP kit becomes available. 
Confirmation of vectors is also important. As for CMGs, whitefly (Bemisia tabaci) 
is the strongest candidate vector in Southeast Asia as already reported in Africa. The 
role of whitefly in rapid spreading of CMD in Southeast Asia is, however, not sur-
veyed. The vector of CWB has not been confirmed either. Information on vectors 
will help farmers decide for appropriate management of vectors either by chemical 
spray, the use of barrier plants, or others. The monitoring system includes cross-
regional information network, interactive communication between farmers and 
plant pathologists, and knowledge sharing among producers, industrial users, and 
consumers. Mobile phone-mediated monitoring system will be introduced by the 
collaboration with possible private sector such as AGRIBUDDY (https://agribuddy.
com).

Research Contents of ST-2
As described above, the cassava mealybug has spread all over Southeast Asia, caus-
ing serious damage to cassava. Insect vectors of cassava diseases such as whiteflies 
also could expand damage by cassava diseases in this region. Therefore, the objec-
tive of ST-2 is to develop sustainable insect pest management system of cassava in 
Vietnam, Cambodia, and Thailand. To do so, we will take the three major actions. 
First, we will identify species or strains of major insect pests and their natural ene-
mies in Vietnam, Cambodia, and Thailand through field survey, including DNA 
barcoding. Then, we will elucidate life history parameters and other ecological 
traits of major insect pests and their natural enemies. Based on those biological 
information, we will make a field guide for insect pests and their natural enemies on 
cassava in Vietnamese, Cambodian, and Thai, which will be available to govern-
ment officials, universities, local extension workers, and farmers. Second, we will 
develop simple insect pest monitoring tool such as field survey methods and insect 
traps for mealybugs and whiteflies. We will examine the behavioral response of 
insects to various wavelength lights, colors, and odors from plants. Based on the 
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results of behavioral studies, we will develop effective sticky traps with attractant 
lights, colors, or odors. These insect traps would help extension workers or farmers 
to monitor insect pest population in cassava fields. Through monitoring insect popu-
lation, they can detect early stages of insect pest appearance and then take action to 
control the insect pests by hand-removing or insecticides spraying in only infested 
plants, before the insect population goes up. Third, we will conduct biological con-
trol of cassava mealybug using the parasitoid A. lopezi in Vietnam and Cambodia. 
Cassava mealybug has been successfully controlled by this parasitoid in Thailand. 
However, cassava mealybug has been still causing serious damage to cassava in 
Vietnam and Cambodia. Biological control of this pest by A. lopezi in Vietnam has 
been conducted in only southern Vietnam including Tay Ninh and the neighboring 
provinces. Therefore, we will mass-rear A. lopezi at Nong Lam University and 
release the parasitoid to control cassava mealybug in Vietnam. We will also develop 
effective method to improve establishment and effectiveness of this parasitoid in 
cassava field by providing parasitoid adult food source, parasitoid attractant odors, 
refuges, or alternative hosts in cassava field. As long as we know, FAO released this 
parasitoid in Cambodia only three times, and we do not know if this parasitoid has 
established in Cambodia. We will do field survey for parasitism of cassava mealy-
bug in Cambodia, and if necessary, we will release this parasitoid in Cambodia.

Research Contents of ST-3
Produce Healthy Seedling of the Cassava Cultivars
ST-3 team will establish a seed system to produce the healthy cassava plants, which 
doesn’t carry the diseases and harmful insects. To prevent the pest infection, the 
cassava plants will be grown safely under three conditions: 1) in vitro culture, 2) 
screen house, and 3) propagation field. The first step is to collect the original seed-
lings which are farmer-preferred varieties from each country. After sterilizing the 
seedlings we will use them for tissue culture process. Original seedlings will be kept 
as backup as plants grown under in vitro conditions without any disese and pest 
attack take longer time to adapt the outside environmental conditions and to reach 
sufficient size. Mesh house prevents the attack of insects and pests, and helps to 
grow healthy seedlings. Usually, cassava plants will be kept healthy in the screen 
house, and the seedlings will be propagated for further propagation. A screen net 
with less than 0.4 mm meshes is thought to be required to block an invasion of 
whitefly (Matsuura et al. 2005). When seedlings in screen house reach to sufficient 
size they will be transferred to propagation field, located away from cassava farms.

Transfer Useful Cassava Breeding Materials from CIAT
A genebank (http://isa.ciat.cgiar.org/urg/main.do? language  =  en) at CIAT head-
quarters maintains the world’s largest collections of more than 60,000 accessions, 
consisting of cassava (over 6000), beans (over 35,000), as well as tropical forages 
(over 21,000) which were obtained or collected from over 141 countries. These 
genetic resources are kept and maintained under the terms of the International 
Treaty on Plant Genetic Resources for Food and Agriculture, established by the 
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Food and Agriculture Organization of the United Nations (FAO). In this project, 
CIAT will distribute preselected cassava breeding materials to research partners in 
Vietnam and Cambodia from the headquarters through ILCMB, Hanoi Vietnam. 
The cassava materials include farmer’s preferred agronomic traits such as increased 
dry matter content and ideal plant type such as absence of branches (Calle et al. 
2016).

Develop new cassava breeding technique to accelate its breeding by controling 
flowering chnology
The conventional breeding based on sexual hybridization of cassava takes consid-
erable time (5–10 years) to develop new variety due to heterogenetic nature of the 
crop as well as flower production which offen depends on genotypes and environ-
ments. Therefore, cassava molecular breeding using a transformation technique 
can provide an approach to overcome the problems facing conventional breeding. 
In this project, the technology promoting cassava flowering by Agrobacterium-
mediated transformation with combination of grafting technique  will be estab-
lished. Briefly, this strategy is based on trasngenic approach using florigen gene 
identified in other crops and resultant transformants will be grafted with recipient 
and donor genotype with trait of interest to synchronize flowering time for crossing 
(Notaguchi et al. 2008; Tamaki et al. 2007). The analysis of transgenic lines is cur-
rently under progress.

Research Contents of ST-4
Available studies on socioeconomic characteristics of cassava producers in 
Cambodia and Vietnam have been limited still. In order to establish applicable 
“Triple-Win” extension scheme and assess its outputs and impacts of dissemination 
to producers in our project, it is necessary to conduct detailed survey in both coun-
tries and assess how extension scheme impacts on current situation of their cassava 
cultivation and livelihood of producers.

Practical Research on Establishing Sustainable Extension Scheme in 
Cambodia and Vietnam
To establish “Triple-Win” extension scheme including public research institutions, 
farmers, and private sectors that all be beneficial by disseminating a technology 
package developed in this project in a sustainable manner, the following procedures 
will be taken. Firstly, a method of measurement and evaluation on outputs and 
impacts of dissemination to producers will be established through several pre-sur-
veys to create questionnaire forms, baseline survey, and evaluation survey to under-
stand the situation before and after the dissemination. Secondly, the healthy 
seedlings with management method will be disseminated in cooperation with pri-
vate companies by understanding existing extension system in three countries and 
providing healthy seedlings and cultivation method as a package through trainings 
with extension officers. Then, a model of dissemination through the lessons learned 
at experiences of this project will be established. Thailand has ample experience to 
disseminate technologies in cassava not only agronomical practices but also 
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 mealybug control, and research results must be reviewed carefully to facilitate dis-
semination in Vietnam and Cambodia. Thirdly, outputs from the abovementioned 
research activities including other STs will be disseminated to university staffs, uni-
versity students, and officials of related governmental agencies through lectures in 
university, internship opportunities to students, and intensive training course with 
field visits. Finally, establish sustainable dissemination model by coordinating pro-
ducers, suppliers of healthy seedlings including research institutions, and private 
companies through abovementioned activities. At the same time, evaluate the result 
of dissemination by using data from baseline and evaluation studies through imple-
mentation of abovementioned procedures, and discuss about how the scheme of 
“Triple Win” worked and lessons learned.

Impact Research on Assessing the Sustainable Extension Scheme
To assess impact of “Triple-Win” extension scheme on current situation of their 
cassava cultivation and livelihood of producers, the following procedure will be 
taken.

Firstly, for development of effective and area-specific strategy for dissemination 
of healthy cassava through the market, we analyze their production practices, 
sociodemographic characteristics, knowledge toward the treatment of cassava pest, 
and disease together with GIS information and AGRIBUDDY system. It is expected 
that factors affecting the production efficiency depend on farmer’s practices in rela-
tion to cassava production as well as sociodemographic characteristics. There are a 
number of factors that commonly affect the production efficiency in cassava-pro-
ducing neighboring countries, and there are also a number of country-specific fac-
tors. Secondly, in order for us to assess whether the market-base extension scheme 
of healthy cassava seedlings to function, it is essential to capture farmers’ recogni-
tion of added value for the healthy seedlings reflecting the benefit of adopting it. 
Thus, we will estimate the added value of seedlings after dissemination. It can con-
tribute to estimate the effective budgeting toward the establishment of the potential 
market for healthy cassava seedlings. Thirdly, we monitor the impact of introduc-
tion of healthy cassava seedlings with training on how to deal with cassava-related 
pests and diseases. Prolonged drought could cause the spread of cassava mealybug 
occurrences. Farmers’ pest management reduces risk of income loss due to produc-
tion inefficiency. Thus, we will take baseline data during the second year of the 
project before ST-3 introduces healthy seeding to farmers and compare production 
efficiency before and after the introduction of healthy cassava seedlings. Finally, we 
examine the impact of adaptation of healthy cassava on farmer’s livelihoods. 
Effective dissemination of healthy cassava seedlings can be measured not only 
when farmers just try to use healthy cassava seedlings but also when farmers appre-
ciate the benefit of their usage and eventually adopt the use consistently for the 
future. This adaptation could have an impact on the sustainable establishment of 
healthy cassava seedlings market.
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Chapter 9
Improvement of Food Security in Semiarid 
Regions of Sudan Through Management 
of Root Parasitic Weeds

Hiroaki Samejima, Abdel Gabar Babiker, and Yukihiro Sugimoto

The root parasitic weed, Striga hermonthica, has long been recognized as the great-
est biological constraint to food production in sub-Saharan Africa. Development of 
simple, easy-to-implement, sustainable, durable, and inexpensive solutions is 
imperative to fully exploit the vast arable areas in the region. To combat S. hermon-
thica, a project entitled “Improvement of Food Security in Semiarid Regions of 
Sudan Through Management of Root Parasitic Weeds” was implemented from 2009 
to 2015 under the auspices of JICA/JST SATREPS. In the project, suicidal germina-
tion approach to reduce S. hermonthica seed bank in soil by inducing germination 
of the parasite in the absence of host plants through artificial application of germina-
tion stimulant was demonstrated, for the first time, as a technically feasible counter-
measure. In addition, NERICA5 and Umgar were selected as S. hermonthica-resistant 
rice varieties under the growth conditions in Sudan. A new SATREPS project on S. 
hermonthica management in Sudan entitled “Developing Counter Measures Against 
Striga to Conquer Poverty and Improve Food Security” started in July 2017. The 
project is to take over successful achievements in the former project and is to intro-
duce an additional activity based on the concept of management through 
utilization.
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9.1  Background

The purple witchweed (Striga hermonthica), an Orobanchaceae, is a chlorophyllous 
angiosperm root hemiparasite that attacks economically important cereal crops, 
including maize, sorghum, pearl millet, and upland rice. The hemiparasite has long 
been recognized as the greatest biological constraint to food production in sub-Saha-
ran Africa, causing annual losses in excess of US$ 7 billion and adversely affecting 
the life of over 300 million people. The infested area is estimated to be 50 million ha 
in the African continent (Ejeta 2007). Striga hermonthica infestation and the dam-
age caused by the parasite are expected to be exacerbated by the prevailing low soil 
fertility, irregular rains, climate change, and the predominantly low-input subsis-
tence farming (Babiker 2007). Development of simple, easy-to- 
implement, sustainable, durable, and inexpensive solutions is therefore imperative.

Sudan is probably more severely affected by S. hermonthica than any other coun-
try in Africa (Musselman and Hepper 1986). In Sudan, the area for sorghum, which 
is the most important staple food for Sudanese, is about 6  million ha, of which 
1.6 million ha is estimated to be infested by the parasite. The estimated yield loss is 
about 1 million tons, which corresponds to 30% of the total sorghum production in 
the country (AATF 2011). The country has to provide food at the household level 
and boost its agricultural exports to offset the financial losses incurred by the seces-
sion of the oil-rich South in 2011. Sudan with its vast arable areas (> 80 million ha) 
and available water from the River Nile and its tributaries has the potential to realize 
food self-sufficiency and export the surplus.

Life cycle of S. hermonthica is strongly cued to that of its host (Fig. 9.1). In 
nature, the seeds need a pretreatment (conditioning) period of 2–14 days in a warm 
moist environment and a subsequent exposure to a germination stimulant exuded by 
roots of host plants. Subsequent to germination, which occurs in close proximity of 
the host roots, a haustorium, an organ of attachment and a physiological bridge 
between the host and the parasite, is formed on perception of a second host-derived 
chemical signal. The haustorium attaches to, penetrates the host root, and estab-
lishes connection with the host xylem. Following establishment of the connection 
with the host xylem, the parasite remains subterranean, fully dependent on its host, 
for 6–8 weeks. On emergence the aerial parts of the parasite turn green. The chloro-
phyll is functional; the parasite contributes to its carbon requirements, but is still 
unable to survive in absence of the host (Graves et al. 1989). Each S. hermonthica 
plant produces tens of thousands of seeds, which remain viable, in soil, for 10 years 
or more (Johnson et al. 1976).

9.2  Objectives and Activities of the Project

To combat S. hermonthica, a project entitled “Improvement of Food Security in 
Semiarid Regions of Sudan Through Management of Root Parasitic Weeds” was 
implemented from June 2009 to March 2015 under the auspices of JICA/JST 
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SATREPS. The project comprises several activities, which were designed taking 
into account the characteristic life cycle of the parasite as described above. The 
activities were as follows:

 1. Development of novel germination stimulants
 2. Search for microorganisms with potential to control S. hermonthica
 3. Search for selective metabolic inhibitors for S. hermonthica
 4. Analysis of translocation mechanisms of host materials to S. hermonthica
 5. Evaluation of susceptibility of rice and sorghum to S. hermonthica and adapt-

ability to ecosystems
 6. Selection of S. hermonthica-resistant/S. hermonthica-tolerant crops and estab-

lishment of crop rotation systems
 7. Field research on acceptability of new technologies and local producers’/con-

sumers’ preference
 8. Implementation of Farmers’ Field School for sharing S. hermonthica manage-

ment measures

In activity 1, novel germination stimulants were developed. Induction of S. her-
monthica seed germination in the absence of host plants, suicidal germination, had 
been the subject of intensive research since the turn of the last century. T-010, sim-
ple in structure but potent in activity, was selected, and its practicality as suicidal 
germination agent was evaluated in pot and field experiments.

Activity 2 tried to isolate and identify microorganisms which have the potential 
to affect early developmental stages of S. hermonthica. A fungal isolate obtained 

Fig. 9.1 Life cycle of Striga hermonthica
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from diseased S. hermonthica plants displayed high suppressive effects on germina-
tion and radicle elongation of S. hermonthica. The efficacy of the isolate in reducing 
S. hermonthica emergence was confirmed in pot experiments. Furthermore, several 
bacterial species and isolates were found to impact positively or negatively germi-
nation and haustorial initiation in S. hermonthica (Hassan et al. 2011; Gafar et al. 
2016; Mahmoud et al. 2016).

In activity 3, metabolome analysis and subsequent purification work revealed 
planteose as a distinctive storage carbohydrate in seeds of root parasitic weeds. It 
was also found that a glycosidase inhibitor suppressed germination of parasitic 
weeds and its inhibitory effect was mitigated by glucose. These findings suggest the 
possibility of developing selective control measures for the parasite based on dis-
tinctive physiological attributes (Wakabayashi et al. 2015).

In activity 4, gas exchange of S. hermonthica and its sorghum host was measured 
to identify the mechanisms involved in the devastating effects of the parasite under 
drought conditions. Higher transpiration rate was observed in S. hermonthica than 
in sorghum. The high endogenous ABA concentration and exogenously applied 
ABA were not accompanied by stomatal closure in S. hermonthica (Inoue et  al. 
2013). The poor responsiveness of S. hermonthica to ABA enables the parasite to 
maintain water and solute transfer from the host, leading to the severe damage to the 
latter under drought conditions.

In activity 5, S. hermonthica-resistant upland rice varieties were selected. Umgar 
(YUNLU 30 originating from China), one of the varieties released for commercial 
production in Sudan, had multiple resistance mechanisms to S. hermonthica. 
NERICA5, a variety reported to be endowed with broad-spectrum resistance to 
Striga species and ecotypes, also had obvious resistance to the indigenous S. her-
monthica population in Sudan.

In activity 6, sesame, cowpea, sunflower, or millet in rotation with sorghum were 
effective in suppressing S. hermonthica infestation and damage to sorghum. Sesame, 
which is not a host to S. hermonthica, was selected as a potential trap crop, for its 
ability to stimulate germination of the parasite seeds and popularity in sorghum-
growing areas in Sudan. Cowpea is also a potential candidate for trap cropping and 
rejuvenation of soil fertility (Rezig et al. 2016). In traditional African agriculture, 
rejuvenation of soil fertility and S. hermonthica seed demise were achieved through 
prolonged fallowing (Ejeta et al. 1993).

In activity 7, field surveys conducted in the Gadaref State, which is one of the 
most severely affected areas by the parasite in Sudan, identified major factors in 
farmers’ practice that had led to the flare-up and worsening of S. hermonthica 
 problem. The survey also revealed economic and technical constraints that hinder 
adoption of new technologies designed to combat S. hermonthica.

In activity 8, Farmers’ Field Schools (FFSs) were conducted, to transfer S. her-
monthica management measures to farmers, obtain feedback, and tune the devel-
oped packages to farmer’s needs and capabilities. A total of 20 FFSs were conducted 
from 2011 to 2014 in Gadaref State. Management packages comprising planting in 
rows a S. hermonthica-tolerant medium-maturing sorghum variety, water harvest by 
deep ploughing, a nitrogenous fertilizer and a herbicide for low rainfall areas and 
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planting in rows a high-yielding late-maturing sorghum variety, a nitrogenous fertil-
izer, and a herbicide for high rainfall areas were developed (Fig. 9.2). This activity 
benefited not only farmers but also federal government, local government, and 
banks to understand the serious problems caused by S. hermonthica. The project 
received financial support from the federal government and two national banks.

Among further achievements attained by the activities, practicality of the sui-
cidal germination approach and identification of S. hermonthica-resistant rice vari-
eties are given in a detailed account below in view of their strategic significance in 
S. hermonthica management programmes.

9.3  Practicality of the Suicidal Germination Approach

Naturally occurring strigolactones, strigol, sorgolactone, and orobanchol (Fig. 9.3) 
were isolated from cotton, sorghum, and red clover, respectively (Cook et al. 1966, 
1972; Hauck et al. 1992; Yokota et al. 1998). Based on the structure of naturally 
occurring strigolactones, many synthetic analogues such as GR24 and mimics such 
as Nijmegen 1 (Fig. 9.3) were developed (Johnson et al. 1976, 1981; Nefkens et al. 
1997). We designed and synthesized novel strigolactone mimics, carbamates, phen-
ylacrylonitriles, phenylaminoacetonitriles, and phosphonates (Kondo et al. 2007). 
Among the mimics, T-010 (Fig. 9.3), a carbamate, was selected. It exhibited a mod-
erate activity in inducing germination of S. hermonthica seeds, has a simple struc-
ture, and can be synthesized in a single step in good yield by coupling commercially 
available chemicals 5-hydroxy-3-methylfuranone and benzyl isocyanate.

Conditioned S. hermonthica seeds in Petri dishes were treated with aqueous 
solution of T-010 and GR24 at 0.01, 0.1, and 1 mg L−1 (Samejima et al. 2016a). 

Fig. 9.2 FFS sorghum demonstration plot in southern Gadaref. Farmer’s practice (a) and project 
practice (b) according to the package for high rainfall areas
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T-010 at 0.01, 0.1, and 1 mg L−1 induced 10.5, 38.3, and 45.4% germination, respec-
tively. GR24 at the same concentrations induced 40.1, 51.8, and 49.9% germination, 
respectively, thus indicating that the bioactivity of T-010 was lower than that of 
GR24 in Petri dishes (Table 9.1).

In the soil, however, T-010 at 10 and 100 g ha−1 exhibited significantly higher 
activity than GR24 (Samejima et al. 2016a). Plastic pots (7 cm i.d.), perforated at 
the bottom, were filled, each, with 100 g of sieved air-dried soil collected from the 
experimental farm of the Sudan University of Science and Technology, Khartoum 
North, Sudan. Conditioned S. hermonthica seeds in nylon mesh bags were buried at 
2 cm depth. Aqueous solutions of T-010 and GR24, each at 3.5 × 10−4, 3.5 × 10−3, 
3.5 × 10−2, 3.5 × 10−1, 3.5, and 35 ng 100 g−1 soil, equivalent to field rates of 1 × 10−3, 
1 × 10−2, 1 × 10−1, 1, 10, and 100 g ha−1, respectively, were applied to the respective 
pots, and soil moisture was adjusted to field capacity (40% w/w). T-010 at 
0.001–1 g ha−1 applied to S. hermonthica seeds buried at 2 cm soil depth induced 
negligible (< 2.0%) germination. Increasing the stimulant concentration to 10 and 
100  g  ha−1 affected 10.5 and 30.5% germination, respectively. GR24 at 0.001–
100 g ha−1, similarly applied, induced less than 4.9% germination (Table 9.2). These 
findings suggest greater mobility of T-010 than GR24 in soils, probably owing to 
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Fig. 9.3 Chemical structures of natural strigolactones and their synthetic analogue and mimics

Table 9.1 Germination-
inducing activity of aqueous 
solutions of T-010 and 
GR24 in Petri dishes

Stimulant
Concentration 
(mg L−1) Germination (%)

T-010 0.01 10.5c
0.1 38.3b
1 45.4ab

GR24 0.01 40.1b
0.1 51.8a
1 49.9a

Control (sterilized 
water)

0 0.01d

Percentage germination values were arcsine transformed, com-
pared to one-way ANOVA and LSD0.05, and back transformed
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higher hydrophilicity and/or less adsorption onto soil particles and thus implying 
that mobility in soils is more important than intrinsic activity for suicidal germina-
tion inducers.

T-010 was formulated as a 10% wettable powder by mixing with surfactants and 
clay (Samejima et al. 2016a). Plastic pots (36 cm i.d.), perforated at the bottom, 
were filled, each, with 20 kg of sieved air-dried soil. Nylon bags containing S. her-
monthica seeds were buried at 2, 5, and 10 cm soil depth. The pots, placed in a 
greenhouse, were irrigated at 2–3-day intervals for 14 days to ensure conditioning 
of S. hermonthica seeds. Formulated T-010 at 0.01, 0.05, 0.1, or 1 kg a.i. ha−1 was 
applied to the respective pot. The product at all rates did not induce germination of 
S. hermonthica seeds placed at 10 cm soil depth. Seeds placed at 5 cm soil depth 
displayed no germination in response to the lowest rate of the stimulant (0.01 kg a.i. 
ha−1). Increasing the stimulant rate to 0.05, 0.1, and 1 kg a.i. ha−1 elicited 1.4, 17.0, 
and 39.6% germination, respectively. Seeds placed at 2 cm soil depth showed 12.6, 
29.0, 48.4, and 78.8% germination in response to T-010 at 0.01, 0.05, 0.1, and 1 kg 
a.i. ha−1, respectively (Table 9.3). It is thus apparent that T-010 activity increased 
with rate and decreased with S. hermonthica soil burial depth. These findings indi-
cate that formulated T-010 leaches in soil and stimulates germination of S. 
 hermonthica seeds. Leaching of T-010 to deeper soil layers could lead to further 
reduction of S. hermonthica seeds in the soil profile.

To test effects of formulated T-010 on S. hermonthica incidence and sorghum 
growth, a pot experiment was conducted under greenhouse conditions (Samejima 
et al. 2016a). Pots (36 cm i.d.) were filled, each, with 20 kg of soil collected from a 
S. hermonthica-free field. Seeds of S. hermonthica (5 mg) were mixed with the top 

Table 9.2 Germination-
inducing activity of aqueous 
solutions of T-010 and 
GR24 in soil under laboratory 
conditions

Stimulant
Amount 
(g ha−1) Germination (%)

T-010 0.001 0.0e
0.01 0.2de
0.1 1.1de
1 2.0 cd
10 10.5b
100 30.5a

GR24 0.001 0.0e
0.01 0.0e
0.1 0.0e
1 1.1de
10 0.0e
100 4.9c

Control (sterilized water) 0 0.1de

Percentage germination values were arcsine transformed, 
compared to one-way ANOVA and LSD0.05, and back trans-
formed
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5 cm of soil in each pot. All pots were irrigated with tap water for 18 days to ensure 
conditioning of S. hermonthica seeds. Formulated T-010 at 0, 0.1, 1, and 10 kg a.i. 
ha−1, suspended in 3 L of water, was applied to the respective pots. Pots similarly 
filled with S. hermonthica-free soil and irrigated and treated with T-010 were 
included as controls for comparison. Six days after the treatment with T-010, sor-
ghum (cv Dabar, a S. hermonthica-susceptible variety) seeds were sown.

T-010 at 0.1–10 kg a.i. ha−1 significantly reduced S. hermonthica emergence by 
94–100% and increased sorghum growth in a concentration-dependent manner 
(Fig.  9.4). No significant differences in shoot dry weight (DW) were observed 
among S. hermonthica-free treatments, irrespective of T-010 rate, thus implying that 
the stimulant had no obvious adverse effects on sorghum.

The results were further validated in a field artificially infested with S. hermon-
thica seeds (Samejima et al. 2016a). The experimental plot was ploughed, harrowed, 
ridged, and divided into 3 × 3 m sub-plots. Striga hermonthica infestation was fur-
ther augmented by placing S. hermonthica seeds (5 mg) in each sorghum planting 
hole. The field was irrigated twice a week for 16 days to allow for S. hermonthica 
seed conditioning. Formulated T-010 at 0, 0.1, 1, and 10 kg a.i. ha−1 was applied as 
aqueous spray with a knapsack sprayer. The sub-plots, irrigated immediately after 
the application, were planted to sorghum cv. Dabar (five seeds hole−1) 6 days later. 
Formulated T-010 reduced S. hermonthica emergence by 30.0–39.1% (Fig.  9.5). 
Unrestricted S. hermonthica parasitism yielded an average sorghum shoot DW of 
1258 g m−2 and head DW of 96 g m−2. T-010 at all rates increased sorghum shoot 
DW by 18.7–40.2% and head DW by 187–241% in comparison with the S. hermon-
thica-infested control (Fig. 9.5).

Table 9.3 Germination-
inducing activity of 
formulated T-010 on Striga 
hermonthica seeds in nylon 
bags buried at 2, 5, and 10 cm 
soil depth under greenhouse 
conditions

Seed depth (cm)
Amount (kg 
a.i. ha−1) Germination (%)

2 0 0.2e
0.01 12.6d
0.05 29.0bcd
0.1 48.4b
1 78.8a

5 0 0.0e
0.01 0.4e
0.05 1.4e
0.1 17.0 cd
1 39.6bc

10 0 0.2e
0.01 0.1e
0.05 0.1e
0.1 0.1e
1 0.2e

Percentage germination values were arcsine trans-
formed, compared to one-way ANOVA and LSD0.05, 
and back transformed
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The study demonstrated the practicality of suicidal germination in combating S. 
hermonthica and mitigating its adverse effects on sorghum (Samejima et al. 2016a). 
Around the same time, successful control of Phelipanche ramosa, a closely related 
species to S. hermonthica, in tobacco fields by suicidal germination using a syn-
thetic stimulant, Nijmegen 1, was reported (Zwanenburg et al. 2016). These results 
demonstrated technical feasibility of suicidal germination as a practical measure to 
control parasitic weeds. Optimizing structure, formulation, and application protocol 
of germination stimulants would further improve the efficacy of the technology.

9.4  Identification of Striga hermonthica-Resistant Rice 
Varieties

A total of 27 rice varieties were investigated. Among them, 25 upland rice varieties 
were probable candidates for widespread cultivation in Sudan. The varieties com-
prise 3 upland rice varieties, Umgar, Kosti1, and Kosti2, released for commercial 
production in Sudan, and 18 upland NERICA varieties (NERICA1–NERICA18) 
with their four parents CG14, WAB56-50, WAB56-104, and WAB181-18 (Samejima 
et  al. 2016b). Two lowland varieties, Nipponbare (S. hermonthica-resistant) and 
Kasalath (S. hermonthica-susceptible or S. hermonthica-tolerant), were used as 
controls (Gurney et al. 2006).

Fig. 9.4 Effect of formulated T-010 on Striga hermonthica emergence and sorghum growth under 
greenhouse conditions. The application rates, from left to right, were 0, 0.1, 1, and 10 kg a.i. ha−1, 
respectively
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Fig. 9.5 Effect of formulated T-010 on Striga hermonthica emergence and sorghum growth under 
field conditions. Untreated control (a) and T-010 treated at 1 kg a.i. ha−1 (b)
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In a series of laboratory, pot, and field experiments using a resident S. hermon-
thica population, S. hermonthica-resistant upland rice varieties were identified, and 
their resistance phenotype(s) were determined. Production of low amounts or less 
effective types of germination stimulants curtails parasite attachment and confers 
preattachment resistance, whereas thwarting parasite development subsequent to 
attachment bestows post-attachment resistance.

Post-attachment resistance was evaluated using the rhizotron method (Fig. 9.6a). 
Roots of 20-day-old rice seedlings, grown in rhizotrons, were inoculated, each, with 
30 pregerminated S. hermonthica seeds (Samejima et al. 2016b). Growth of S. her-
monthica seedlings was observed at 21 days after inoculation using a stereomicro-
scope. Growth progression of S. hermonthica was classified into four developmental 
stages: stage I, failure to attach to the root due to lack of haustorium formation; 

Fig. 9.6 Rhizotron methods: growth of Striga hermonthica seedling and comparison of post-
attachment resistance among rice varieties. A rice plant grown in a rhizotron (a), a S. hermonthica 
seedling that reached stage IV with healthy shoots (successful parasitism) (b), and percentage out 
of 30 S. hermonthica seedlings reaching stage IV on the roots of 27 rice varieties (c)
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stage II, successful attachment but no shoot elongation; stage III, shoot necrosis 
after reaching the four or more leaf pair stage; and stage IV, successful parasitism 
with healthy shoots (Fig. 9.6b). The number of S. hermonthica seedling at stage IV 
varied widely among rice varieties and represented 2.0–63.3% of the original inocu-
lums (Fig. 9.6c). Three varieties, NERICA13, NERICA5, and Umgar, retained less 
than 5% of the inoculated seedlings up to stage IV, while Nipponbare (S. hermonth-
ica-resistant control) sustained 5.3%. NERICA13, NERICA5, and Umgar were 
selected as candidates with high post-attachment resistance. Developmental arrest 
of the parasite at stage II (successful attachment but no shoot elongation) contrib-
uted to the high post-attachment resistance in NERICA13, NERICA5, and Umgar. 
The high post-attachment resistance of Umgar was partly attributable to the devel-
opmental arrest of S. hermonthica at stage III (shoot necrosis after reaching the four 
or more leaf pairs stage). This resistance phenotype was not observed in NERICA13 
and NERICA5, demonstrating that Umgar has additional resistance phenotype(s) 
which come(s) into play after S. hermonthica shoot elongation.

For evaluation of preattachment resistance, selected six rice varieties and a sor-
ghum variety, Abu70, a high stimulant producer, were grown hydroponically in 40% 
Long Ashton solution in a growth chamber (Samejima et al. 2016b). Root exudates 
were sampled 7, 14, 21, 28, and 35 days after sowing. One day before each sampling 
date, the nutrient solution was replaced with tap water. The aqueous solution con-
taining root exudates was sampled and extracted with ethyl acetate. The ethyl ace-
tate was evaporated, and the residue was redissolved in ethyl acetate adjusted to 
yield a 50 times concentrate of the original aqueous exudate solution. The concen-
trated samples were applied to conditioned S. hermonthica seeds. After one-day 
incubation, germination was examined using a stereomicroscope. The low germina-
tion-inducing activity of root exudates from Umgar and NERICA5 demonstrated 
preattachment resistance (Table 9.4). Root exudates of NERICA13 showed rela-
tively high germination-inducing activity compared to those of NERICA5 and 
Umgar (Table 9.4).

Table 9.4 Germination-inducing activity of root exudates from six rice varieties grown 
hydroponically

Variety

Germination (%)
Days after sowing Mean
7 14 21 28 35

Abu70 59.0 95.1 95.1 82.0 43.8 73.6a
NERICA4 34.9 49.1 72.5 76.3 36.7 53.8b
NERICA13 26.1 70.5 59.6 58.5 32.9 50.1bc
NERICA18 32.2 50.6 58.7 64.3 27.9 46.6bc
NERICA5 33.7 42.8 41.6 34.3 25.0 35.3 cd
Nipponbare 15.5 40.6 38.5 17.8 35.6 30.0d
Umgar 35.6 31.1 16.4 17.4 10.0 20.9d

Abu70 is a sorghum variety renowned for high stimulant production. The percentage values were 
arcsine transformed, compared, and back transformed. Means designated by different letters are 
significantly different (p < 0.05) by Tukey’s HSD test
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Results from pot and field experiments corroborated the strong pre- and post-
attachment resistance of NERICA5 and Umgar (Samejima et al. 2016b). Striga her-
monthica had no adverse effects on growth and yield in NERICA5 and Umgar. 
These varieties sustained the lowest S. hermonthica emergence among the rice vari-
eties evaluated throughout the growth period (Table 9.5). NERICA5 was reported as 
a variety with broad-spectrum resistance to S. hermonthica variants and ecotypes 
(Cissoko et al. 2011; Jamil et al. 2011; Rodenburg et al. 2015). The results in our 
study, invariably, indicate resistance of NERICA5 to a local population of S. her-
monthica in Sudan. Among the three varieties released for commercial production 
in Sudan, only Umgar had both pre- and post-attachment resistance (Table 9.5 and 

Table 9.5 Striga hermonthica emergence as influenced by rice variety in a pot experiment

Rice variety

S. hermonthica emergence (plants per pot)
Days after sowing
46 61 68 75 82 90 97 103 110

NERICA18 0.2 1.7 4.2 5.5 5.8 8.8 11.2 13.0 12.0
NERICA4 0.3 2.3 3.2 4.8 4.8 6.5 6.7 6.2 5.8
Nipponbare 0.5 0.7 1.0 1.3 2.0 3.3 3.8 4.7 4.5
NERICA13 0.0 0.2 0.5 0.8 1.2 1.8 2.5 2.3 1.5
NERICA5 0.0 0.0 0.0 0.0 0.2 0.2 0.3 0.5 0.5
Umgar 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

S. hermonthica seeds (16 mg) were mixed into the top 5 cm of soil in each pot

Fig. 9.7 Growth of rice varieties in a Striga hermonthica-infested field. From left to right, 
Nipponbare, NERICA13, and SR14 (=Umgar)

9 Improvement of Food Security in Semiarid Regions of Sudan Through Management…

trinhxuanhoatppri@gmail.com



172

Fig. 9.7). NERICA5 and Umgar would be useful in breeding programmes for the 
development of S. hermonthica-resistance rice varieties in Sudan.

NERICA13, as revealed by the rhizotron experiments, showed post-attachment 
resistance comparable to NERICA5 and Umgar (Fig. 9.6). However, its preattach-
ment resistance was not as high as that of NERICA5 and Umgar (Table 9.4). As a 
result, NERICA13 sustained higher S. hermonthica emergence in pot and field 
experiments than the other two varieties (Table 9.5 and Fig. 9.7). These findings 
suggest that the results of pre- and post-attachment resistance evaluation under lab-
oratory conditions are in line with the performance of the varieties in S. hermonth-
ica-infested fields. Recently, Rodenburg et al. (2015) reported consistency between 
field and laboratory data on resistance to S. hermonthica. Although field evaluation 
is essential because growth conditions such as soil moisture, fertility, and tempera-
ture may influence apparent resistance in host plants, a series of laboratory, pot, and 
field experiments would help to select S. hermonthica-resistant varieties and to 
understand the associated resistance mechanisms.

9.5  The Way Forward

A new SATREPS project on S. hermonthica management in Sudan entitled 
“Developing Counter-measures against Striga to Conquer Poverty and Improve 
Food Security” started in July 2017. The project is to take over successful achieve-
ments in the former project and is to introduce an additional activity based on the 
concept of management through utilization. The project is to explore phytochemical 
and pharmacological properties of S. hermonthica in an endeavour of transforming 
the parasite into a desirable product. The activities of the project are as follows:

 1. Develop and verify suicidal germination agents on Striga and Orobanche
 2. Develop germination inhibitors for root parasitic weeds
 3. Probe microorganisms to control germination of Striga
 4. Determine stability and durability of Striga-resistance in rice
 5. Explore useful substances in Striga
 6. Disseminate Striga management measures through Farmers’ Field Schools

Development of suicidal germination inducers with high activity to parasitic 
weeds and with structures as simple as possible is the goal in activity 1. In the for-
mer project, practicality of the suicidal germination approach was verified in Sudan. 
This approach would contribute to combat S. hermonthica in neighbouring African 
countries. The suicidal germination approach would be effective in controlling 
Orobanche spp. which are closely related to S. hermonthica. Orobanche spp., which 
constitute serious constraints to cool season legumes production in the Mediterranean 
region, South and East Europe, have recently become problematic and are of con-
cern in Sudan and neighbouring countries (Babiker et al. 2007).

Activity 2 is dedicated to develop germination inhibitors for Striga and 
Orobanche spp. In the former project, metabolome analysis revealed planteose as a 
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distinctive storage carbohydrate in seeds of root parasitic weeds. In this activity, 
enzymes involved in planteose metabolism will be clarified. Then, lead chemicals 
inhibitory to the target enzymes will be screened.

Activity 3 aims at microbial control of parasitic weeds, focusing on both germi-
nation induction and inhibition. Germination inducers and inhibitors of microbial 
origin will be isolated and identified. Research to isolate difficult to culture micro-
organisms from soils in Sudan and Japan will also be conducted in order to find 
novel germination inducers and/or inhibitors.

In activity 4, resistance of Umgar and NERICA5, selected as S. hermonthica-
resistant rice varieties, will be evaluated against several S. hermonthica strains col-
lected in Sudan. At the same time these rice varieties will be continuously grown in 
the same S. hermonthica-infested field to study the durability of resistance. 
Aggravation of susceptibility in S. hermonthica-susceptible rice varieties will also 
be studied.

In activity 5, metabolites of commercial value in juvenile S. hermonthica plants 
are to be probed by metabolome analysis and bioassay-guided purification. Effective 
utilization of S. hermonthica plants is a scientific challenge to change the weed into 
a desirable product. The commercial value of S. hermonthica will entice farmers to 
reap the root parasite from their sorghum fields.

Technology transfer to farmers through FFSs is to be conducted under activity 6. 
Knowledge and information on S. hermonthica management will be transferred, 
reciprocally, between researchers and concerned parties, such as farmers, extension 
officers, and federal/local governments. The FFS system will be helpful in dissemi-
nating new technologies which will be developed through ongoing and future stud-
ies pertaining to the above activities.

SATREPS is an ideal scheme to promote international collaboration for field 
research conducted overseas. Thanks to the scheme, research environments in Japan 
and counterpart countries are improved, the link between Japanese and counterpart 
researchers becomes stronger, and a reliable basis for sustainable international col-
laboration is created. The tremendous supports made by JICA, JST, the Sudan gov-
ernment, the Ministry of Agriculture Gadaref State, and the Agricultural Research 
Corporation Sudan are highly acknowledged.
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Chapter 10
Bringing Stability to World Food Supplies 
with Japanese Technology and Mexican 
Genetic Resources

Kazuo Watanabe

10.1  Mexican Biodiversity Demography, National Priority, 
and Status

Biodiversity is essential to all human beings and is regarded as a national treasure, 
and especially it is vital for the people at marginal lands where living conditions are 
harsh such as at dry areas with low precipitation, highland mountains, and the Arctic 
zone (Watanabe 2012). Each independent state has the sovereignty right on biodi-
versity as unique natural resources, and genetic resources which is the key compo-
nent of the biodiversity, is strategic resources for diplomacy and development 
(Watanabe and Iwanaga 1999).

Global community sets legal agreements for recognizing the common interest on 
biodiversity. Convention on Biological Diversity (CBD) is the major instrument to 
facilitate at each participating country on (1) conservation of biodiversity, (2) promo-
tion of sustainable use of biodiversity, and (3) supporting fair and equitable access 
and benefit sharing on genetic resources (https://www.cbd.int/history/). Substantial 
efforts have been made on the conservation guided by different sectors with the 
strong participations of international nongovernmental organizations such as the 
IUCN (International Union for Conservation of Nature, https://www.iucn.org).

FAO International Treaty (FAO IT) on Plant Genetic Resources for Food and 
Agriculture (http://www.fao.org/plant-treaty/overview/en/) was made up for assur-
ing food security for all mankind especially for helping subsistent farmers, public 
research, and plant breeding. Both of the international laws have majority of nations 
as their parties, which indicates the importance of the genetic resources particularly 
at the global basis. Those legal instruments are expected to work out with harmony; 
however, including the economic interest by WTO (World Trade Organization, 
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https://www.wto.org) with intellectual property aspects such as with TRIPS 
(Agreement on Trade-Related Aspects of Intellectual Property Rights, http://www.
tripsagreement.net), UPOV (Convention on New Variety Protection, http://www.
upov.int/portal/index.html.en), and WIPO (World Intellectual Property Organization, 
http://www.wipo.int/portal/en/index.html), the ownership, access, and uses on plant 
genetic resources are very cumbersome with those global arenas (Fig.  10.1). 
Furthermore, with the effectuation of the Nagoya Protocol on 2014 (the Nagoya 
Protocol on Access to Genetic Resources and the Fair and Equitable Sharing of 
Benefits Arising from their Utilization to the Convention on Biological Diversity, 
https://www.cbd.int/abs/), the benefit issues on access and utilization over genetic 
resources have been the key topics over different international arenas. The further 
complication is associated with the traditional knowledge related to the biodiversity, 
which is protected in Article 8.j of the CBD, whereas WIPO also regards its impor-
tance for the protection as Intellectual Property Right (IPR).

Mexico is one of the major territories rich in biodiversity (Myers et al. 2000). As 
having hosted Conference of Parties 13 for the Convention on Biological Diversity 
at Cancun in December 2016, the Mexican Government recognizes the global 
importance of biodiversity and supports proactively conservation and sustainable 
uses as its national priority (SAGARPA 2012). Mexican biodiversity feature is illus-
trated in Box 10.1. Richness in climatic zones in Mexico host various ecosystems, 
and Mexico is identified to be the fifth mega-biodiversity country supported by 
unique ecosystems, and its territory has many crop genetic resources with the center 
of origin and with the cultural and ethnic diversity. Mexican stakeholders try harmo-
nizing the conservation and the sustainable uses and also considering subregional 
collaboration on its efforts with neighbors.

CONABIO (Comisión Nacional para el Conocimiento y Uso de la Biodiversidad; 
in English, Mexican Commission for the Knowledge and Use of Biodiversity, 
https://www.gob.mx/conabio in Spanish) is the implementing instrumental organi-
zation, and it was set up to coordinate the implementation on biodiversity conserva-
tion and sustainable uses over different sectors especially among various public 
agencies both for in situ and ex situ conservation (English in CBD website, https://
www.cbd.int/cooperation/conabio.shtml). Uniqueness of CONABIO is to promote 
multilateral and inter-sector collaboration and grass-root approaches. Especially, 
having a diversity of ethnic histories, autonomous indigenous groups are highly 
respected in implementation on the conservation efforts with respect to the owner-
ship and right issues on biodiversity.

Since Mexican nature holds the unique and globally precious crop genetic diver-
sity, CONABIO with INIFAP (Instituto Nacional de Investigaciones Forestales, 
Agrícolas y Pecuarias; in English, National Research Institute of Forestry, 
Agriculture and Livestock, http://inifap.gob.mx/SitePages/Inicio.aspx) and 
SAGARPA (Secretaría de Agricultura, Ganadería, Desarrollo Rural, Pesca y 
Alimentación de México; in English, the Secretariat of Agriculture, Livestock, 
Rural Development, Fisheries and Food, which is equivalent to a Ministry in a coun-
try, http://www.gob.mx/sagarpa) proactively supports their native crop species such 
as maize, beans, hot chili pepper, and tomato including their wild relatives often 
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cohabit with the crops. While Mexico is not the member to FAO IT, Mexico repre-
sented by INIFAP has been in close working relationships with the Commission on 
Genetic Resources for Food and Agriculture under FAO (CGRFA) (http://www.fao.
org/nr/cgrfa/cgrfa-home/en/) and cooperates proactively with its neighboring 
nations for supporting conservation and uses of genetic resources for food and agri-
culture such for Caribbean and Central American countries. Also cooperation has 
been built up as PROCINORTE which is the cooperative program in agricultural 
research and technology. Genetic resource is one of the key subjects at 
PROCINORTE, as the regional mechanism that facilitates cooperative research 

1980‘s FAO-IU
Gentlemen agreement

Common heritage
IBPGR

1992ー
CBD (Articles 8j, 15, 16, 19）
Strong legal bindings
IPR、ABS on genetic resources, TK
Genebank and ex situ collection
Bilateral negotiation

1990‘s FAO-IU
Common concern

IPGRI

2000 FAO-IU
Discussion
wrecked

1994-
GATT-TRIPS(Article 27.3b）->WTO
Substantial control on benefit
Trade associated IPR and ABS on
Genetic resources

1999-
WIPO (PLT, patent law treaty):
Synergy with WTO, IPR protection on TK 

& on genetic resources

History of genetic resources represented by food and agricultural aspects
ーBiggest concern is on access and benefit sharingー(Revised from Watanabe 2012) 

NGO
watch-dog on Biopiracy

2001 FAO-IT PGR FA agreed
2004 Effectuated

BioversityInternational

Information exploited from 
genetic resources can be indefinite by research!!!

Unethical conducts by 
profit oriented groups

2002: CBD, Bonn Guideline on ABS
2010: Nagoya Protocol on access and 
benefit sharing on genetic resources agreed
2014: Nagoya Protocol effectuated

Fig. 10.1 History of genetic resources represented by food and agricultural aspects. The present 
interactions of international regimes associated with genetic resources (Updated from Watanabe 
(2012)). FAO-IU FAO International Undertaking to practically enhance the exchange and use of 
crop genetic resources for food security, IBPGR International Board on Plant Genetic Resources, 
IPGRI International Plant Genetic Resources Institute evolved from IBPGR.  Bioversity 
International: Evolved from IPGRI: A member of Consultative Group on International Agricultural 
Research. https://www.bioversityinternational.org/, UPOV Convention on New Variety Protection. 
http://www.upov.int/portal/index.html.en, CBD Convention on Biological Diversity. https://www.
cbd.int/, FAO IT PGR FA: International Treaty on Plant Genetic Resources for Food and Agriculture. 
http://www.fao.org/plant-treaty/en/, TRIPS Agreement on Trade- Related Aspects of Intellectual 
Property Rights. http://www.tripsagreement.net, WTO World Trade Organization. https://www.
wto.org, WIPO World Intellectual Property Organization. http://www.wipo.int/portal/en/index.
html, Nagoya Protocol The Nagoya Protocol on Access to Genetic Resources and the Fair and 
Equitable Sharing of Benefits Arising from their Utilization to the Convention on Biological 
Diversity. https://www.cbd.int/abs/, PVP Plant Variety Protection, ABS Access and Benefit-
Sharing, IPR Intellectual Property Right, TK Traditional Knowledge
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activities of trilateral interest to Canada, Mexico, and the USA (http://www.
procinorte.net/Pages/Default.aspx) for a long-term effort. On the other hand, the 
present US politics with its new presidency at the time of January 2017 may alter 
the fruitful relationship to create a shuttering wall. A positive side is that the US 
Congress approved its participation in FAO IT in 2016 (http://www.fao.org/plant-
treaty/countries/membership/en/), and this may keep an instrument for the USA to 
work with Mexico on crop genetic resources.

10.2  Global Dependency and Demand on Mexican PGR 
and Future Possibilities

Many crop species were originated from Mexico and its neighbors (Table  10.1, 
Fig. 10.2). The old civilizations, Aztec and Maya, were supported by the richness of 
the crop biodiversity (Harlan 1992). Needless to say, corn and common beans have 
been used worldwide, especially they change the traditional diet and backstopped 
the food security in African nations and supported balanced nutrition in many devel-
oping countries (Harlan 1992). Hot chili peppers are used in all over the world and 
are the essential spice material and vegetable in culinary cultures in many countries. 
Examples are Ethiopia with berbere, Hungary with stuffed pepper, India with condi-
ments including masala, Korea with kimchee (kimchi), and Thailand with tom yum 
goong as commonly known. How can we imagine that we had made our life tasteful 
before the introduction of the crop to our tables? Innovative cash crops also come 
from the area, for example, dragon fruit made a large market value in Vietnam and 
Malaysia in very recent history with less than 20 years (FAO Stat 2017).

Box 10.1 Mexico Biodiversity Features (Aggregated from http://cop13.
mx/en/mexican-biodiversity/)
• Mexico is one of three nations having both Atlantic and Pacific Coasts.
• In the Mexican territory, almost all climates of the planet are presented.
• The global fifth mega-diversity exists with rich environments, flora and 

fauna.
• Mexico is home to about 10% of the species that exist in the world.
• It is the fourth country most diverse in terms of species richness and is 

identified for combining biological diversity with rich ethnic cultures.
• Biodiversity is vital for all citizens of Mexico.
• The great natural diversity has given Mexico and offers many opportunities 

for development and in turn gives the country a great responsibility as 
custodians of nature.

• Much of Mexico’s biodiversity is unique to the country (endemic) which 
represents a potential for development of the country.
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In addition to those outstanding ones, sweet pepper (paprika, Capsicum annuum 
var. angulosum), zucchini (Cucurbita pepo), Jerusalem artichoke (Helianthus 
tuberosus) are also examples from the area as globally popular vegetables. Further 
with respect to breeding sources, wild potato species have contributed to sustain the 
durable resistances in late blight (Solanum demissum) and potato virus Y and A 
(Solanum stoloniferum) in global potato production by conventional breeding 
(Watanabe 2015).

In gardening and floriculture industry, again many species from Mexico have 
been employed for making cash economy strong in horticulture industry in many 
countries such in India and South Africa. Those examples are Eustoma (Eustoma 
grandiflorum), Dahlia (Dahlia spp.), Marigold (Tagetes spp.), Zinnia (Zinnia spp.), 
Cosmos (Cosmos bipinnatus), Cacti (Cactaceae family), and Agave (Agave spp.). 
For an example, as a cut-flower, global annual economic value of Eustoma is USD 
52 million with more breeding interest by top flower breeding companies (http://
hillagric.ac.in/edu/coa/vegetables/lectures/VSF_473_Flori/VSF_473_Lect_2.pdf). 
Although there are historical uses and present interest at various horticultural and 
agricultural industrial sectors in the world, due to the genetic resources ownership 
issues, it is not feasible to access new genetic resources from Mexico, which will be 
discussed later in this chapter.

Table 10.1 Examples of crop genetic resources contribution originated from Mexico and its 
precincts

Crop
Binominal nomenclature 
of representative taxon Recipient area

Major 
attribute

Annual global 
production in 2014
(million ton)

Corn Zea mays Global (East 
Africa)

Food 
security

967.9

Brazil and 
Argentina

Export

Common 
bean

Phaseolus vulgaris Global (East 
Africa)

Food 
security

12 (dry bean)

Tomato Solanum lycopersicum Global Vegetables 100
Chili (hot 
pepper)

Capsicum annuum Global Culinary 
culture

34.6

Squash/
pumpkin

Cucurbita moschata Global Vegetable 25
C. pepo

Dragon fruit Hylocereus spp. Southeast Asia 
(Vietnam, 
Malaysia)

Cash crop 1.2 (mainly in 
Vietnam and 
Malaysia)

Avocado Persea americana Global Cash crop 5
Cacao 
Criollo

Theobroma cacao var. 
Criollo

Latin America 
African nations

Cash crop 4.45
Culinary 
culture

Sunflower Helianthus annuus Global Edible oil 41.4
Floriculture

Search source: FAO Stat http://www.fao.org/faostat/en/#data/QC
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Fig. 10.2 Diversity of Mexican crops: crop species exampled from Tables 10.1 and 10.2. (a). 
Amaranth field collection at Campo Experimental Valle de Mexico (CEVAMEX), Texcoco, 
Mexico State (Provided by Dr. Ryoko Hirano-Machida). (b). Husk tomato (Provided by Dr. Ryoko 
Hirano-Machida). (c) Opuntia: immature cactus pear fruits and flower on a cladode, a flattened 
stem. Be noted that often strong and sharp spines are seen on cladodes. (d). Opuntia field collec-
tion at Zacatecas, State of Zacatecas. (e). Chayote collection at the net house for transition from 
field to in vitro (Provided by Dr. Ryoko Hirano-Machida). (f). Eustoma (Sakata Seed Co., http://
www.sakataseed.co.jp/special/toruko/history.html)
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Besides those crops which become popular uses globally, Mexico is yet rich in 
crops to sustain domestic diet and its culinary culture. We have selected the crops 
together with the Mexican partners based on their botanical uniqueness which is 
other way round challenges in conservation and utilization and on local importance 
with respect to cultural values and future potentials (Table 10.2). A short introduc-
tion is given in the following:

Amaranth is common and an old crop in Asia and Europe and also in Mesoamerica 
(National Research Council 1984). It was a valuable crop during the Maya and 
Aztec civilization, and due to its high nutritional value in grain, Spanish conquerors 
controlled use over the native residents who should not be powerful physically 
against occupants. The grains with high protein but with low calorie are now a 
favored food for special diet required individual particularly for obesity and sport 
practice in many countries. But in Mexico, it is rather underutilized although popu-
larity increases globally.

Avocado has a global market (Whiley et al. 2002). It is a rich in edible oil and 
often referred as oil from forests. While major breeding was made in Hawaii in the 
USA and some other countries, a few varieties dominate markets and typical mono-
culture in industry supplies (Chanderbali et al. 2008). Mexicans also try improving 
the crop; however, due to its reproductive characters and long life cycle, crop 
improvement is not easy. Also vegetative propagation comes often with many viral 
pathogens and viroids.

Cacao Criollo (Theobroma cacao var. Criollo) is one of four major cacao variety 
groups in the world: other three variety groups are Forastero, Trinitario, and 
Nacional (Young 1994). Cacao produces generally a notably large economic advan-
tage in many nations such in West Africa, and industry investment is substantially 
large. But due to many requirements in cropping, Cacao Criollo is rather endemic 
varieties in Mesoamerica including Mexico Cacao Crillo was regarded as miracle 
food in Maya to give dietary benefit to the native folks which is inherited to the pres-
ent Mexican life.

Chayote (Sechium edule) is very popular crop in Asia especially at warm zones 
such in SE Asia (Avendaño Arrazate et al. 2010), but only few varieties have been 
used in Asia. Mexico and Mesoamerica are rich in diversity of the genus, and many 
varieties are available (Cadena Iñiguez et al. 2007, Fig. 10.3).

Husk tomato (Physalis philadelphica) has many relatives (Whitson and Manos 
2005). It is for the daily use materials for condiment such as source for enriching 
tastes with Mexican food like tortilla in Mexico (Morton 1987). There are substan-
tial diversity seen in Mexico, but the conservation is a task for Mexican stakeholders 
due to the environmental changes (Zamora Tavares et al. 2015). In Mexico, it is 
called tomate (de cascara) in Spanish, to be distinguished from jitomate (tomato, 
Solanum lycopersicum which related species are widely distributed in the new con-
tinent). Often subsistent households heavily depend on “salsa verde” in which 
ingredient is the husk tomato juice with hot chili peppers to be the garnish for torti-
lla consumption. Its close relative is goldenberry (or Cape gooseberry, Physalis 
peruviana) originated in South America as the species name tells its origin, and it is 
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a new sweet berry fruit for modern markets worldwide. The odd side of the golden-
berry is that sometimes it is seen as weedy in Southeast Asian agriculture field.

Nopal and cactus pear (Opuntia spp.) is the national pride of Mexico as in the 
national flag (Chavez-Moreno et al. 2009). Nopal is used as fodder for livestock and 
vegetable. Nopal has very unique morphology. Nopal edible part is the enlarged 
stem that looks like a wide fan, very rich in polysaccharides and water with very 
sharp spines, a typical cactus shape. Spine is botanically equivalent to leaf. Use of 
Opuntia, especially as cactus pear, is not only in Mexico but also in Europe such as 
Greece (Ganopoulos et  al. 2015) and Middle East and North Africa (Finti et  al. 
2013; Bendhifi Zarroug et al. 2015).

Those six target species, however, have some need in science and technology to 
facilitate conservation and utilization as exampled in Table 10.2.

10.3  Project Highlight

The Mexican Government with CONABIO proceeds biodiversity conservation as in 
situ approaches. Also on farm management of local crop varieties has been pro-
moted due to the advantage of farmers’ participatory breeding possibility (Altieri 
and Merrick 1987; Fris-Hansen and Sthapit 2000). On the other hand, there is a 
clear need identified to maintain their national treasure in ex situ, especially at well-
secured facility against natural disasters and other potential problems by changing 

Fig. 10.3 Chayote 
diversity displayed at the 
Conference of the Parties 
for the Convention on 
Biological Diversity (CBD 
COP-13) at Cancun, 
Mexico. Postharvest 
spoilage is one of the key 
improvement subjects as 
seen in the photo
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climates. Sectors at agriculture, forestry, fishery, and livestock also have individual 
efforts to maintain their key genetic resources particularly as field collections; how-
ever, there was no integrated system to support a long conservation of the genetic 
resources and associated information.

Mexican National Genetic Resources Center (CNRG, Centro Nacional de 
Recursos Genéticos, Fig. 10.4) was inaugurated officially in March 17, 2012, with 
the presence of its president of the nation as the main center for all biodiversity 
conservation ex situ for Mexico as its long-term goal as well as relevant in situ con-
servation information management (http://www.inifap.gob.mx/SitePages/centros/
cnrg.aspx). To start with its mission, crop, animal, and microbial genetic resources 
were prioritized and, together with the SATREPS (Science and Technology Research 
Partnership for Sustainable Development) Project “Diversity Assessment and 
Development of Sustainable Use of Mexican Genetic Resources,” with unique but 
rather neglected, in terms of resources, allocation and consequently underutilized 
crop genetic resources, were selected as short-term goals to support local conserva-
tion, uses, and further promotion out of the country.

Machida-Hirano et  al. (2014) summarized the context and its history on the 
SATREPS Project: “Diversity Assessment and Development of Sustainable Use of 
Mexican Genetic Resources”. As covered in the Introduction of this book, SATREPS 
is managed jointly by Japan Science and Technology Agency (JST) and Japan 

Fig. 10.4 National Genetic Resources Center (CNRG), Tepatitlan, Jarisco State. A group photo 
from a young scholar workshop on DNA markers
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International Cooperation Agency (JICA) to promote science and technology diplo-
macy and link with multilateral development on S&T cooperation. Especially, our 
project covers ELSI (Ethics, Legal, and Social Implications) activities with biodi-
plomacy for the project operation. Biodiplomacy aims at developing common 
grounds on the ethics, policy, regulatory matters, industrial consideration, and social 
implication on biotechnology and biodiversity. It emphasizes the international and 
interdisciplinary aspects to draw attentions by a diverse range of stakeholders. 
Having the baseline on biodiplomacy consideration, we operate the project. This 
project was made based on Mexico and Japan bilateral cooperation agreement 
(MOFA 2013), and specific agreements were set among CNRG-INIFAP, SAGARPA, 
and AMECID (Agencia Mexicana de Cooperación Internacional para el Desarrollo; 
in English, the Mexican Agency for International Development Cooperation, https://
www.gob.mx/amexcid) with JICA and JST, our home the Gene Research Center 
(2018) of the University of Tsukuba (GRC-UT, https://www.gene.tsukuba.ac.jp/
en/), and Genetic Resources Center, National Agriculture Research Organization 
(GRC-NARO, http://www.gene.affrc.go.jp/index_en.php).

Based on the backgrounds of the efforts by Mexican partners, the pitfalls, and the 
historical interactions among Mexican and Japanese organizations, we set the proj-
ect activities (Fig. 10.5). Recognizing historical efforts by Mexicans, yet there are 
substantial elaboration needed in research and also to complement the in situ con-
servation and field collection. The typical example is on Opuntia which is vulnera-

Research Topics

Conservation and Sustainable Uses on Mexican Genetic Resources

【 】

Accumulation & delivery of knowledge on conservation and breeding
on Mexican genetic resources

Demonstration of ELSI research and theoretical and practical establishment 
of Genetic Resources Research as multidisciplinary Science

【 】 【 】

Fig. 10.5 SATREPS Project structure of “Diversity Assessment and Development of Sustainable 
Use of Mexican Genetic Resources”
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ble to low temperature, frost and snow (Illoldi-Rangel et  al. 2012). The national 
field collection at Zacatecas in Mexico was destroyed almost by freezing and snow 
far before our SATREPS project initiated. Field collection is very vulnerable due to 
the climate change and natural disasters. Thus, one of our major research contexts 
is to develop new ex situ conservation methodologies other than field collection to 
conserve as the backup for the field collection and existing on farm entities at the 
secure contained facility such as in vitro. Also collection does not mean that all 
necessary information is furnished, often even passport data components are  missing 
due to old history with no instruction of data management, personalized manage-
ment or lack of systematic and institutional control. Also sometimes, information is 
scattered over different collections, which are physically located at different sites 
within the country. This is not only on a country but often seen in many nations, so 
that the efforts, lessons, and acquired knowledge in Mexico can be transferred to the 
genebanks or national programs where they need similar type of actions. An inte-
gration and addition of the basic information are primary need such on passport data 
as base collection information including ecogeographic origin. On top of them, spe-
cific traits for the uses such as on resistances and market quality-related ones could 
be built up for user-friendly information service.

The conservation-related research at the genebank is one of the central subjects 
in genetic resources management (Engels et al. 2001). Our project contains three 
major experimental research activities: (1) diversity evaluation for conservation and 
conservation methodology development by (2) in  vitro and (3) botanical seed, 
which should support sustainable use with various elements and science and tech-
nological activities. We focus on seven crop species, of which six of them were 
introduced in the previous section of this chapter, amaranth, avocado, cacao, cha-
yote, husk tomato, and nopal and cactus pear, and the seventh as potato. Potato was 
added particularly because of its genetic resources contribution to the global potato 
breeding and production, while no substantial conversation was emphasized in 
international potato genebanks. These were also chosen because of local cultural 
and global interest with various reproductive traits which have scientific compo-
nents on genetic diversity and conservation research.

Genetic diversity study is the key topics to identify the extent of diversity and 
uniqueness and potentially duplicate identification. While some genetic markers 
were reported or related species information available, those target species require 
specific attention to test applicability of know genetic markers or incorporation of 
totally newly developed markers. While sequence-based characterization is possible 
with the present high-specification new-generation sequencing, often, it is tedious 
in assessment and cost-dependent approach, and it was regarded as less efficient 
under a resources insufficient condition. Also in considering the further spread of 
methodology at low profile setup of facility for neighboring countries as technology 
transfer, we dared to go with rather classical genetic marker deployment for wider 
applicability at different resource situation demonstrated by us (Gilani et al. 2014). 
Simple sequence repeat (micro satellite) markers were principally searched or 
developed and tested on the target species such on chayote (Machida-Hirano et al. 
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2015). Those marker development and testing processes are template and applied to 
other species to share as the general procedures.

In vitro culture and cryoconservation are options for field collection on the veg-
etatively propagated species and often cardinal for a long-term security of the 
genetic resources as mentioned on Opuntia. Although tissue culture introduction is 
common practice, often custom-made methodology development is needed with 
respect to genotype dependency even on potatoes. We have established the cryocon-
servation processes for potato and now gradually historically important potato gen-
otypes are being introduced into the low-temperature conservation condition at 
CNRG (Yamamoto et  al. 2015). Other target crop species such as avocado and 
Cacao Criollo are under customization for tissue culture and cryoconservation, and 
the whole processes are also templated for future application to many other species 
valuable for Mexico and global needs.

Seed technology cannot be under-regarded, and it is not the obsolete issue to 
work on. Yet many species such as Opuntia does not have systematic instruction of 
how to conserve, break dormancy, and enhance germination on the botanical seed. 
Also considering the thousands of accessions to manage including rejuvenation and 
quality assurance, it is needed to have well-established procedures on many species 
of the interest such on maize and beans to have large number of accessions.

Information management on actual genetic resources at a large number of acces-
sions is also the subject of research such with maize and common beans (Machida-
Hirano et al. 2015). While descriptors for many crop species are available, often 
descriptors are neglected, or curator at each collection does not have the concomi-
tant rules in characterization, so that data comparison could be sometimes cumber-
some among collections made by different groups on an identical species. We have 
data handling research as bioinformatics context. With the data, we also have differ-
ent informatics approaches to create unique information assessment and manage-
ment system with user-friendly modality. Core collection is one to conserve the 
collections and distribute efficiently with different approach suing the informatics 
(Borrayo et al. 2016). Also the same genotypes exist in different collection or the 
same genotypes with different naming or identification exist, which means dupli-
cates. This reduces the efficiency in conservation, and accurate duplicate identifica-
tion method is one of the important issues at a genebank. Both by information 
assessment and with actual experimental testing such as by use of DNA sequence-
based fingerprinting, duplicates can be identified effectively and support reduction 
of redundancy. On the other hand, vegetatively propagated crop varieties such as 
avocado cacao and chayote, can have variants by bud mutation exampled by mango 
(Machida-Hirano et al. 2011), and variation detection is another subject for experi-
mental application, which also link with the information management. Our project 
covers widely on the DNA technology application development and at large to sup-
port the genebank management.

Another group of research is on supporting documentation of the materials and 
institutional, national, and international management of the genetic resources such 
on ownership assurance and access and benefit sharing on the genetic resources.
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10.4  Challenge on Access to the Genetic Resources

With the present paradigm of the strong national sovereignty rights on biodiversity, 
namely, the access to genetic resources is very complex with various negotiation 
and specific procedures as well as needs in talented individuals. It cannot be manu-
alized to make a success while a guide can be provided. These processes often take 
more than time and require specific legal knowledge and individual contacts with 
close human interactions as well as negotiation skills. Our SATREPS project was 
not only designed on science and technical aspects for conservation and evaluation 
by experimental biological aspects, but also we have ideas on how to transfer germ-
plasm within and out of the country based on various international legal regimes 
especially on access and benefit sharing of genetic resources under Nagoya Protocol.

ABS could be interpreted often as monetary feedback; however, there are differ-
ent modality for assuring access grant and sharing the achievement (Ten Kate and 
Laird (2000). The Mexican Government ratified the Nagoya Protocol as of 2014 to 
be the first group of nations to effectuate the Protocol. But there were no operational 
procedures under a domestic law at the time of our consideration on access to the 
genetic resources of chayote. We proposed a preceding model with some options 
depending on the ownership situation of the genetic resources in considering non-
monetary benefit as primary aspects. As the consequence, the procedure was used as 
a test trial for the authorities in the country to set up comprehensive application 
steps. As a model development to recommend to the Mexican authority, we pro-
posed the general procedure framework as model and proposed case development of 
access and benefit sharing. We chose chayote for a noncommercial use model test-
ing in order to transfer it from Mexico to Japan for noncommercial academic uses, 
and we have examined, consulted, and piloted application procedures with Mexican 
authorities accordingly to the articles in the Nagoya Protocol. We keep it as a model 
given to the Mexican authorities; other than that, we would keep it as a trade secret 
until some examples are built up as the proof of the proposed model as credible.

With the first proposed trial, our application was finally received on August 5, 
2016, by hand submission by the members of the project, and it was transacted and 
examined by national authorities via the Environment Ministry (SEMARNAT in 
Spanish). We have disclosed this procedure to the followers who would like to 
solicit the PIC to Mexican authorities at the COP-13 of CBD on December 2016 at 
Cancun, Mexico. As of February 28, 2017, the authorization which is a Prior 
Informed Consent (PIC) was issued as the first case from Mexico to Japan for the 
material transfer of the chayote genetic resources.

10.5  Future Perspectives

While joint research has been conducted, substantial resources have been invested 
on bilateral and multilateral technology transfer as the context of the SATREPS on 
the genetic resource management (Fig. 10.4). Knowledge sharing is the essential 
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part of future continuity in the genebank management and subregional collaboration 
(Kawase and Vaughan 2008; Rudebjer et al. 2010). Sharing is the basic approach; 
however, there are challenges on how to do as addressed in ABS on genetic 
resources. On top of the materials, the knowledge on the science and technology 
(S&T) is another issue on how to share.

S&T are considered to be public goods. While they could be owned by a propri-
etary ownership, they should be allowed to use with diverse options in order to cope 
with global common problems such as on food security, environmental remediation, 
renewable energy, and human health safety. In the last five decades, starting from 
the 1960s, however, paradigm has been shifting in international diplomacy on natu-
ral resources and environments. This change has been impacted on environmental 
sustainability, economy, and overall global development. The eminent change has 
been leading to create many international regimes with the increasing complexity of 
relevant subject matters.

The advancement of S&T has been helping the trans-world economic progresses. 
But S&T also have been creating more and more complex situation by broadening 
their innovative applications as they need more ethical consideration, policy, regula-
tion, and public perception for the global application possibility. Life science areas 
represented by biotechnology have very fast and effective development for human 
needs. But they are required to furnish the comprehensive governance in ethics, 
safety, ownership, and overall public acceptance as well as the increasing level of 
the specialized knowledge itself.

Biotechnology might have been advancing and growing faster than the public 
capacity over the comprehensive digestion of the contexts. Furthermore, there are 
uprising concerns on the ownerships of natural resources, including biodiversity: it 
was regarded as the shared entity as human heritage, but now it is considered to be 
under an ownership. The governance of bioprospecting is essential to allow a fair 
and equitable access and benefit sharing of the biodiversity. Time and stewardship 
are needed also for overall comprehension by public. However, a procedure or a 
system cannot complete all issues on access and benefit sharing on genetic resources 
likely. An experience can be shared, but specialists may be needed as honest brokers 
in future for various needs in providers and users (Watanabe and Teh 2011).

While globalization takes places on open-market commercial products and infor-
mation thereof, national sovereignty right on biodiversity is strongly recognized in 
the international forums with substantial influences over ownerships and commer-
cialization possibilities. So far, biotechnology and genetic resources ownerships 
should be amalgamated into global use application together with such consideration 
on the safety and IPR aspects.
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Chapter 11
Lessons Learned from SATREPS Projects 
and Perspectives

Shuichi Asanuma and Makie Kokubun

Cutting-edge science and technology such as genome analysis is a useful technol-
ogy in genomic characterization of living organisms, biological diversity analysis, 
breeding, and any other genome-related science. In this chapter, we tried to find how 
the cutting-edge science and technology was utilized in solving the global-scale 
problems in developing countries, particularly in research for development fields 
using bioresources. For this purpose, we examined the effectiveness of cutting-edge 
technologies in addressing the issues challenged by the nine projects reported in 
Chaps. 2, 3, 4, 5, 6, 7, 8, 9, and 10 of this book. In any case, the state-of-the-art 
technologies were found to be effective only when conventional technologies were 
applied complementarily. For example, the genome analysis using next-generation 
sequencer was found to be a very useful technology in identifying the traits of 
genetic materials in the research of plant breeding. However, to solve the problems 
and apply the results for development, breeding materials needed to be tested in the 
process of selection of promising materials toward new varieties-candidates under 
the field conditions whether they adapt to the real conditions through G (genetic 
traits) × E (environmental conditions) × M (management such as fertilization and 
water control) experiments. Many projects reported herewith showed that conven-
tional technologies were also used and useful in those experiments. Therefore, we 
conclude that both cutting-edge and conventional technologies are required in a 
harmonious manner in solving the problems and applying the results for develop-
ment in developing countries. At the same time, capacity building of researchers is 
essential to obtain new knowledge for understanding the problems and new tech-
nologies to solve the problems.

S. Asanuma (*) 
Nagoya University, Nagoya, Aichi, Japan
e-mail: asanumas@agr.nagoya-u.ac.jp

M. Kokubun 
Tohoku University, Sendai, Miyagi, Japan
e-mail: kokubun@bios.tohoku.ac.jp

trinhxuanhoatppri@gmail.com

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-7308-3_11&domain=pdf
mailto:asanumas@agr.nagoya-u.ac.jp
mailto:kokubun@bios.tohoku.ac.jp


196

11.1  Approach of SATREPS for Solving Global Issues 
in Collaboration with Developing Countries

Most common issues influencing food security and/or hampering food production 
are, as discussed in Chap. 1, the biotic and abiotic stresses to the growth of food 
crops prevailing under global climate change. For the promotion of use of various 
biological resources being available in developing countries as well as developed 
ones, isolation, characterization, maintenance, and conservation of those resources 
as a gene bank are fundamentally important. However, those resources may not be 
useful if not characterized, cataloged, and opened to the world for the promotion of 
their use.

The approach of SATREPS project in the area of crop production is as follows: (1) 
to find socioeconomic and/or biological problems in targeted developing country; (2) 
to identify main issues for solving the problem; (3) to conduct research for 5 years in 
general to develop and establish key innovative technologies for solving the main 
issues, such as improved varieties and key cultivation technologies suitable in given 
environmental conditions; (4) to find a method for applying the developed or estab-
lished key technologies for solving the problems on the ground; and (5) to verify the 
usefulness of the method under the given socioeconomic conditions of the societies 
The research is carried out collaboratively by research teams of Japan and of devel-
oping countries by using both conventional scientific and technological methodolo-
gies and cutting-edge scientific technologies. Through the SATREPS approach, 
young researchers of participated countries, not only of Japan but also of partner 
countries, are expected to be trained and grown up to well-experienced researchers 
being able to work worldwide continuously and/or in the future with sharpened sci-
entific views and necessary technologies under deep insight of global issues.

11.2  Usefulness and Limitations of Cutting-edge Scientific 
Technologies in Solving Main Issues in the Area of Crop 
Production

11.2.1  Main Issues Challenged by 9 SATREPS Projects 
Reported in this Book

In the area of crop production, we selected 9 SATREPS projects out of 115 projects 
covering 5 global issues, global-scale environmental issues, low-carbon society/
energy, bioresources, disaster prevention and mitigation, and infectious diseases 
control and summarized the target region, crop species, main issues addressed, and 
key scientific technologies of each project in Table 1.1 of Chap. 1.

Low yields of rice grown in Vietnam, Kenya, and Colombia were challenged 
through breeding of main biotic and abiotic stress-tolerant varieties and developing 
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cultivation methods with higher resource use efficiency. For instance, in Colombia 
where the project is still under ongoing, researchers try to develop a resource- 
effective rice cultivation method by combining improved root morphology and new 
cultivation methods with improved nitrogen and water use efficiencies. In Namibia 
where vast seasonal floodplain expands in the north of the country bordering with 
Angola and crop production is really unstable due to traditional cultivation methods 
of pearl millet and sorghum as cereals, flood- and drought-adaptive cropping sys-
tems were tried to develop by adding upland rice, NERICAs (New Rice for Africa, 
interspeci fic progenies between Oryza glaberrima Steud. (African rice) and Oryza 
sativa L. (Asian rice)), under in situ field conditions toward stabilization of food 
production.

In Afghanistan, wheat breeding materials developed using Afghan landraces 
which were explored by Japanese researchers about 40–60 years ago and have since 
been conserved in Japan were evaluated for drought tolerance, disease tolerance, 
and mineral contents in grain under field conditions.

Soybean plants are generally difficult to transform by external gene introduction, 
but in the SATREPS project in collaboration with Embrapa Soybean of Brazilian 
Agricultural Research Corporation (EMBRAPA), a genetically modified (GM) 
drought-tolerant line of soybean was developed through gene introduction by 
Agrobacterium tumefaciens-mediated method, and its tolerance was expressed 
under field conditions, only once though, of the Embrapa Soybean. The tolerance 
needs to be tested further for verification.

In semiarid areas of Sudan where traditional cultivation of sorghum and pearl 
millet is practiced, root parasitic witchweed, Striga hermonthica, has long been a 
serious problem hampering crop production by grabbing water and plant nutrients 
from host plants, sorghum, pearl millet, and so on. A suicidal germination of Striga 
seeds stimulated by exudates of roots of host and some nonhost plants in absence of 
host plants has long been recognized as a potential method to control Striga parasit-
ism, and its effectiveness in controlling Striga parasitization was experimentally 
tested before (Kgosi et al. 2012). In a SATREPS project, a chemically synthesized 
novel germination stimulant was tested on-site in Sudan and proved to be effective 
in controlling its parasitization of host plants. It is the first case of such in the world. 
In addition, the project also examined the varietal differences in resistance to Striga 
infestation among upland rice varieties.

Cassava is an important cash crop in Southeast Asian countries, and its cultiva-
tion area is increasing in particular in Thailand, Vietnam, and Cambodia along with 
the increased needs for its tuber as for food and animal feedstuff and for its high 
potential to process to biofuel. While increasing the cropping area of cassava in 
above three countries, invasive virus diseases such as cassava mosaic disease (CMD) 
and cassava brown streak disease (CBSD) and phytoplasma diseases such as cas-
sava witches’ broom (CWB) have been widely observed on cassava plants. Similarly, 
the most important cassava insect pests, cassava mealybugs (Phenacoccus mani-
hoti), whiteflies, and spider mites are being expanded in cassava cropping areas. In 
SATREPS project, researchers work for the development of the simple detection 
kits of those viruses and phytoplasma and try to find biocontrol countermeasures by 
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using natural enemies against main insect pests. At the same time, they work for 
producing clean and healthy seedlings of cassava to be used for propagation as cut-
tings instead of conventional propagation of disease-suspected ones into the cassava 
cropping areas through novel dissemination systems in collaboration among local 
governments, universities, and private sectors.

Plant genetic resources are rich in Mexico. Those resources are expected to be 
characterized and conserved in a gene bank for future utilization in the world. In 
SATREPS project, underutilized plant resources such as amaranth, avocado, cacao, 
chayote, husk tomato, and nopal under on-site maintenance at the various research 
organizations of Mexico have been subcultured to the National Genetic Resources 
Center (CNRG in Spanish) for its own collection. After genetic characterization, 
they were submitted for long-term storage for conservation with novel conservation 
methods such as tissue culture and cryopreservation, some technical parts of which 
have been modified by the project to adapt to those resources. In addition, chayote 
stocks were transferred to Tsukuba University, Japan, according to the rules and 
documents newly formalized by Mexican authority supported by the project based 
on various international legal regimes especially on access and benefit sharing 
(ABS) of genetic resources under the Nagoya Protocol on Access and Benefit 
Sharing (Secretariat of the Convention on Biological Diversity 2011). The interna-
tional transfer of plant genetic resources of chayote from Mexico to Japan is the first 
case in the world after the Nagoya Protocol concluded in October 2010.

The details of each project have been described by its authors in Chaps. 2, 3, 4, 
5, 6, 7, 8, 9, and 10. In this chapter, we will discuss the usefulness and limitation of 
the technological methodologies employed in the individual project from the view-
point of solving the problems set for each SATREPS project.

11.2.2  Usefulness and Limitations of Cutting-edge 
Technological Methodologies in Solving Main Issues

11.2.2.1  Breeding: Rice, Wheat, and Soybean

Rice (Chapter 2) New breeding system for new rice varieties was established by 
fully utilizing the rice genome information as much as possible to explore useful 
gene resources with marker information and by analyzing genes with large capacity/
high-speed next-generation sequencer for genotyping in combination with genera-
tion advancement within Vietnam and Japan. The useful genes targeted in this proj-
ect are related to short growth duration-related genes, yield-related genes, and 
disease and insect pest resistance such as bacterial blight resistance, brown plant 
hopper resistance, and ovicidal genes against hoppers. Thus, rice breeding activities 
including large-scale backcrossing and DNA marker-assisted selection (MAS) were 
carried out at the Vietnam National Agricultural University (VNAU) in Hanoi and 
in Japan, respectively, and generation advancement was done at the newly con-
structed experimental station/field in Soc Trang Province in Southern Vietnam. By 
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fully utilizing these total systems or adopting the so-called shuttle scheme of breed-
ing among Hanoi, Soc Trang, and Japan, promising lines with short growth duration 
(11–14 days shorter than the mother plant, KD18, in autumn season and 10–15 days 
in spring season), high yield, and resistance to disease and pest insects which were 
suitable to the midland areas of Northern Vietnam were successfully developed dur-
ing 5 years of the project period.

In the breeding activities, locally adapted rice varieties Khan Dang 18 (KD18) 
and IR24 (Oryza sativa spp. indica) were used for recipients of useful genes based 
on the concept that newly bred varieties must be adaptable to the local environment 
and accepted by the local people. As for useful gene donors, near-isogenic lines 
(NILs) with single useful gene were firstly developed, and breeding was then pro-
ceeded to develop pyramid lines (PYLs) having two or more genes. In this project, 
cutting-edge technological methodology such as DNA marker-assisted selection 
(MAS) using next-generation sequencer for genotyping was highly effective to ana-
lyze the presence of specified genes introduced by crossing in progenies. The gen-
eration advancement is a conventional technology, but by combining with MAS, it 
became a very useful tool to shorten the breeding process. Two-time cultivations in 
Hanoi and one-time in Soc Trang, totally three-time cultivations in a year, resulted 
in the development of promising lines with short growth duration, high yield, and 
resistance to disease and pest insects during 5 years of the project period. At the 
same time, Vietnamese researchers conducted cultivation trials with those promis-
ing lines on physiological and ecological test; adaptability test to the environment 
of Hanoi, Thai Nguyen, and Lao Cai in Northern Vietnam; and preparation of guide-
lines for recommended cultivation method adapted to those regions. As a result, two 
promising lines are currently under the process of national seed registration of 
Vietnam. Application for seed registration within 3 years after the end of the project 
is really a very fast case.

Thus, this project proved that the MAS combining with generation advancement 
is a useful technology in shortening rice breeding period compared with totally 
conventional techniques by crossbreeding and selection through ordinal cultivation 
on the fields.

Rice (Chapter 3) It is well understood that the performance of rice varieties in the 
fields, either rain-fed paddy, rain-fed upland, or irrigated paddy, is influenced by the 
plant and soil management technologies and environmental conditions. In this proj-
ect, researchers stressed the importance on how the interaction between genotype 
(G), environment (E), and management (M) affects the expression of target traits of 
rice varieties. They focused on Kenya, comparatively high lands in East Africa; 
expecting the results obtained here could be applicable to other regions. Major 
biotic and abiotic stresses targeted are drought, cold weather, low soil fertility, and 
rice blast disease.

The project had to establish a research base first for breeding of new rice varieties 
and developing cultivation technologies. The base was set up at the Industrial Crops 
Research Center of the Kenya Agricultural and Livestock Research Institute in 
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Mwea (KALRO ICRC-Mwea). The construction of the base began with reclamation 
of experimental paddy and upland fields with irrigation control facility and simple 
greenhouses with concrete soil boxes (2 soil types in 24 boxes of each 2 m × 2.5 m 
× 0.5 m (depth)). Other experimental fields were also prepared according to the dif-
ferent research purposes, namely, drought avoidance screening, alternative wetting 
and drying cultivation, cold tolerance evaluation at the reproduction stage of growth, 
salt tolerance screening (Na-accumulated soil in concrete soil box of 10 m × 6 m × 
1 m (depth) with concreted bottom), low-phosphorus field, low-fertility paddy and 
upland fields, long-term manure and fertilizer application fields, and screening field 
for blast disease resistance. In addition, facilities for crossbreeding and rice seedling 
cultivation were set up. The base is expected to be used not only for rice research but 
also for capacity building of young African and Japanese researchers through par-
ticipating or conducting rice research herewith.

After examining carefully the varieties and progenies obtained by crossbreeding 
under field conditions, QTLs were detected for associating respectively with cold 
resistance, nodal and lateral root length, primary rachis branch number in upland 
variety, or low-fertility adaptability. Those QTLs need to be tested for confirmation 
whether they are truly and properly related to phenotypic traits of plants grown 
under field conditions in Kenya prior to proceeding to further breeding works using 
them.

Marker-assisted selection (MAS) using next-generation sequencer is featured in 
this project. This technology can accelerate the progress of crossbreeding to detect 
introduced genes associated with tolerance to biotic or abiotic stresses and grain 
yield increase. However, the crossbreeding has just started using locally adapted 
rice varieties, such as Basmati 370, as recipients and near-isogenic lines (NILs), 
recombinant inbred lines (RILs), and chromosome segment substitution lines 
(CSSLs) developed in this project as gene donors. It will take some time to develop 
promising lines for testing their yield potential under field conditions.

In terms of G × E × M relation, the root formation using NERICAs 1 and 4 under 
different soil moisture conditions was investigated and found that two varieties 
responded differently in lateral root and deep root formation; NERICA 4 showed 
deep root formation, while NERICA  1 did lateral root formation under drought 
stress conditions. Those observations were obtained by using the conventional 
experimental technologies such as root scanner, image analyzer, etc. This is just the 
beginning, and it will be still long way to develop cultivation technologies which are 
precisely adaptive to the soil and environmental conditions of the fields in order to 
maximize the expression of genetic potential of rice varieties.

This project is a good example to show that using both cutting-edge and conven-
tional technologies can solve problems. The important thing is how to utilize differ-
ent  technologies to solve what problems in the process of solving problems 
hampering plant growth in the fields.

Rice (Chapter 5) In Colombia in South America, rice grows in large-scale sloping 
fields with contour levee system with intermittent irrigation. This system is com-
pletely different from ordinal paddy fields or upland fields being observed in Asia 
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and Africa in general. Direct seeding with drill seeder on dry soil is the mainstream 
of sowing. Irrigation starts on the top of the slope and gradually moving down to a 
subsequent contour levee plot after filling the former contour levee plot with water. 
It takes certain time intervals to irrigate and cover a whole sloping field, and so it 
happens easily that some parts of soil are covered with water but the other parts are 
dry during the course of irrigation. Weeding is also a headache under such field 
conditions. As such, there are several problems in growing rice for good harvest. 
Some of them are drought, low water and fertilizer use (nitrogen in particular) effi-
ciency, weed control, and others. To overcome those problems, the project chal-
lenges on the improvement of drought tolerance and water and nitrogen use 
efficiency of rice varieties by breeding and by water management using crop model 
and development of precision agricultural technologies.

In terms of breeding of new promising varieties for drought tolerance and higher 
water and nitrogen use efficiency, QTL pyramiding methodology is applied. Five 
QTLs related to root morphology all of which were detected with rice by using 
recombinant inbred lines derived from a cross between lowland cultivar IR64, with 
shallow rooting, and upland cultivar Kinandang Patong (KP), with deep rooting, 
were used as targeted genes: DRO1, DRO2, and DRO3 for root growth angle, 
qRL6.1 for root length, and qFSR4 for root volume. Three leading  varieties of 
Colombia, Fedearroz 60, 174, and 473, and CT21375, a promising line of CIAT, 
were crossed with the KP, deep-rooting variety, and backcrossed to their original 
Colombian genotypes or varieties. Marker-assisted selection (MAS) technology has 
been being used to detect the targeted QTLs from BC3F2 lines, and thus the develop-
ment of promising lines for drought-tolerant and higher water and nitrogen use effi-
ciency is under progress.

Wheat (Chapter 6) Wheat has been a traditional and staple foodstuff in Afghanistan 
for a long time. For reconstruction and development of the country, food security is 
fundamentally important, and the development of improved wheat varieties adapt-
ing in the environmental conditions of Afghanistan is the most urgent requirement 
from the viewpoint of food security. However, considering that most wheat landra-
ces which may have high potential in adaptability to various environmental condi-
tions of original growing habitats might be lost during recent conflict times, it will 
be very difficult to develop such varieties from the currently and domestically avail-
able genetic resources including landraces of wheat.

Kyoto University of Japan organized three botanical expeditions between 1955 
and 1979 to the regions around Afghanistan, and Dr. Hitoshi Kihara and his follow-
ers collected plant genetic resources including landraces of wheat that have cur-
rently been maintained and conserved at the Kihara Institute for Biological Research 
(KIBR) of Yokohama City University in Japan. The collection of those wheat land-
races is called as the Kihara Afghan Wheat Landrace (KAWLR). In this project, the 
landraces of KAWLR have been evaluated for their genotypic and phenotypic diver-
sity in terms of adaptability to environmental conditions of various locations in 
Afghanistan for use as breeding materials.
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Totally 446 germinated accessions of 481 KAWLR were grown at KIBR for test-
ing phenotypic diversity and propagation of seeds. An abundance of phenotypic 
diversity among those accessions was observed, and they were found to be an essen-
tial resource for rebuilding genetic diversity in the Afghan wheat breeding system. 
Then totally 332 accessions of KAWLR were brought back to Afghanistan for field 
evaluation of their growing habit and agronomic traits and for propagation of seeds. 
Based on the multiple location and year evaluation data of the 346 KAWLR for the 
agronomic traits, 4 core sets were assembled for 17 accessions for drought toler-
ance, 21 for yellow (stripe) rust resistance, 9 with high Fe and Zn contents in the 
grain, and 9 adapted to minimum tillage crop cultivation.

As for the practical wheat breeding, two KAWLR accessions with most down-
ward growing seminal roots were crossed with several Afghan commercial varieties 
for aiming at selection of promising drought-tolerant breeding lines, and breeding 
was being advanced by Afghan counterpart team. Root length and root growing 
speed were also being investigated in the screening of drought tolerance accessions. 
Growth response to high CaCO3 content in soil and osmotic stress, which is one of 
the main abiotic factors of drought damage, is also tested using the semi-hydroponic 
double-cup culture system.

Minerals are important for human nutrition, and it is efficient bio-fortification if 
human can take minerals from foodstuff. In this project, therefore, genetic relation 
with the contents of minerals, three major (Mg, K, and P) and three minor (Mn, Fe, 
and Zn) elements, in wheat grain was investigated. The contents of minerals can be 
analyzed rather easily using the energy-dispersive X-ray fluorescence spectrometry 
(EDXRF). The results showed genomic selection may be useful for wheat improve-
ment of mineral element contents to be used for bio-fortification.

Thus, in this project, cutting-edge technology was used for genome analysis, but 
other conventional technologies were also used to grow wheat accessions and their 
phenotypic analysis, meaning that both technologies need to be combined for solv-
ing problems.

Soybean (Chapter 7) Genetic engineering technology was used for introducing 
exotic genes into tissue-cultured plant cells which were obtained from dedifferenti-
ated Brazilian soybeans. Two transformation methods of gene introduction into 
plant cells were tested, namely, particle gun method by electroporation and 
Agrobacterium tumefaciens-mediated method. The transformation efficiency was 
very low as long as the particle gun method was used, but by using the Agrobacterium 
tumefaciens-mediated method, the efficiency increased to 1.74% when tested with 
the GUS reporter gene, which was high enough for practical use for producing 
transgenic soybeans.

JIRCAS team provided Embrapa Soybean with seven gene constructs and two 
constructs for particle gun method and Agrobacterium method, respectively. Those 
constructs composed of drought-responsive genes (e.g., dehydration-responsive 
element-binding (DREB) protein and abscisic acid (ABA)-responsive element- 
binding (AREB) factor) and constitutive promoters (e.g., cauliflower mosaic virus 
(CaMV) 35S or soybean stress-responsive promoters). RIKEN team provided with 
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binary vectors containing two genes, AtNCED3, a key gene for the accumulation of 
ABA under drought stress conditions in Arabidopsis thaliana plants in pot experi-
ment, and AtGols2, a gene for the biosynthesis of raffinose family oligosaccharides 
under drought conditions of A. thaliana, under the control of the constitutive CAMV 
35S promoter. The team of the University of Tokyo provided with six constructs 
containing the identified genes, Glycine max histidine kinases (GmHKs), DREB2- 
type soybean transcription factors (e.g., GmDREB2A;2), and DPB3-1, a newly 
identified DREB2A interacting partner in A. thaliana which revealed improvement 
of heat stress tolerance without causing growth defects in transgenic A. thaliana 
plants.

Embrapa Soybean team conducted transformation of Brazilian conventional soy-
bean plants, BR16, with various constructs provided by Japanese teams as men-
tioned above, and 37 generated transgenic lines (GM lines) were characterized for 
their molecular, anatomical, physiological, and agronomic responses in a green-
house or under field conditions. After screening the performance of drought toler-
ance of GM lines in a greenhouse, the GM lines expressing AtDREB1A (1Ab58), 
AtDREB2A CA (1Bb2193), or AtAREB1A FL (1Ea2939) were investigated under 
field conditions at Embrapa Soybean in 2013/2014 and 2014/2015. The field has 
been registered to the Brazilian government for GM plant experiment and certified 
its safety for use under the controlled environmental security. Four water regimes 
were set as follows: irrigated, nonirrigated (natural rainfall), and artificial drought 
stress at the vegetative stage and artificial drought stress at the reproductive stage 
with automanipulating rainout shelters. In 2013/2014, one GM line performed simi-
larly in terms of grain yields under irrigated and nonirrigated conditions with higher 
gene expression levels of the introduced genes under nonirrigated conditions. This 
result was not duplicated in 2014/2015 due to no drought stress occurred under field 
conditions.

Although the experiment needs to continue in order to validate the results of field 
experiment in 2013/2014, this project showed the potential and/or possibility of the 
gene transformation technique in producing drought stress-tolerant soybeans in 
relatively short time. However, it generally takes considerably a long time for iden-
tifying the genes ruling stress-induced expression of tolerance and for clarifying 
their expression mechanisms at the molecular levels. In addition, GM lines need to 
be tested for validation of their safety in the environment according to the regulatory 
rules of the government, and it takes considerable time and cost in general.

11.2.2.2  Development of Cultivation Methods: Rice, Wheat, Pearl Millet, 
and Sorghum

Flood- and Drought-Adaptive Cropping Systems (Chapter 4) Unique cropping 
systems which may have a potential to adapt to the small slopes exposing to flood at 
the bottom and drought at the top and varied water regimes in between depending 
on rain or climate were tested in the semiarid region of northern-central parts of 
Namibia. The average annual rainfall in that region is about 400 mm, but the region 
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is often flooded with floodwater from Angolan plateau during the rainy seasons, and 
about 800,000 ha of land becomes seasonal wetland. However, in recent years, no 
such floodwater occurred, and that region was rather exposed to drought.

Main traditional staple food crops in that region are pearl millet and sorghum. 
Rice has been tried to be introduced in the past four decades but not continuously 
and not successful till recently. In the preparatory stage of this project started in 
December 2002 with a joint rice project between the University of Namibia and 
Nagoya University, Japan, NERICA was proven to grow successfully in northern- 
central parts of Namibia and in the Zambezi flood plains. Therefore, in this project, 
NERICA was included as a component crop of six novel cropping systems that 
were examined for development and proposed to adapt flood and drought. Those six 
cropping systems or cultivation techniques are (1) rice-based mixed cropping in the 
water fluctuation zone, (2) ridge and furrow mixed cropping, (3) close mixed plant 
system, (4) sequential planting after the rain, (5) cultivar selection (flood-tolerant 
cultivars of upland crops or short duration and flood-resistant rice), and (6) sustain-
ing soil fertility. The detail explanation of those techniques can be referred to Chap. 
4.

Close mixed-planting technique of pearl millet and rice or sorghum and rice 
under flooded conditions is unique. It is well known that rice plant growing in the 
submerged conditions has a function to release O2 from the roots to the rhizosphere 
through aerenchyma, inner structure of rice plant, for efficient translocation of O2 
from stomata of leaves to roots (Yoshida 1981). By intertwining of the roots of rice 
and pearl millet or sorghum under flooded conditions, upland crops can utilize the 
O2 released from rice roots resulting in promoting their growth. In this project, this 
technique was tested under water culture conditions, and it needs to test further the 
applicability and effectiveness in growth of both crops under flooded field condi-
tions. However, if it works well under such conditions, it is expected the close 
mixed-planting technique of upland crops and rice under flooded conditions may 
become a novel technique applicable to farmers’ fields.

In addition, in this project, the origin of surface and subsurface water (shallow 
groundwater) on the sloping areas was found to be from local rainfall that was 
pooled temporarily on the surface of small wetland formed in a farm field. It means 
the water supporting the growth of food crops is not completely depending on flood-
water from Angola during rainy seasons and may be manageable to cultivate crops 
for sustainable food production in this areas under small unpredictable rainfall 
although the yields may not be fully depending on the amounts of available water 
uptaken by crops.

This project suggests that conventional crop cultivation technologies are still 
useful enough to solve the issues regarding flood- and drought-adaptive cropping 
systems under semiarid conditions of sub-Saharan Africa if researchers think prop-
erly based on careful observation on what is happening on the farmers’ fields under 
climate change and clarify the socioeconomic conditions of farmers, in other words, 
farmers’ tendency for acceptance of novel technologies.
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Advanced Field Management Technology in Large-Scale Rice Cultivation 
(Chapter 5) As described in 11.2.2.1 of this chapter, in Colombia, rice grows in 
large-scale sloping fields with contour levee system with intermittent irrigation. 
Direct seeding with drill seeder on dry soil is the mainstream of sowing. Irrigation 
starts on the top of the slope and gradually moving down to a subsequent contour 
levee plot after filling the former contour levee plot with water. However, seepage 
and runoff easily occur during irrigation in the large-scale slope, resulting in lower-
ing the efficiency of water and nitrogen use. Therefore, it is important to develop 
appropriate N application method in accordance with the irrigated situations and 
rice growth conditions in order to improve the efficiency.

In this project, a computer simulated crop model, the ORYZA2000, developed 
by the International Rice Research Institute (IRRI) as a rice module of the 
Agricultural Production Systems Simulator (APSIM), is being used for the simula-
tion (Gaydon et al. 2012; Keating et al. 2003). Field trials with four rice varieties 
(Fedearroz 60, 174, and 473 and CT21375) at three nitrogen application levels 
under three irrigation frequencies were conducted at the three farmers’ fields 
selected as pilot farmers in Ibague, Colombia. The data of 2014 and 2015 trials were 
used for the simulation by the APSIM-Oryza 2000, and the preliminary results of 
the simulation showed that there is the effect of irrigated water on rice yields and 
water use efficiency of rice plants.

Researchers are trying to elucidate the optimal nitrogen application scheme and 
irrigation method through scenario analysis of the simulation. Rice growth simula-
tion under the contour levee irrigation system would be realized by combining the 
calibrated spatial hydrological model with the crop growth model. Various water 
measurements such as irrigation volume, depth of flood water, level of underground 
water, and amount of deep percolation are being carried out to produce parameters 
for the spatial hydrological model. Therefore, it needs more time to complete mea-
surements and develop the concrete technologies of nitrogen application and irriga-
tion control which are applicable to the rice cultivation fields because the simulation 
must be based on the verified parameters obtained through reasonable numbers of 
field trials.

In addition, the project tries to develop the field management technology to 
improve water and nitrogen use efficiency. Some tools for precise measurement of 
irrigated water at the inlets of rice plots are being tested, and soil-water balance or 
soil moisture of the plot and its soil profile are being monitored by using time- 
domain reflectometer (TDR) and other simple equipment.

As a part of the precision agriculture, the rapid analysis of soil chemical proper-
ties by the near-infrared spectroscopy will be tested, and mapping its analysis data 
by GIS technique will be a good tool for visualization of soil fertility conditions of 
the plot to the researchers and farmers as well.

Furthermore, field remote sensing using visible and infrared light cameras 
together with the thermal image camera set at the top of the tower of 8 m high (“phe-
notower”) is being tested for remote and rapid evaluation of phenotypic traits of 
growing rice plants. The methodologies for image transformation and the correction 
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of the reflectance of the multispectral images have already been developed. 
Unmanned aerial vehicle (UAV) is also tested as a carrier of those cameras. Thus, it 
is expected to develop rapid and convenient methodologies for phenotyping of rice 
plants and for nondestructive evaluation of rice growth in the field. It is also expected 
that field remote sensing technology could contribute to precise agriculture, result-
ing in the development of water- and fertilizer-saving agricultural technology. Slow- 
releasing nitrogen fertilizer which is now of Colombian researchers and farmers 
knowledge can also be utilized for effective and efficient fertilization. By integrat-
ing those technologies, it is expected to develop field management technology 
applicable to the large-scale rice fields.

Striga Control (Chapter 9) Witchweed, Striga hermonthica, is a root parasitic 
weed, and therefore it dies if it failed to find host plant to infest when germinated. 
One of the ways of controlling Striga is to induce suicidal germination in absence 
of host plants such as sorghum and pearl millet in Sudan. It is well known that 
Striga seed germination is stimulated by the root exudates of host plants. So, sui-
cidal germination approach by using natural strigolactones which are components 
of root exudates and their synthetic analogues and mimics has long been tested but 
limited to laboratory and pot experiments. In SATREPS project, the detail of which 
is referred to Chap. 9, a mimic, T-010, a carbamate, was selected and tested for its 
effect on inducing seed germination of S. hermonthica under laboratory, green-
house, and field conditions in Sudan with sorghum as a host plant. T-010 treatments 
by spraying with a knapsack sprayer its aqueous solution formulated at 0, 0.1, 1, and 
10 kg a.i. ha−1 showed positive effect in controlling infestation of host plants both in 
pot experiment in greenhouse and under field conditions. As reported in Chap. 9, 
T-010 at all rates increased sorghum shoot dry weight (DW) by 18.7–40.2% and 
head DW by 187–241% in comparison with the S. hermonthica-infested control. 
The yield of the control was an average shoot DW of 1258 g m−2 and head DW of 
96 g m−2. Thus, suicidal seed germination-inducing approach using synthetic ana-
logues and mimics of natural strigolactones, components of root exudates of host 
plants, was verified to be effective in controlling Striga parasitism on sorghum 
under field conditions in Sudan.

For the acceptance and practical application of this technology by farmers, it 
needs to be investigated its applicability to farmers or its acceptability by farmeres, 
considering about the availability of this chemical in the market and its cost for 
farmers for adoption. Unless donors or governments of nations hampering crop pro-
duction by this weed problem give a subsidy to farmers for the materials, it may not 
be realistic to disseminate and adopt this technology under farmers’ conditions. It is 
not a technological problem but socioeconomic problem. That would be one of the 
reasons why the project worked for the development of other methods controlling 
Striga parasitism by combining crop rotation, mix cropping, use of chemical fertil-
izers, and use of microorganisms if possible. It is strongly expected to develop 
socio-economically adaptable methods in the near future.
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In this project, 27 upland rice varieties were tested for their resistance or suscep-
tibility to S. hermonthica residing in the soil under laboratory, pot, and field experi-
ments. A wide range of varietal differences were observed in inducing seed 
germination and infestation of rice plants. Some varieties showed preattachment 
resistance meaning induction of poor seed germination, and some had post- 
attachment resistance meaning thwarting parasite development subsequent to root 
attachment. Upland rice cultivation is expected to expand to larger agricultural areas 
in Africa from now on to meet the peoples’ needs for rice consumption. However, 
Striga problems of upland rice have already been reported to occur in some areas in 
Africa (Atera 2010). It is strongly hoped to develop Striga-resistant upland rice 
varieties by conventional breeding technologies utilizing the differences in resis-
tance among presently available rice varieties after clarifying the mechanisms of 
resistance in addition to develop the chemical, biological, and ecological ways of 
controlling Striga. Moreover, novel varieties developed by conventional hybridiza-
tion breeding need not environmental safety tests in contrast to GMOs, which may 
shorten the development time of such varieties and make the development cost to be 
small.

11.2.2.3  Disease and Insect Pest Management of Cassava (Chapter 8)

This project is still at the beginning stage, second year of implementation, so tech-
nologies mentioned below are most likely in the implementation plan described in 
Chap. 8. The project team has a strategy for increasing and stabilizing cassava pro-
duction in Vietnam, Cambodia, and Thailand through the setup of the dissemination 
system of healthy and pathogen-free cuttings of cassava stems and controlling its 
major diseases and insect pests by early detection following useful countermeasures 
and by biological control of pests with natural enemies, respectively. The nursery 
and production system of healthy cassava plants is composed of three culture sys-
tems that are in vitro culture; screen house culture avoiding invasion of whitefly, a 
possible vector of virus diseases; and isolation field culture isolated from the farm-
ers’ surrounding cassava fields. Promising cassava materials will possess the fol-
lowing properties as high dry matter content and less branches to make higher 
planting density in the fields. In addition, early flowering property is being tried to 
introduce by Agrobacterium-mediated transformation technology.

Among major diseases of cassava in Vietnam, Cambodia, and Thailand, the proj-
ect focuses on cassava mosaic disease (CMD) caused by multiple cassava mosaic 
geminiviruses (CMGs) and cassava witches’ broom disease (CWB) by phyto-
plasma. Researchers are making a great effort for identification of pathogens of 
those diseases by serological and molecular technologies. The detection kits of 
those diseases are necessary in monitoring their incidences in the field after planting 
healthy and disease-free cuttings in the farmers’ fields. For that, polymerase chain 
reaction (PCR) and other techniques for CMGs and loop-mediated isothermal 
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amplification (LAMP) for CWB pathogens are being tried to establish. The LAMP 
is expected to be useful in particular in the fields due to its high sensitivity and 
simple procedure when CWB LAMP kit becomes available. In a sense of practical 
control of those diseases for farmers, their vectors need to be identified. Whitefly 
would most likely be a possible candidate for CMGs as it is so in Africa, and no 
possible vector for CWB disease is identified yet, so it is challenging.

Two major insect pests focused in this project are cassava mealybug and white-
fly. After careful field observation on occurrence and behavior of cassava mealybug, 
whitefly, and their natural enemies, the project will develop simple materials such 
as field guides and monitoring tools to use for field monitoring primarily by farm-
ers. It is expected for farmers to be a primary actor fighting against those pests; once 
found, erase or control them. For cassava mealybug control, a parasitoid wasp, 
Anagyrus lopezi, will also be used as a biological control agent after mass-rearing 
of them in Vietnam and Cambodia if necessary. The effectiveness of this biocontrol 
technology has long been well recognized in Africa (Neuenschwander 2001).

It is also a challenge to disseminate or distribute healthy cuttings through the 
cooperation between producers of cuttings such as research organizations and/or 
universities and private sectors dealing with cassava business, in Cambodia particu-
larly, where the official dissemination system is neither well organized nor func-
tioned properly. It is also a unique trial to collect information by farmers from their 
fields for monitoring the growth of cassava, incidences of diseases, and occurrence 
and behavior of insect pests and communicate through mobile phone-Internet net-
work, Facebook, for instance, and teach with each other among farmers. Although 
such system is still under development stage, but if it works properly, it could be a 
possible alternative way of technology dissemination by extension workers in terms 
of collecting information from farmers’ fields and giving advice to farmers. This 
would be true in most developing countries. In general, it is well known that official 
extension systems are rather weak in such countries for several reasons, such as a 
large ratio of farmers/extension workers and lack of resources for their activities.

As such, in this project, both conventional technologies such as field observa-
tions of cassava diseases and insect pests, producing healthy cassava plants, and 
molecular biological or genome technologies such as Agrobacterium transforma-
tion in GMO breeding and detection of pathogens for cassava diseases are being 
utilized to find solutions of major issues of cassava cultivation. Researchers are 
expected to learn and master both technologies as much as possible so that they 
could choose and combine the most appropriate technologies on the needs for solv-
ing problems.

11.2.2.4  Plant Genetic Resources: Vegetables and Tree Crops 
(Chapter 10)

Needless to say, the potential and possibility of genetic resources, plants, animals, 
and microorganisms are tremendously great for future use as for foods, industrial 
and medicinal materials, and many other purposes. In order to make full use of their 
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potential and possibility, genetic resources must be properly characterized scientifi-
cally, conserved under safe and stable conditions, and provided to the world for 
sustainable use. Only by doing so, genetic resources could become true public 
goods of the world, although access and benefit sharing (ABS) right of the people 
of their original country should be carefully treated to secure equality or so between 
donor or original country and recipient countries.

It is widely known that Mexico is one of the major territories rich in biodiversity; 
in fact Mexico is identified to be the fifth mega-biodiversity country supported by 
unique ecosystems and has many crop genetic resources with the center of origin 
and with the cultural and ethnic diversity (Chap. 10). Corn, common beans, and hot 
chili peppers are example crops of Mexican origin and expanded to the world and 
became main staple and spice foods worldwide nowadays. In this project (Chap. 
10), considering botanical uniqueness and future potentials as main points of view, 
the following six underutilized crop genetic resources were selected for collection, 
characterization, and conservation along with strengthening the structure and role of 
the gene bank of the Mexican National Genetic Resources Center (CNRG in 
Spanish) which was inaugurated in March 2012, a year before the start of the proj-
ect. Those are amaranth, avocado, cacao, chayote, husk tomato, and nopal or cactus 
pear. Potato was also added for its genetic resource contribution to the global potato 
breeding and production. Ex situ conservation at the secured facilities against natu-
ral disasters and climate change as well as in situ conservation has been recom-
mended and implemented at the CNRG by subculturing crops which have been 
conserved hitherto under field collection at CNRG or other research organizations 
including universities in Mexico. A good example of such is nopal or cactus pear 
(Opuntia spp.), a common food in Mexico, which is vulnerable to low temperature, 
frost, and snow and grew under field collection at Sacatacas at high elevation.

Genetic diversity was examined by using genetic markers such as SSR marker 
for chayote. DNA sequencing technology with high cost and consumables was not 
used considering the future extension of the technology to neighboring countries. In 
vitro culture and cryopreservation were alternatives of field collection for vegeta-
tively propagated species such as potatoes. Avocado and cacao are under customiza-
tion for tissue culture and cryopreservation.

Transferring genetic resources within and out of the country based on various 
international legal regimes especially on access and benefit sharing (ABS) on them 
under Nagoya Protocol (Secretariat of the Convention on Biological Diversity 2011) 
is an entry point for exchange and/or provision of genetic resources for use by 
researchers of Mexico or other countries of the world, respectively. The project 
implemented the preceding model of such transferring of genetic resources by 
 providing chayote successfully to Tsukuba University, Japan, from CNRG, Mexico, 
as a test trial. Hereafter, the protocols and procedure are expected to become an 
appropriate reference for international exchange of genetic resources.

The technologies confirmed or newly developed by the project for evaluation of 
diversity of genetic resources, in vitro tissue culture and cryopreservation for mid- 
and long-term conservation, and in situ and ex situ conservation of the same 
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resources as a backstop collection were proved to be useful in evaluation and con-
servation of plant genetic resources. It is highly expected those technologies would 
be sustained in future work of genetic resources.

11.2.3  Usefulness and Limitations of SATREPS Approach 
in Solving Global Issues in Terms of Social Application

As discussed in the previous sections, various main issues hampering crop produc-
tion under biotic and abiotic stressful conditions in the influence of climate change 
have been challenged by applying conventional and cutting-edge scientific tech-
nologies in the SATREPS approach. We did observe that the technical aspects of 
most main issues challenged would be solved sooner or later in research collabora-
tion between researchers of Japan and counterpart foreign countries in the develop-
ing region. Next problems, according to the SATREPS approach explained in Sect. 
11.1 of this chapter, are (4) to find a method for applying the developed or estab-
lished key technologies for solving the problems on the ground and (5) to verify the 
usefulness of the method under the given socioeconomic conditions of the societies. 
It may need an additional explanation to make the point clear. That is, how the tech-
nical solutions obtained in solving main issues could be applied to the real society? 
For instance, do farmers can control Striga by using a suicide germination stimulat-
ing synthetic chemical in their agricultural fields in Sudan? Or how is a close mixed- 
planting technique of rice and pearl millet or sorghum adopted by farmers in 
semiarid tropical regions of Namibia?

Those are rather difficult parts of technology dissemination to beneficiaries, and 
in our observations, most researchers are likely to pay little attention to such aspects. 
Instead, it is said those parts are within the range of development study or parts of 
technical cooperation projects. In fact, it is true that it takes much time for research-
ers to understand the conditions of farmers’ societies and household intentions 
whether they are interested in involvement in testing and/or examining new tech-
nologies by themselves. As mentioned earlier, the period of SATREPS project is 
generally for 5 years which is enough to develop or establish key technologies to 
solve main issues but may not be enough to cover such socioeconomic aspects of 
farmers’ societies required for dissemination or implementation of developed tech-
nologies. In all SATREPS projects reported in this book, key technologies to solve 
main issues were developed or are expected to develop within the project period, but 
not furthermore for technology dissemination although some projects tried to do so 
but not reached to the conclusion for the technology dissemination. Thus we can say 
the SATREPS approach is useful in developing key technologies to solve main 
issues but at the same time it may have a limitation in terms of technology dissemi-
nation in the societies.
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Is there any ways to promote the technology dissemination toward solving the 
problems of the societies or, in other words, to apply the technical solutions of main 
issues obtained by SATREPS to solve the real problems of the societies? We hope if 
SATREPS could be followed by the other projects such as any forms of Technology 
Cooperation Project (TCP) by the Japan International Cooperation Agency (JICA) 
and/or in cooperation with any other international, multilateral donors than JICA 
and work in collaboration with those of developing countries, it could really become 
useful in solving global issues, although the developed technologies by SATREPS 
may need to be finely tuned to adapt and to be accepted by the societies. At the same 
time, socioeconomic conditions of societies need to be clarified and understood for 
acceptance of technologies developed by SATREPS, and we are sure it takes much 
time to do so, too.

11.3  Perspectives of Application of Cutting-edge Science 
and Technology for Crop Production Under Stressful 
Conditions in Developing Countries

Food security will become an important issue under the conditions where the world 
population increases gradually and current food production may not meet the popu-
lation increase. To increase food production, cultivation area of food crops needs to 
be extended, and/or the productivity of food crops per area needs to be improved 
under the environmental conditions getting more unfavorable for crop cultivation 
due to climate change. To overcome such difficulty, we need to challenge to solve 
problems hampering food production through research, namely, breeding of food 
crops to adapt to stressful environment and development of cultivation technology.

Cutting-edge technology such as genome analysis using next-generation 
sequencer can be a useful tool for genomic study and marker-assisted selection in 
the breeding process. It is sure that breeding process becomes shorter; however, for 
producing crop varieties well adapted to the environmental conditions, selections 
must be carried out under the real field conditions where the research on G (genetic 
traits) × E (environmental conditions) × M (management) is necessary. For that, 
conventional technologies for taking observations of plant growth, root analysis, 
pest and disease analysis, soil and plant nutrition analysis, and yield component 
analysis among others are also necessary. Therefore, it will be basically important 
for researchers to understand problems on the ground first, then to investigate the 
scientific processes and technological methodology required for solving the 
 problems, and to conduct the research and experiments by utilizing necessary scien-
tific technologies either cutting-edge or conventional or both. To do that, researchers 
need to know and understand both technologies and how to utilize them. Capacity 
building of researchers is essential to obtain new knowledge and new methodolo-
gies including technologies.
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