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Preface

Rice is the most important food crop in the world. It is a staple food for more than
40% of the world’s population. It feeds more than two billion people in developing
countries. It has a major share in the global agricultural economy; however, its
production and yield are compromised due to various biotic, abiotic, and climatic
factors. To meet the food security standards, modern and sophisticated technologies
have been used for the improvement of rice production. Starting from the conven-
tional breeding strategies to the modern technologies, there is a long history of rice
research. In this book, the milestones of rice research are discussed with recent and
innovative results. The book deals with rice biology, breeding, genomics, economics,
etc. Different sections of the book discuss diverse aspects of “Recent Advances in
Rice Research” This book contains five sections including an Introductory Chapter
in the first section that deals with an overview of recent technologies for the
improvement of rice.

Section 2 describes the overview of the current status and innovations in hybrid
rice research worldwide. Section 3 discusses the latest information regarding
various metabolites produced and evaluated in rice using recent technologies. It
contains information about phenolic compounds and flavonoids produced in rice.
This section also discusses rice biology including marker-assisted breeding and
pathogens transmitted through contaminated rice. Section 4 highlights the role of
different stress conditions that limit crop production. This section also helps the
readers to understand the mechanism of the root system and its role in abiotic stress
tolerance. Section 5 describes very important aspects of rice including economics,
value addition, and product development. This section contains information
regarding the potential impacts of COVID-19 on rice yield and production, husk
value addition, formulation of the sheet mask, and its evaluation.

The information available in this book will greatly help research students, scientists,
academicians, and the general public as well as other stakeholders. In the end, I thank
IntechOpen for giving me an opportunity to edit this book. I am also thankful to

Ms. Sandra Maljavac, Author Service Manager, for her valuable help throughout

the editing process. I must thank my students, Ms. Munazza ljaz and Ms. Roshina
Shahzadi for their assistance in the preparation of the “Introductory Chapter” I am
especially thankful to all the authors for their valuable contributions in this book.

Mahmood-ur-Rahman Ansari, PhD
Department of Bioinformatics and Biotechnology,
GC University — Faisalabad,

Pakistan
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Chapter1

Introductory Chapter: Recent
Advances in Rice Biotechnology
for Abiotic Stress Tolerance

Munazza Ijaz, Roshina Shahzadi, Akmaral U. Issayeva,
Shazia Anwer Bukhari and Mahmood-ur-Rahman

1. Introduction

The world population is rising gradually, and it would be approximately
9.1 billion in 2050 but the production of agriculture is not escalating with this speed.
The global production of agriculture should be increased up to 100-110 percent
till 2050 to feed the whole population. Moreover, agricultural production and crop
growth are negatively affected by abiotic stresses. So, it is a major hurdle in the
way of increasing food production world-wide. The drought, heat, cold, salinity,
ultra violet radiations and heavy metal toxicity are the major abiotic stresses that
affect the crop yield. The significant source of calories for human beings is cereals.
The maize, wheat and rice produce 10%, 17% and 23% respectively. Oryza sativa
(rice) serve as a staple food and a famous cost-effective cereal. Acceptance of
green revolution cultivars lead towards an essential revolution in the production
of rice [1]. First green revolution came into being by producing high-yielding
semi dwarf rice and wheat cultivars via plant breeding and providing high doses
of nitrogen fertilizers. It helped in preventing the famine in semi-arid regions of
Southern Asia [2].

The first transgenic rice was developed almost two decades before that initiated
the high-throughput transformation protocols for the development of high yield-
ing cultivars and it laid the foundation of transgenic rice biotechnology [3]. After
the genome sequencing of rice, the development of transgenic rice varieties for
better stress tolerance, high yield and better nutritional qualities became rela-
tively easy and gained more importance. Similarly, the donor genes from the other
species (like bacteria, fungi, viruses, animals and insects) can be inserted in the
rice for obtaining the improved cultivars for making agriculture more sustainable.
Improvement of some other significant traits (like photosynthetic rate, aroma and
nutrition of rice grains) with the good stress tolerance has gained attention in past
few years [2]. Some examples of these traits will be discussed in the next sections
comprehensively.

The transgenic or genetically improved crops are an integral part of the
agriculture industry in the modern world. The transgenic cereal crops have been
commercialized and cultivated by more than twenty-eight countries. In 1996, only
1.7 million hectares of land have been cultivated with the transgenic crop that was
increased up to 170 million hectares till 2012 and still it is increasing. Continuous
efforts are made to bring the rice yield maximum for developing the large market of
it globally [2]. Therefore, it is necessary to develop more cultivars of rice by using
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either old plant breeding techniques or new targeted genome editing techniques
like zinc finger proteins (ZFNs), transcription activator-like nucleases (TALENSs)
and clustered regularly interspaced short palindromic repeats associated with Cas9
protein (CRISPR-Cas9) to develop cultivar of rice for improved agronomical traits.

2. Rice biotechnology for abiotic stress tolerance

Rice is an economically important crop and serious efforts are needed to
increase its production. The production of rice can be increased in various ways like
use of the available agricultural land at its maximum, utilization of marginal lands
for growing the rice crop and using the lands effected by various abiotic stresses
(e.g. drought stress, heat stress, cold stress, salt stress, UV radiation stress and
metal toxicity) by growing the transgenic rice cultivars that are developed with the
help of biotechnology. This is necessary because the agricultural land is decreasing
and demand for food is increasing with the increasing world population and it is
becoming very difficult to meet the food demands of this exponentially growing
population with the same efficiency of the present day cultivars of rice [4].

The production of rice is greatly influenced by various abiotic stresses and
it can be compensated by the various genes and regulatory networks present in
different stress tolerant cultivars of rice and these genes and networks can be
taken from the other plant species that can be used for developing new cultivars
of rice (Figure 1). Abiotic stresses can induce the expression of many genes. The
complex transcriptional networks are responsible for regulating the induction
of stress tolerant genes. The important genes that are involved in transcriptional
networks are studied by molecular techniques and these genes are useful in
developing abiotic stress tolerant transgenic rice [5]. So, various biotechnology
methods are used to develop rice cultivars that can combat with abiotic stresses
(Table1l).

Figure 1.

Abgiotic stresses (e.g. drought, cold, heat, salinity, UV radiations, heavy metals) follow a same mechanism
to survive and retain their growth and development. It has four main steps that are (a) avoidance:
avoiding the contact with stresses, (b) escape: changing the life-cycle, (c) recovery: vegetative growth
potency and (d) tolerance: nullifying the impacts of stresses.
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S. No. Transgene(s) Improved Trait(s) References
1 OsHsp101, AtHsp101 Heat stress tolerance enhanced [6]
2 OsMAPK44 Drought and salinity stress tolerance enhanced [7]
3 OsPIP1;3 Cold stress tolerance ability enhanced [8]
4, Choline mono-oxygenase Heat and salinity stress tolerance enhanced [9]
5 AVP1, SsSNHX1 Improved ROS and salinity stress tolerance [10]
6 OsSBPase Improved photosynthetic efficiency and heat [11]
tolerance ability
7. HvCBF4 Salinity, drought and cold tolerance capacity [12]
enhanced
8. SUBIA Enhanced submergence tolerance [13]
9. OsDREBIF Salinity, drought and cold tolerance capacity [14]
enhanced
10. STAR1, STAR2 Enhanced tolerance to Aluminum toxicity [15]
11. ZFP245 Improved ROS, cold and drought stress tolerance [16]
12. P5CSF129A Salinity stress tolerance enhanced [17]
13. Isoflavone reductase Salinity stress tolerance enhanced [18]
14. OsHMA3 Enhanced drought and submergence stress [19]
tolerance
15. OsMAPK2 Tolerance to phosphate deficiency [20]
16. OsNAC5 Salinity, drought and cold tolerance capacity [21]
enhanced
17. OsLEA3-2 Salinity and drought tolerance capacity enhanced [22]
18. OsMYB55 Heat stress tolerance enhanced [23]
19. PCK, PPDK Improved ROS stress tolerance [24]
20. OsETOL1 Enhanced submergence stress tolerance [25]
21. OsMYB48-1 Salinity and drought tolerance capacity enhanced [26]
22. VrDREB2A Increased tolerance to salinity and drought stress [27]
23. TaMYB3R1 Enhanced drought and salt stress tolerance [28]
24. CaPUB1 Enhanced cold stress tolerance [29]
25. OsLEA4 Enhanced drought, salt and heavy metal stress [30]
tolerance
26. OsNAC2 Enhanced drought and salt stress tolerance [31]
27. OsGS Improved ROS and drought stress tolerance [32]
28. TsPIP1;1 Enhanced salinity stress tolerance [33]
29. RhMYB96 Enhanced salt tolerance [34]
Table 1.

Some transgenes inserted for improving the abiotic stresses.

2.1 Drought stress

Drought is affecting agricultural land worldwide from few past years. Many
molecular, physiological and metabolic changes occur in plants due to drought
stress that damages their growth and development [35]. During drought stress,
plants respond variously and express change in their physiology and morphology.
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Rice drought resistance is achieved by four procedures that are (a) avoidance:
avoiding the contact with stress, (b) escape: changing life-cycle, (c) recovery:
vegetative growth potency and (d) tolerance: nullifying the impacts of stress.
These procedures are fulfilled by variable mechanisms like reduced leaf area,
leaf rolling, senescence of older leaves, increased root proliferation, dense root
system, scavenging reactive oxygen species (ROS), early flowering, osmotic
adjustment, stomatal closure that minimize the water loss, changes in elasticity
of cell wall and maximum uptake of deep water allow plants to survive during
extended periods of drought and even allow them to reproduce in limited water
supply by maintaining physiological activities [36]. Osmotic potential is kept
lower inside the plant cells than outside the cells by an important mechanism
known as osmotic adjustment. So, it allows the plants to retain its turgidity and
prevents the water loss. Drought stress tolerance in plants can be achieved by the
accumulation of inorganic and organic substances like proline, potassium ions,
glucose and sucrose.

This mechanism participates in osmotic adjustment and maintains the turgor
pressure. Plants exposed to drought stress produce high level of ROS that are
extremely toxic and damages the DNA, carbohydrates, proteins and lipid. In
drought tolerant plants, non-enzymatic antioxidants and antioxidant enzymes
are produced that protect plants from the deleterious effects of ROS. Currently,
the production system of rice depends upon the excessive supply of water and
therefore, it is more susceptible to drought stress. The drought stress is the most
significant restrictive factor in the production of rice and it is becoming a very
severe problem. The varieties of rice favored by farmers in the tropical and sub-
tropical regions are vulnerable to drought stress [35]. Rice is a significant eco-
nomic crop of Asia that is mainly cultivated in lowland regions, where agriculture
depends on the seasonal rainfall. Thus, rice crop in these areas is very susceptible
to drought stress but this problem can be rectified by introducing some drought
tolerant genes in the economically important cultivars of rice. For example,
jasmine rice or ‘Khao Dawk Mali 105 (KDML105) is a world-famous cultivar of
rice exported from Thailand, had suffered from drought stress because of limited
irrigation and unpredictable rainfalls. Drought tolerance can be achieved after
keeping genetic background of KDML105 conserved by chromosome-segment
substitution lines (CSSL) which have drought-tolerant quantitative-trait loci
(DT-QTL) obtained from the back crossing between drought tolerant donor
IR58586-F2-CA-143 (DH212) and KDML105. For more understanding, the
drought tolerance related physiological responses consider another CSSL named
as CSSL1-16. This line has properties like high proline, high water status, good
membrane stability and great osmotic adjustment. Furthermore, it can recom-
mence growth after recovery from stress. So, it can be used as a potential candidate
for developing further drought tolerant cultivars while keeping their own genetic
background preserved [37].

Another example of producing drought tolerant rice plants is introduction of
pea DNA Helicase-47 (PDH47) from the plant Pisum sativum by using a constitutive
promoter of cauliflower mosaic virus 35S- CaMV had been introduced in the ASD16
a cultivar of Indica rice via Agrobacterium tumefaciens. The transcripts of PDH47
are upregulated during drought stress that is correlated with increased water status,
hydrogen peroxide accumulation and proline accumulation. It also regulates many
stress responsive genes present endogenously during drought stress in transgenic
rice [38]. There are many more genes that are expressed during the drought stress in
different plants and are also potential candidates for producing transgenic rice that
are drought tolerant.



Introductory Chapter: Recent Advances in Rice Biotechnology for Abiotic Stress Tolerance
DOI: http://dx.doi.org/10.5772/intechopen.94036

2.2 Heat stress

Heat stress is a major limiting factor in the production of crops across the world
because of global warming. A negative correlation is present between the increased
temperature and crop yield especially in case of rice, wheat, barley and maize [39]. The
heat stress can damage rice plants severely by inhibiting the metabolic activities, seed
setting, plant growth and pollen fertility; therefore production of rice is reduced
[40]. Excessive heat can also decrease the photosynthetic ability of plant, reduce
water use efficiency, seed weight and grain mass and shorten the leaf area. Heat
stress can damage both at vegetative and reproductive stage from sprouting to
maturity. But, flowering and booting are the two more critical stages that can cause
complete sterility in rice cultivars [41]. Heat tolerance belongs to plants that can
lessen the effects of stress and give enough economic yields even at high tempera-
ture. Like other plant species, rice also has variations in germplasm to combat with
heat stress. Tolerance is achieved by adjusting different molecular, morphological
and physiological traits in rice cultivars. High temperature enhances the expres-
sion of stress tolerating genes and increases the metabolite production which is
beneficial for achieving stress tolerance in plants [42]. During heat stress plants
adopt multiple mechanisms like avoidance, survival and escape. These mechanisms
impose avoidance for short term and develop resistance for long term survival.

At the cellular level, effects of stress can be neutralized by certain factors and
mechanisms; such as transcriptional control, antioxidant defense, osmolytes, late
embryogenesis abundant (LEA) proteins and the factors that participate in signal-
ing cascades. In hot environments, yield is reduced because of early maturity
comes under the domain of avoidance strategies while suffering from heat

stress [41].

Several morphological markers like long anthers, high pollen fertility, long basal
pores and large basal dehiscence can be used for determining heat tolerant rice. As
well as grain yield, number of spikelet, weight of thousand grains and seed setting
percentage can be used for screening rice germplasm against high temperature
stress; a great reduction is found in all these factors during heat stress. So, these
parameters can be used to screen heat tolerant rice. Opening of the rice spikelet in
early morning can be another beneficial criteria for the selection of heat tolerant
rice cultivars [41]. A thermo-tolerant wild cultivar known as Oryza meridionalis
can maintain high photosynthesis rate at high temperature. This high rate of
photosynthesis is due to good stability and activity of Rubisco and it can be used as
a significant physiological marker to determine the heat tolerance in rice [43]. The
chlorophyll content and electrolyte leakage from leaves and roots can be increased
during heat stress; it can also be used as a marker to analyze the heat tolerance. The
fluid content of the membrane, lipid molecule present in membranes, cooling effect
of transpiration and leaf position are some other beneficial physiological marker to
determine the heat tolerance in rice.

Plant breeding efficacy has been increased by using marker assisted selection
(MAS). Numerous molecular markers are used in MAS, but, single nucleotide
polymorphism (SNPs) and simple sequence repeats (SSRs) are extensively used.
This procedure is used to gather the information about the genes involved in
providing resistance against biotic and abiotic stresses [44]. Still, there are very
limited numbers of rice cultivars that are engineered to tolerate heat stress. Because
the SNPs are present more than the SSRs in the rice genome, so SNPs are more
prone to use for developing heat tolerance. A few SNPs related with heat tolerance
have been known. Due to the very complex nature of this trait, each marker can
contribute very less towards the variance. Therefore, several markers that are linked
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with various quantitative trait loci (QTLs) are used to improve a cultivar for heat
tolerance [45]. Many genes are responsible for heat tolerance at various stages; for
example, ZFP is a gene that is related with heat tolerance at seedling stage [46]
and OsWRKY11 is another gene that is responsible for heat tolerance in rice [47].
The heat tolerant genes are needed to be identified in rice cultivars and the genes
from the other plant species can also be transferred to the rice cultivars to improve
the heat tolerance. Other approaches like use of mutagens and a recent technology
like CRISPR-Cas9 should be applied for further development of heat tolerant rice
cultivars.

2.3 Cold stress

The cold stress is a significant environmental factor that affects the development
and growth of rice crop. At the stage of seedling development, sudden decrease in
temperature can influence the development of chlorophyll [48]. The damage of rice
seedling due to cold stress ultimately decreases the grain yield. So, the cold stress
is a major limitation which can be overcome by using cold tolerant rice varieties
[49]. Because rice crop is evolved in tropical region, so it has limited adaptability
to chilling stress. Improving rice varieties to make them cold tolerant, enable the
cultivation of rice in northerly latitudes. Different signal transduction pathways
and genetic networks are involved in controlling chilling tolerance [50]. In japonica
rice, chilling tolerance is achieved by interactions between rice G-protein a-subunit
1 (RGA1) and chilling tolerance divergence 1 (COLD1) followed by the calcium
signaling initiated in the response of downstream network of stress response
belongs to C repeat binding factor (CBF) that is a transcription factor [51]. Still,
there is limited information available about the stress response and adaptation. The
plant show response to abnormal surrounding temperature by changing their gene
expression and adapt the suitable architecture due to the developmental plasticity.
In SAM (shoot apical meristem) intrinsic signals can be disrupted by cold stress
and stress tolerance is enhanced by setting the dormancy cycling at the SAM [52].
For the survival mechanism against cold stress, protection of niche forms of root
stem cell is a sacrifice [53]. The differentiated cells are properly organized, and
meristematic activity is maintained by this rehabilitated development in response to
the cold temperature. During cold stress, many specific genes like OsMYB3R-2 are
activated by the various transcription factors to maintain the mitotic cell and their
cold tolerance. The survival and growth are enhanced by keeping maintained the
cellular activity and cell behavior during and after the cold stress.

The formation of axillary bud following by its outgrowth in axils of primordia of
leaf controls the shoot branching. The axillary bud initiation is controlled by MOC1
(Monoclum 1) and LAX 1 (Lax Panicle 1). The signaling pathways involved in the
axillary bud outgrowth formation and biosynthesis of strigolactone are important
for tillering in rice crop and are controlled by the dwarf genes, that are dwarf 53
(D53), dwarf 27 (D27), dwarf 17 (D17), dwarf 14 (D14), dwarf 10 (D10) and
dwarf 3 (D3) [54]. In rice the outgrowth of axillary buds is repressed by the OsTB1
that acts in the downstream region of the dwarf genes. The interaction between
the OsMADS57 and OsTB1 is responsible for reducing the inhibitory effect on the
D14, a gene responsible for the organogenesis of rice tillers by producing a receptor
for the hormone strigolactone [55], and it enables D14 to regulate the initiation of
axillary bud [56]. The plant endogenous conditions and environmental situations
control the development of axillary buds that are basically indeterminate structures
[57]. To adapt the cold environment a network has been identified having core
gene OsMADS57. The rice tiller growth is maintained by the overexpression of
OsMADS57 during cold stress. OsMADS57 directly binds with the promoter of the
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OsWRKY94 gene and enhances its expression in response to chilling stress while
retarding its expression during normal temperature. Moreover, during normal tem-
perature and cold stress, OsTB1 directly target and suppress the OsWRKY94 gene
and under the cold stress OsMADS57 is responsible for promoting the transcription
of D14 and suppress the tillering while during normal conditions expression of D14
was repressed to enhance the tillering. It shows that OsTB1 and OsMADSS57 equally
contribute to develop the cold tolerance in rice by targeting OsWRKY94 [52]. So,
they can be used as potential candidates for developing cold tolerant rice cultivars.

Cold tolerance can also be achieved by the biogenesis of chloroplast in rice
crop. In plant development and growth, chloroplast plays an important role and its
development is affected by the chilling temperature. The genes and regulators that
are involved in the biogenesis of chloroplast are identified and characterized. The
mutant of WSL5 (white strip leaf 5) in rice has been characterized. The white
stripped leaves are developed by this mutant during early leaf development
stage and show albino phenotype during chilling stress. A unique chloroplast-
targeted-pentatricopeptide repeat protein is encoded by the WSL5; the molecular
and genetic analysis has revealed it. The RNA sequence analysis revealed that
in the mutant, expression of the nuclear-encoded-photosynthetic genes was
significantly repressed and the genes responsible for the chloroplast formation
were also changed significantly. WSL5 gene is required for the development of
chloroplast during cold stress [58]. A transcription factor OsMYB3R-2 from rice
having a DNA binding domain is involved in enhancing the cold tolerance [59].
Another transcription factor MYBS3 of rice having a DNA binding repeat also
play a significant role in adapting the cold environment [60].

The progress in developing the genetically modified plants by introducing
and overexpressing the novel genes appears to be a very good practically possible
option to speed up the process of breeding in plants. Instinctively, the faster way
of inserting the genes with beneficial traits is genetic engineering instead of
molecular or conventional breeding; and it would be the only possible option if the
gene of interest belongs to some other species of plants, distant relatives, or from
any non-plant source. The utilization of gene knockout strategies and genomic
approaches are developing to enhance the efforts to measure thoroughly and make
it easy to completely understand the complicated quantitative traits like tolerance
to different temperature fluctuations and extremes. Many relevant genes have
been identified by using molecular and genetic techniques to understand the plant
response for the cold stress and these genes can be used further for developing cold
tolerant varieties [61].

2.4 Salt stress

Rice crop is susceptible to salt stress and 1/3 of total world agricultural land
is affected with it. The salinity of both water and soil has negative impact on the
production of rice. The increasing level of sodium ions in the agricultural lands
is becoming a severe threat for the agriculture worldwide. The plants suffer an
osmotic stress due to the accumulation of salts at the outer side of the roots and
suffer an ionic stress due to the accumulation of salts at the inner side of the plants
[4]. The increase in food supply must be equal to the rate of increasing population
and this demand can only be satisfied via utilizing all the available resources of
land at their maximum potential. So, it is also necessary to use the saline soils at
their fullest production potential. Different methods like agronomic adjustments,
reclamation and different biological amendments are carried out in combination
for increasing the production of saline soils. The use of salinity tolerant geneti-
cally improved crop varieties is the most suitable option for the sustainable crop
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production in these areas [62]. The genetic diversity of crops regarding salinity
tolerance must be evaluated for developing the salt tolerant crop varieties. The
molecular mapping approaches have made it possible to identify the genomic
regions responsible for the salt tolerance and assessment of the genetic diversity of
different crops and varieties is becoming very easy [63]. The chromosomal regions
(QTLs) responsible for the tolerance of salt stress in rice crop can be identified
through various molecular mapping approaches.

The salt stress badly effects the physiological, morphological and biochemical
features of the rice. It has the negative impact on plant height, shoot dry weight,
total tillers, total dry matter and root dry weight. The various physiological
attributes that are affected by the salt stress are senescence, calcium ion uptake,
sodium ion uptake potassium ion uptake, total cations uptake, osmotic potential,
transcription efficiency and relative growth rate [64]. The biochemical features of
rice that are effected by the salt stress are proline content, anthocyanins, peroxidase
(POX) activity, calcium content, sodium content, potassium content, chlorophyll
content and hydrogen peroxide content [4]. Various levels of salinity tolerance are
observed at the whole plant level and leaves of rice [65]. Likewise, the rice plant
behavior against the salinity stress may vary at reproductive and vegetative phase
and this may not be related to the net relative tolerance of the plant. It is mandatory
to know the stage that is more susceptible to the salt stress because it is important
for comparing the performance of different cultivars during stress. The process
of photosynthesis is necessary for the good vegetative and reproductive growth.

In the leaf tissues, increased sodium concentration adversely affects the essential
cellular metabolism and net photosynthesis. In the process of photosynthesis,
chlorophyll content is significantly important but during salinity stress, there is no
relationship found between the photosynthesis and chlorophyll content because
net photosynthesis rate is decreased by the sodium ion concentration which does
not have any connection with the chlorophyll content. It shows disturbance in some
other cellular processes of photosynthesis due to salinity stress. The carbon dioxide
fixation and stomatal aperture are affected by the sodium ion accumulation in the
leaf at the same time, so it can be a reason for the decrease in photosynthesis during
salt stress [4]. Different mechanisms have been evolved in rice plant to cope with
salt stress conditions. An example of this type of mechanism is compartmenting of
salts within the plant.

Numerous genes and QTLs are activated during the salt stress, which could
be determined by the different molecular mapping approaches. Many types of
molecular marker are present to identify different QTLs. SNP (Single nucleotide
polymorphism), SSLP (simple sequence length polymorphism), RFLP (restriction
fragment length polymorphism), AFLP (Amplified fragment length polymor-
phism), STS (sequence tagged sites) and SSRs (simple sequence repeats) are
various markers of DNA that are used for genotyping in the studies of molecular
mapping [66]. For example: the QTLs of pollen fertility, sodium ion concentra-
tion and calcium, sodium and potassium accumulation have been identified in
F2 population of rice by using SSR marker [67]. The QTLs for yield related traits
and morphological traits are identified by F2 population of rice as plant material
and SSR as DNA marker [66] and the QTLs of potassium and sodium uptake for
increasing the salinity tolerance in rice are determined by the AFLP, RFLP and SSR
[68]. QTLs of salt stress responsive genes have been identified by the SNP in the
rice crop [69]. The rice germplasm and these identified QTLs are found salt stress
tolerant and are useful for three main reasons: (1) salt tolerance can be understood
by the molecular genetics in rice, (2) rice germplasm that is tolerant to salt stress
can be introduced to make them salt tolerant and (3) for the screening of rice
germplasm, identified QTLs are used against salinity stress [4]. Moreover, new
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genes responsible for the salt tolerance can be identified and incorporated in the
rice cultivars to make them salt tolerant.

2.5 UV radiation stress

The ultraviolet (UV) radiations are present in the region of solar electromag-
netic spectrum that has the wavelength (1) from 200 nm to 400 nm. The UV
radiations have shorter wavelength as compared to photosynthetically active radia-
tion that has the wavelength ranges from 700 nm to 400 nm. The UV radiations
are composed of three different types that are UV-A, UV-B and UV-C. The UV-C
radiations have a very smaller wavelength that is 200-280 nm and it emits photons
with high energy which are absorbed totally by ozone layer and are not be able to
reach the Earth surface [70]. The UV-A radiations ranges from 315 nm to 415 nm
and are more constant. The UV-A radiations causes a little harm to the plants, so the
major source of damage are UV-B radiations that have wavelength between 280 and
315 nm [71]. UV-B can cause mutations, reduction in photosynthetic activity, reduc-
tion in chlorophyll content, lower electron transfer rate, damage genetic material,
decrease the biomass, reduce leaf size, lessen leaf number and eventually decrease
the plant productivity. At the cell level, it initiates the oxidative stress through
enhancing the level of ROS that ultimately damages the DNA, lipids and proteins;
so, the integrity and functionality of cell membrane and enzymes is compromised.
The light for photosynthesis can be maximally captured in higher plant by the expo-
sure with UV-B. It is important for increasing the secondary metabolites, enzymatic
and non-enzymatic antioxidants, bioactive compounds and cyto-solutes (sugars,
glycine, betane, proline) for the survival of plants. The adverse effects of the radia-
tion can be mitigated by the growth regulators present in the plants. The specific
signaling pathways are present in plants that are involved in regulating protective
gene expression responses against UV-B are vital for survival of plants in sunlight.
The identification of the genes responsible for the UV-B radiation, survival is neces-
sary to develop the crop varieties resistant to UV radiation stress [72].

2.6 Heavy metal toxicity

Many solutes are present in the rhizosphere required for the growth and devel-
opment of plants. Plants uptake these solutes by roots and distribute them in the
whole plant body. The successful plant life is ensured by up taking the other compo-
nents with water from the rhizospheric soil by roots. The developmental plasticity
and physiological activity in the plant roots is carried out by the water uptake with
soluble elements. The distribution and uptake of these inorganic materials inside
the plants is an intrinsic property of energy and material fluidity. In plant cells, a
plethora of physiological and structural functions is supported by these essential
ions but if these essential ions are present in the non-physiological concentrations,
they can turn out as limiting factors. The cellular homeostasis is affected by their
availability to plants, Inequalities in comparative abundance of these elements in
soil and their rate of uptake. The defense system and adaption of plants is depen-
dent on the developmental and physiological changes triggered by ion toxicity; but
it can cause the permanent damage to the plant. In the rhizospheric soil, the ions of
heavy metals are also present that can be absorbed by the roots with the water and
nutrients and can be incorporated into the plant tissues. The zinc, iron, manganese,
copper, aluminum, chromium, cadmium, cobalt, lead, arsenic, nickel and molyb-
denum are some toxic metals for plants [73].

The concentration of metal ions is excessive in polluted areas and plants growing
in those areas suffer from metal toxicity. Some soils have high level of heavy metals
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naturally like serpentine soils and the mining areas also have high heavy metal con-
tent due to activities of human beings. The environmental pollutants including high
concentrations of heavy metals are becoming a major challenge for all organisms
(plants, animals, microbes, etc.) across the globe. The ionic homeostasis is achieved
in plants by maintaining the levels of essential and non-essential ions. Furthermore,
this homeostasis in cells and tissues must be maintained in an organ specific manner.
The risk of heavy metals can be mitigated by minimizing their uptake, avoiding
their exposure and intracellular sequestering in the plants. The cellular structures,
membranes structures, basic metabolism and transport processes are affected, if
plant is not able to combat with the harmful effects and internalization of heavy
metals. The stress reactions are triggered by the high levels of non-toxic and toxic
metal ions that disturb the development at molecular, structural and physiological
level. The defense mechanism is started in the plants upon the beginning of heavy
metal toxicity [74]. The oxidative stress is caused by the heavy metal toxicity, so
cells and sub-cellular compartments are protected by plant defense system. The
plant growth and development are continued if the heavy metal ions are present in
low or moderate concentrations. But, plants cannot survive during the long-term
exposure of high level of heavy metal toxicity. The metal tolerance is a unique
feature of some plant species in stress biology. The compartmentalization and of
heavy metals, restriction of heavy metals in apoplast, extracellular attenuation and
chelation of heavy metals and exclusion strategies are some mechanisms of achieving
stress tolerance in the plants.

The most practical approach adopted by the plants to combat with the heavy
metal toxicity is hyper accumulation and hyper tolerance of heavy metals inside
the plant without effecting its viability [75]. The hyper accumulation of metal ions
protects the plants from pathogens and herbivores in some conditions (Horger
etal. 2013). The contamination of heavy metals is present in the wide range of
terrestrial habitats. In food chain, plants have vital importance, so heavy metal
accumulation in plants causes severe contamination in the food chain. So, it is
significantly important to know that how plants combat with the heavy metal
exposure. The knowledge of these mechanisms is used in developing the practical
biological methods to develop the tolerance against heavy metal toxicity [74]. Many
promising and existing biotechnological approaches are used are used for this
purpose [75]. Before concluding the major efforts used for making plant to heavy
metal stress, it is necessary to understand the key factors involved in adjusting the
heavy metal tolerance. The total cell protein study is called proteomics; it is a most
valuable tool for understanding the basic procedures of development and stress
responses in plants [73]. The sensing, transport and uptake of heavy metal, their
sequestration in the vacuole and formation of phyto-chelating-heavy metal com-
plex are some main procedures for influencing the plant susceptibility for the metal
ions. These processes are controlled at transcriptional and post-transcriptional
levels and the secondary process responsible for maintaining the plant during metal
toxicity includes the defense reaction derived by the production of antioxidants to
preserve the membrane lipid integrity. Diverse genes are responsible for controlling
these processes. The heavy metal tolerance of the plants is achieved by the various
biotechnological, molecular and genetic tools [74].

3. Rice biotechnology under climate change conditions
Due to climate change, the food availability is affected in 21st century to feed the
population which is increasing day by day. Globally, climate change have bad effects

on the human health, food security and water resources [76]. About 30-60% of rice
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income is decreased per year because of different types of stresses [77]. The rice
fields are susceptible due to climate change, expansion of urban area and ruined of
cultivation field. Due to some cases, 100% rice production is destroy [78]. The rice
yield is reduced due to increase in temperature by accumulation of carbon dioxide
in environment. The production and quality of rice (Oryza sativa L.) is badly
affected by climate change which is mainly abiotic stresses (heat, flood, salinity,
cold and drought) and biotic stresses (pest, weeds and pathogens). Climate change
cause the formation of unripe grains, white grains, and fractured grains. The grain
damage is reduced by use of thermo-stable verities which are formed through
conventional breeding and genetic engineering. Thermo tolerant 1 (TT1) is the
most important (QTL) present in Oryza glaberrima, it codes a2 which is the subunit
of 26S proteasome and is involved in destruction of ubiquitinated protein.

The removal of cytotoxic degraded protein is done by OgTT1 (Oryza glaberrima
thermo tolerant 1) maintain the cell from high temperature. Over expression of TT1
increase the ability of heat tolerant stress in rice. It helps to grow the rice in global
warming [79]. To protect the food, production of heat tolerant varieties which can be
grown in high temperature is a major challenge. In Arabidopsis thaliana, Dehydration
responsive element binding protein 2A (DREB2A) is regulated by DNA polymerase
subunit B3-1 (DPB3-1), is a transcriptional controller which regulate the growth of
plant and increase the thermostability [80]. If temperature is round about 35°C in
chamber trial at the time of flowering, then spikelet infertility occurs due to heat
stress. When the temperature in Japan cities (Tokai, Kanto) was reached at 40°C in
2007, it induced extensive unproductiveness. The increase in world temperature is
expected, that is why we need to develop techniques to protect the grain quality and
production from heat damage [81]. During the ripening of rice, the high tempera-
ture causes the poor-quality grain production. Late transplanting and thermo-
stable varieties are used in preventive measure. Deep-flood irrigation is a process
which falling the rate of milky white seeds when the temperature is high and low.
Adequate quantity of nitrogen is necessary to protect the grain from disease at
reproductive stage [81]. In future, if water availability is less, yield of rice will badly
be affected.

Due to climate change, the crop rotation time can be reduced. There are many
positive and negative effects of climate change on crop, so scientist try to develop
the verities which can be cultivated in harsh conditions to provide enough food to
global population [82]. Galactinol synthase 2 gene from Arabidopsis is introduced
in two rice verities and have ability to produce the good quality in waterless field
environment. The biotechnologically advanced verities have greater intensity of
galactinol as compared to non-transgenic verities. The drought resistance rice
has greater ability of photosynthesis, recovering and plant growth. It is clear that
AtGolS2 gene is beneficial which provide higher quantity of rice in drought stress
[83]. Rice varieties which are better grown in anaerobic environment produce less
yield in aerobic situation. To accurately measure the expression of different genes in
a condition, it is necessary to find out the genes which have same output in aerobic
and anaerobic systems [84]. Transcriptional reaction and ecological variation is
affected by macroclimate and meadow type, then we identify the genes which are
involved in production and photosynthesis [82].

4. Future prospects
In modern-day agriculture, biotechnology has a wide range of applications. It

helps in understanding the genetics of important traits as well as in developing
new cultivars. The transgenic crop deployment and the marker assisted breeding
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are the two main areas. The remarkable progress has been made by the marker
assisted rice breeding. Modern tools of biotechnology help in studying the func-
tions of genes and mechanism of resistance through improved varieties via MAS.
Exploitation of tissue culture techniques used as a vital mean or work as an assistant
to other procedures together with recombinant DNA methods is at its frontline in
plant improvement and modification for agriculture. The targeted genome editing
methods like ZFNs, TALENs, CRISPR/Cas9 are implanted for the modification of
non-operational alleles of the useful genes or to repress or knock out the non-useful
alleles in plants without making the plant transgenic. The techniques and tools of
biotechnology are a very sophisticated option for the rice breeders to develop the
useful crop varieties.
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Abstract

Heterosis is a solitary means of exploiting hybrid vigor in crop plants. Given
its yield advantage and economic importance, several hybrids in rice have been
commercialized in more than 40 countries, which has created a huge seed indus-
try worldwide. India has made commendable progress and commercialized 117
three-line indica hybrids for different ecology and duration (115-150 days), which
accounted for 6.8% of total rice area in the country. Besides, several indigenous
CMS lines developed in diversified genetic and cytoplasmic backgrounds are being
utilized in hybrid rice breeding. NRRI, which has been pioneering to start with the
technology, has developed three popular rice hybrids, viz., Ajay, Rajalaxmi, and CR
Dhan 701 for irrigated-shallow lowland ecosystem. Biotechnological intervention
has supplemented immensely in excavating desirable genomic regions and their
deployment for further genetic enhancement and sustainability in rice hybrids.
Besides, hybrid seed production creates additional job opportunity (100-105 more-
man days) and comparatively more net income (70% more than production cost)
than HY Vs. Hence, this technology has great scope for further enhancement in per
se rice productivity and livelihood of the nation.

Keywords: hybrid rice, CMS, genetic gain, heterosis, restorer, breeding value

1. Introduction

Heterosis is the superiority of F; offspring over either parent, a solitary means of
harnessing complete hybrid vigor in crop plants. This phenomenon has aided agri-
culture and captivated geneticists for over centuries for the development of supe-
rior cultivar in many crops [1]. Suitable allelic combination and manipulation has
made yield advantage in hybrid than HY'Vs. It covers large acreage for many crops,
including rice, and has affected agrarian practices and the seed business across the
world. Heterosis had been exploited in several practical ways for centuries before
Darwin provided an early scientific explanation in maize. In rice, heterosis was first
reported by Jonse [2]. However, owing to its self-pollinating nature (0.3-3.0% out-
crossing), heterosis could be realized during middle of second half of the twentieth
century after identification and development of the cytoplasmic male sterile (CMS)
source. Subsequently, China, under the leadership of Yuan Long Ping, started work
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on the development of hybrid rice (HR) with a vision to make it possible to be com-
mercial. He identified a natural male sterile mutant plant in rice (indica) and pollen
abortive genotypes in the wild rice (Oryza rufipogon; Li 1970), which later served
as donor of male sterile source (male sterile cytoplasm) for CMS development. In
1973, through recurrent back-cross breeding, several promising indica wild abortive
CMS, viz., ErjiunanlA, Zhenshan 97A, and V20A CMS-WA, and good restorers,
viz., Taiyinl, IR4, and IR1, were developed. Later during 1974, first indica rice
hybrid, Nanyou 2, was released for cultivation in China. Afterward, relatively more
heterotic hybrid rice (HR) breeding approaches like two-line system (1987 AD) and
super hybrids (1996 AD) were adopted which supplemented substantially toward
Chinese food security and livelihood.

In India, systematic research on hybrid rice was initiated during 1989 when the
Indian Council of Agricultural Research (ICAR) launched a special goal-oriented
and time-bound project, “Promotion of Research and Development Efforts on
Hybrids in Selected Crops,” for rice at 12 network centers. Around 4 years (1989-
1993) of rigorous research efforts have rewarded substantially, and India became
the second country after China to develop and commercialize hybrid rice. The first
hybrid variety APRH-1 was released by APRRI, Maruteru, for Andhra Pradesh in
1993-1994. So far, 117 rice hybrids (36 from public organization and 81 from private
sector) were developed, suitable for different ecology and duration ranging from
115 to 150 days, covering 3.0 mha, which accounted for ~7.0% of the total rice acre-
age in India (Varietal Improvement, Progress report) [3].

Hybrid rice technology has substantial yielding ability that is able to enhance
farm productivity ~15-25% more than inbred varieties. Given its yield advantage
and economic importance, several hybrids in rice have been commercialized
in more than 40 countries, which has created a huge seed industry worldwide.
Moreover, this venture also has great service opportunity and generates additional
employment for the poorer [1]. However, it has some limitations in generation of
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Figure 1.
A schematic representation of hybrid rice technology (seed production, trait improvement, yield evaluation, etc.).
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hybrids, seed production, and marginal heterosis. Success of the hybrid depends on
their parental combination, adaptability, and allelic interactions, and hence, faces
several problems like unstable male sterility (MS), non-abundancy in cytoplasmic
diversity, inherited CMS load, low seed producibility in seed parent, poor grain and
eating quality, lack of responsive parents for biotic and abiotic stresses, hybrid ste-
rility, marginal heterosis in indica hybrids, etc. This chapter deals with information
on: (i) research status of HR, (ii) breeding system and methods involved in hybrid
rice development and production, (iii) trait-specific parental line improvement,
(iv) molecular dissection of genes and QTLs for parental line improvement, and (v)
economic opportunity (Figure1).

2. Breeding component and system in hybrid rice development

Rice is a strict self-pollinated crop; commercial exploitation of heterosis requires
some parental specificity which could excludes manual emasculation. The invention
of naturally occurred male sterility (MS) in rice thus played substantial role in real-
ization of heterosis in rice. Following are the genetic tools as mentioned in various
heads are required for development and commercialization of hybrid in rice:

2.1 Male sterile system

The male sterility (MS) in plants is the condition where the male reproduc-
tive organ, anthers, loses its ability to dehisce and produce viable pollen and thus
encourages the allogamous nature of reproduction. This is crucial breeding tools to
harness heterosis that exclude additional efforts of emasculation which is cumber-
some process. In plants, male sterility is conditioned either by mitochondrial or
nucleus genome or in associations. The male sterility in plant was first observed by
Joseph Gottlieb Kolreuter in 1763 and later it was reported in >610 plant species. In
rice, it was reported by Sampath and Mohanty [4] at ICAR-NRRI (formerly CRRI),
Cuttack by studying the differences in male fertility in indica/japonica reciprocal
crosses. The male sterility in plant is found to be determined by several biological as
well as environmental factors. In rice, it is conditioned either by cytoplasmic genes
in association with nuclear genes (CMS) or nuclear genes alone (GMS) which cause
abnormal development in sporogenous tissue (either sporophytic or gametophytic
tissue). The sporophytic male sterility is governed by genetic constitutions of
sporogenous tissues like tapetal and meiocytes which creates improper nourishing
to developing microspores and cause pollen abortion, whereas in gametophytic
male sterility, microspore and pollen development get affected. Sporophytic male
sterility is quite useful in hybrid rice breeding as it gets fertile in heterozygous state
and encourages complete fertility in resulting hybrids. To date, several types of male
sterile system, viz., cytoplasmic male sterile (CMS), environment sensitive male
sterile (GMS), viz., thermo-sensitive genetic male sterility (TGMS), photo-sensitive
genetic male sterility (PGMS) and reverse photo-sensitive genetic male sterility
(rPGMS)), etc. have been identified and substantially being utilized in hybrid
development (Table1).

2.2 Diversity in male sterile system and their mechanism
The CMS is a maternally hereditary trait instigated by improper communication
between cytoplasmic and nuclear genome [5]. Gene(s)/genic block(s)-conditioned

cytoplasmic male sterility is chimeric construct, which evolved due to rearrange-
ment of the mitochondrial genome (Figure 2). In rice, several types of CMS have
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CMS group

Associated
ORF

Protein

Cytoplasm
source

Representative
CMS-line

1. Cytoplasmic male sterile line

a. BT-CMS and their lineage

BT-CMS (G)

B-atp6-orf79

Membrane
protein

Chinsurah
Boro I/
Taichong 65

Liming A, Xu
9201A

LD-CMS (G)

UK

UK

Lead Rice
(Burmese
indica variety)
x Fujisaka

5 (japonica
variety)

Fujisaka 5A

Dian1-CMS (G)

UK

UK

Yunnan
high altitude
landrace
rice (indica)
cytoplasm

Yongjing?A,
Ning67A

HL-CMS (G)

atp6-orfH79

Membrane
protein

Red-awned
wild rice
(Oryza
rufipogon)
cytoplasm

Yuetai A, Luohong
3A4

b. WA-CMS and their lineage

WA-CMS (S)

rpl5-WA352

Membrane
protein

Wild abortive
rice (Oryza
rufipogon)
cytoplasm

Zhenshan97 A,
V20A, IR58025A,
CRMS31A, etc.

Kalinga-I-CMS (S)

UK

UK

Kalinga-I
(indica)

cytoplasm

CRMS 32A

D-CMS (S)

UK

UK

Indica rice
Dissi D52/37

D-Shan A, D62A

DA-CMS (S)

UK

UK

Dwarf abortive
rice (Oryza
rufipogon)
cytoplasm

Xieqingzao A

GA-CMS (S)

UK

UK

Gambiaca
(indica)

cytoplasm

Gang 46A

ID-CMS (S)

UK

UK

Indonesia
paddy rice
(indica)

cytoplasm

1132A, YoulA

K-CMS (S)

UK

UK

K52 (japonica)
cytoplasm

K-17A

CMS-RT102 (S)

rpl5-orf352

Membrane
protein

Oryza

rufipogon,
W1125

RT102A

CMS-RT98A (G)

orf113-atp4-
cox3

Membrane
protein

Oryza
rufipogon Griff,
W1109

RT98A
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Associated
ORF

CMS group

Protein

Cytoplasm
source

Representative
CMS-line

LX-CMS UK

UK

Luihui rice
(indica)

cytoplasm

Yue 4A

Maxie-CMS UK

UK

MS mutant of
Maweizhan
(indica) with
Xieqingzao
(indica)

Maxie A

NX-CMS UK

UK

Selected from
F2 male sterile
plants in the
progeny of
Wanhui 88
(indica) x
Neihui 92-4
(indica)

nucleus

Neixiang 2A,
Neixiang5A

Y-CMS UK

UK

Yegong (indica
landrace)
cytoplasm

Y Huanong A

CW-CMS (G) orf307

Mitochondrial
protein

Oryza
rufipogon Griff.

IR24A, IR64A

2. Environment-sensitive genetic male sterility (EGMS)

PGMS pms3

Noncoding RNA

Nongken 58S,
PGMS mutant
of japonica
cultivar
Nongken 58

70018, N5088S

P/TGMS p/tms12-1

noncoding RNA

Photoperiod
and
temperature
sensitive genic
male sterile
(P/TGMS)
derived from
Nongken 58S

Pei’ai 645

TGMS tms5, RNase
Z%(loss in

function)

Nuclease
enzyme

Spontaneous
TGMS mutants
of Annong S-1
and Zhu 1S

Guangzhan 63S5,
Xinan S

rPGMS csa OsMST8

MYB transcript
regulator

Carbon
starved anther
(csa) mutant
of japonica
cultivar 9522

95228

Note: “S” stands for sporophytic male sterility and “G” stands for gametophytic male sterility.

Table 1.
Cytoplasmic diversity in rice CMS.

been identified and characterized, having diversified mechanism in MS expression.
Wild abortive (WA-CMS), a sporophytic MS system, is widely utilized in hybrid
development. It is found to be caused by a constitutive mitochondrial gene WA352¢c
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Figure 2.
Schematic presentation of rice CMS types, where WA stands for wild abortive, BT is for boro type, HL for
Honglian, LD for lead rice, CW is for Chinese wild rice, RT102A and RT98A, respectively.

located downstream of 7pl5 (comprised four mitochondrial genomic segments,
orf284, orf224, orf288, and cs4-cs6) and encodes a putative protein (352-residue)
with three transmembrane segments. The WA352c inhibits nuclear-encoded
mitochondrial protein COX11 (essential for the assembly of cytochrome c oxidase,
TCA) and triggered premature tapetal programed cell death and pollen abortion
[6]. In contrast, BT-CMS is a gametophytic MS reported in the Indian rice variety,
Chinsurah Boro-II, in which pollen development get arrested at the tri-nucleate
stage. The mitochondrial chimeric (dicistronic) gene B-atp6-orf79 encodes a trans-
membrane protein, cytotoxic peptideORF79 [7], which accumulates preferentially
in the microspore, was found to be responsible for male sterility. The orf79 reside
downstream to the atp6 and interact with P61 and mitochondrial complex III and
impair the activity of this complex which lead to dysfunctional energy metabolism
and elevate oxidative stress and thus causing sterility. However, in HL-CMS, which
is also a gametophytic MS system, pollen development gets arrested at di-nucleate
stage. A chimeric aberrant transcript of the mitochondrial geneatp6-orfH79,
located downstream of atp6is confirmed as candidate gene of this MS. Transcript of
orfH79 gene preferentially accumulates in mitochondria which interacts with P61
(a subunit of ETC complex III) and impairs mitochondrial function [8] and leads
to MS. The MS in CW-CMS is conditioned by mitochondrial 07307, which causes
anther-specific mitochondrial retrograde regulation for nuclear gene expression. It
is a gametophytic MS in which pollen grain appears normal but unable to germinate.

2.3 Genetic male sterility (GMS)

The GMS in rice is conditioned generally by recessive nuclear genes and exert
showing normal Mendelian inheritance. Owing to difficulties in their maintenance
(occurrence of only 50% sterility in F;), GMS could not be part of rice hybrid
breeding program. Some GMS lines has shown threshold nature in MS expression
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where male sterility occurs in specific environmental regime (high temperature
and long day length); hence called environment sensitive genetic male sterile
(EGMS). The GMS line shows male sterility at elevated temperature, that is, >30°C
is called temperature sensitive male sterility (TGMS) whereas male sterility in long
day length, that s, >13.5 h is called photoperiod-sensitive genetic male sterility
(PGMS). The male sterility in EGMS line is found to be revert into male fertile in
favorable temperature (<30°C) and day length (<12.5 h) which provide its unique
opportunity to be utilized in hybrid rice breeding program. The rice lines exert MS
impression under long photoperiod and elevated temperature are referred as P/
TGMS, for example, Peiai 64S. The EGMS lines, PGMS-Nongken 58S (NK58S) and
TGMS-Annong S-1 and ZhulsS or derivatives are utilized extensively in majority
(>95%) of the two-line hybrid program. Among, derivatives of NK58S are exerts
either P/TGMS or even TGMS (e.g., Guangzhan 63S), the mechanism underlying
to such dramatic changes yet to be revealed. Recently, a novel type of EGMS (csa-
carban starved anther mutant) in rice called rPGMS (reverse PGMS). These lines
expresses MS under short photoperiod (<12.5 h) and revert to normal fertile when
exposed to long days (>13.5 h). This is found to be suitable for seed production of
two-line hybrids in tropics and subtropics [9].

2.4 Transgenic cytoplasmic male sterility

The genetically engineered male sterile line M2BSin rice is developed by trans-
formation of indica rice maintainer M2B with partial-lengthHcPDIL5-2a (Hibiscus
cannabinus protein disulfide isomerase-like) genetic construct. Male fertility in
this CMS is reported to be arrested due to tapetum degeneration which leads pollen
abortion. The genetic analysis revealed this MS a maternally inherited inability as
of CMS. Besides, by combining cysteine-protease gene (BnCysP1) of Brassica napus
with rice anther-specific P12 promoter (promoter region of Os12bglu38 gene), a
transgenic MS system was successfully created which is restored by transgenic rice
plants carrying BnCysP1Si silencing system [10]. Zhou and co-workers [11] could
develop 11 “transgene clean” TGMS lines by editing most widely utilized TGMS
gene tms5 through CRISPR/Cas9.

2.5 Genetics of fertility restorer gene

The rice CMS is found to be restored by nuclear genome, that is, mono or
oligo nuclear loci called restorer gene. Inrice, a total of 10 Rf genes (Rfla, Rf1b,
Rf2, Rf3, Rf4, Rf5, Rf6 and Rf17, Rf98 and Rf102) have been identified, of those
seven (Rfla, Rf1b, Rf2, Rf4, Rf5, Rf17, and Rf98) are characterized. All Rf genes
are found to be dominant in nature (except Rf17, restores fertility in CW-CMS),
which can restore male fertility in heterozygous state. Restorer genes are very spe-
cific to male sterile genome in the mechanism of fertility restoration. Genes Rfla
and Rf1b (Chr.-10) encode pentatricopeptide-repeat (PPR)-containing proteins
and have functional affinity of fertility restoration in BT-CMS; RF1A promotes
endonucleolytic cleavage of the atp6-orf79 mRNA andRF1B promotes degrada-
tion of atp6-orf79 mRNA [7] and revert the male sterility into fertility. Whereas,
HL-CMS is restored either by Rf5 or Rf6 gene, these genes can produce 50% nor-
mal pollen grains in F1 plants individually; however, both genes in complementa-
tion could restore more than 80% spikelets’ fertility in hybrids. The Rf5 encodes
a PPR family protein PPR791 and which bind with GRP162 (glycine rich protein)
and atp6-orfH79 transcripts and makes a RFC (restoration of fertility complex).
The RFC cleave the aberrant transcript of atp6-orfH79at 1169 nucleotides position
[12]. TheRf6 gene encodes a novel PPR family protein (duplicate PPR motif 3-5)
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S.No. Rfgenes Locality Marker CMS Restorer Causative Encoded Reference
system line gene product
1 Rfla, Chr-10  InDel-Rfla CMS-BT BTR,IR24, PPR8-1, PPR [13]
Rf1b MTC10R;  PPR791,
C9083 Rf1A, Rf1IB
2 Rf2 Chr-2 CAPS42-1 CMS-LD Kasalath, LOC_ Gly. Rich [14]
Minghui 63 0s02g17380.1 protein
3 Rf3 Chr-1  DRRM-Rf3-10 CMS-WA Swarna, — PPR [15]
PUSA 33
4 Rf4 Chr-10 RM6100 CMS-WA [IR24,Pusa PPR782a PPR [15]
33,
CRL 22R
5 Rf5()  Chr-10 RM3150 CMS-HL Milyang23 PPR791 PPR [16]
6 Rf6 Chr-10 RM5373 CMS-HL — — — [16]
&8
7 Rf17 Chr-4 AT10.5-1, CMS-CW CWR PPR2 RNA [17]
SNP 7-16 interference
8 Rf98 Chr-10 UK CMS- RT98C PPR762 PPR [18]
RT98A
9 Rf102 Chr-12 UN CMS- RT102C, UK UK [19]
RT102A  K102-Oryza
rufipogon. T
Table 2.

Restorer genes in rice plants.

which in association with hexokinase (osHXK6) targets mitochondria and process
defective transcript of atp6-orfH79 at 1238 nucleotide position. Thus, PPR
protein family cause editing of aberrant transcript, inhibit their translation, and
at the end, fertility restoration. Besides, male fertility in WA-CMS is found to be
counteracted by Rf3 and Rf4 genes (chrom.-1 and 10, respectively). The genes Rf3
and Rf4 encode a pentatricopeptide protein (PPR) where RF4 cleave the abnor-
mal WA352 transcript and RF3 suppress translation of WA352 into polypeptide
and helps in restoring fertility in WA-CMS. Fertility in LD-CMS is reported to

be restored by either Rf1 or Rf2. The Rf2 gene encodes a glycine-rich protein in
mitochondrial; replacement of isoleucine by threonine at amino acid 78 of the RF2
protein causes functional loss of the 7f2 allele. Moreover, CW-CMS is reported to
be restored by a single recessive gene (Rf17) which is a retrograde-regulated male
sterility (rms) gene (Table 2) [20].

2.6 Breeding system

Commercial hybrid seed production in rice where natural out-crossing (ranged
only 0.3-3.0%) is very low, cumbersome, and an expansive task. To be practical and
readily adoptable, it requires some specific parental requirements and agro-man-
agement practices. Invention of male sterile lines thus provided unique opportunity
to start with the technology in rice. Based on mechanism of male sterility, threshold
nature in male sterility expression and number of parental lines used, three types of
hybrid seed production system namely three-line system (involving three parents,
A, B, and R), two-line system (two parents, A and R), and one-line system (apo-
mictic-based) exist. Among them, CGMS-based three-line system is more suitable,
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hence widely utilized (>90% of world’s hybrids developed utilizing this) in hybrid
rice varietal development and seed production.

2.6.1 CGMS system

This system involves three parents such as male sterile line (A-line, cyto-
plasmic male sterile), B-line (maintainer), and R (restorer) lines and two steps
in seed production, that is, CMS multiplication and hybrid seed production
under strict isolation (spatial or temporal or physical barrier). Male sterile line
(A-line), because of their eliminated manual emasculation needs, served as seed
parent and facilitates large-scale seed production. A suitable CMS line to be
utilized as seed parent should have complete and stable male sterility, substantial
seed producibility, wide compatibility, and good combining ability with mini-
mum CMS load. The wealthy panicle and narrow semi-erect leaf configuration
in seed parent has additional impact, assures more seed production. In Indian
perspective, hybrid seed production is a major dilemma, generally keen to Rabi
season, hence, CMS lines should have substantial cold tolerance at seedling stage
and heat at flowering stage.

The maintainer (B-line), on the other hand, is an isogenic to the CMS line
(differs only for fertility/sterility) in their genetic constitution, able to produce
functional pollen and maintain the sterility in male sterile line/seed parent. The
maintainer line can maintain 100% male sterility in seed parent thus utilized to
perpetuate CMS with their inherent male sterile ability.

In contrast, restorer line can restore male fertility in F;s produced on male ster-
ile parent, thus utilized as pollen parent in hybrid seed production. A good restorer
should have substantial genetic distance with seed parent which is prerequisite
and major determinant of the extent of heterosis in hybrids (more genetic distance
more heterosis and vice-versa). Restorer is the major contributor of heterosis in
three-line hybrids, hence, should have good combining, strong fertility restoration
ability (dominant Rf gene(s) responsible for fertility restoration in CMS). Besides,
restorer line with ideal plant type, acceptable grain quality parameters, substantial
source-sink balance, heavy pollen load, and broad spectrum of resistance/tolerance
against multiple biotic/abiotic stresses is imperative in maximization of genetic

gain in hybrids.
2.6.2 EGMS system

This system is a simple and more efficient hybrid breeding system in rice,
involves only two parents, thatis, A and R line in seed production, thus, referred as
two-line system. This is a threshold of genetic male sterility (EGMS)-based hybrid
rice breeding system, where male sterility is conditioned in specific environmental
regimes such as long photoperiod (>13.5 h day length) and at elevated temperature
(>30°C). In this system, male sterile parents are to be maintained by selfing under
favorable conditions (below critical sterility point, i.e., <30°C temperature and at
below CSP of photoperiod length, <12.5h.).

Two-line hybrid seed production system is an easy and effective alternative to
CMS and has specific advantages as it requires only one step for seed production. In
this system, any good combiner genotype irrespective of their fertility restoration
ability can be utilized as a pollen parent. EGMS system is normal and does not exert
any ill effect in the growth and development of carrier plant, and thus, exploits
comparatively higher extent of heterosis (up to 5-10%) in F; than the CGMS-based
three-line system. The EGMS traits are governed by major genes, thus are easily
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transferable to any genetic background; besides, no CMS load could be helpful in
reducing the potential vulnerability among the hybrids. Because of its eliminating
needs for restorer genes in the male parents, this is ideal for developing inter-
subspecific (indica/japonica) hybrids.

2.6.3 One-line system (apomictic-based)

In this system, seeds of rice hybrid once generated need not to be further
produced in the hybrid seed production plot. This system is solely based on apo-
mixes phenomenon (embryo developed apart from mixing of sexual gametes/
fertilization) where the embryo developed without fertilization. In this system,
hybrid seeds once generated will be maintained through apomixes in their original
heterozygous form. The apomictic embryo is formed in the ovule via two funda-
mentally different pathways, sporophytic or gametophytic, which define the origin
of the apomictic embryo [21]. In sporophytic apomixes, the embryo arises directly
from the nucellus or the integument of the ovule in a process generally called
adventitious embryony. In gametophytic apomixis, two mechanisms are generally
recognized, diplospory and apospory. In both of these, an embryo sac is formed and
the two mechanisms are distinguished by the origin of the cells that give rise to the
apomictic embryo sac. In diplospory, the embryo sac originates from megaspore
mother cells either directly by mitosis and/or after interrupted meiosis. In apospory,
the embryo sac originates from nucellar cells. In both gametophytic mechanisms,
the resulting nuclei forming the embryo sac are of the same ploidy as those found
in the female parent because the reduction division cycle of meiosis does not occur.
The embryo arises autonomously from one of the cells in the embryo sac.

In a recent adventure, Delphine et al. reported three genes such as SPO11-1,

RECS8, and OSD1 in the sexual model plant Arabidopsis thaliana, which were combin-
ingly mutated to turn meiosis into mitosis and its nourishing tissue from the female
gametophyte without contribution of a male genome. This results in the production
of clonal male and female gametes, but leads to doubling of ploidy at each genera-
tion when self-fertilized. Crossing a MiMe plant as male or female with a line whose
genome is eliminated following fertilization (lines expressing modified CENH3)
leads to the production of clonal offspring [22]. The MiMe technology was also imple-
mented in rice to get diploid gametes. Furthermore, a study was conducted by Reda
et al. to induce apomixis and fix heterosis in the sterile Egyptian Hybrid1 line using
0.2% colchicines [23]. It was observed that as colchicine is an alkaloid, which dur-

ing cell division binds to tubulin protein of the spindle fiber and stops microtubules
formation, and during meiosis, it prevents chromatids separation and inhibits cytoki-
nesis. So ultimately, colchicines lead to meiosis aberrations, which produce aberrant
microspores, pollen sterility, ovule sterility, as well as loss of fertility. Recently, a
strategy based on the advanced technique, that is, CRISPR/Cas 9, has been utilized

to introduce apomixis into rice (Oryza sativa) by mutating the three combined genes
OsSPO11-1, OsRECS8, OsOSD1, and OsMATL to get a MiMe phenotype [24].

3. Progress in hybrid rice research and development
3.1International status

Hybrid technology is one of the greatest innovations in the modern era, con-
tributed greatly in yield enhancement in several important crops. Over the decades

of rigorous research, Chinese could develop parental lines, that is, cytoplasmic
male-sterile line, maintainer line, and restorer line which assisted in the realization
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of heterosis exploitation in rice. Subsequently, hybrid seed production system was
refined and world’s first hybrid rice was released for commercial cultivation during
1974 AD. The first generation wild abortive CMS line, that is, Zhenshan 97A was
widely utilized and several elite hybrid rice varieties were commercialized. Besides,
several CMS with altered genetic mechanism of male sterility expression were also
identified and characterized.

At beginning, low seed producibility with WA-CMS was a concern for its
commercialization. However, with the keen interest of agronomist, management
practices for hybrid seed production were sustainably rationalized. The Chinese
government has supported this venture in pilot mode and established large and
effective hybrid rice seed businesses in the late 1970s at all levels. Besides, intensive
mechanization of hybrid seed production helped in modification of planting ratio
(2R: A as 6-8 rows to 40-80 rows) and reducing the cost of production. Therefore,
China could achieve seed yield by 2.7-3.0 t/ha on a large scale in hybrid rice seed
production, which is further enhanced to 3400 kg/ha and maximizes their acreage.

Over past three decades, hybrid rice varieties have been substantial for national
food security in the China which accounted for approximately 57% of the total
30-million-hectare rice planting area. The Ministry of Agriculture, China, has
launched project on super hybrid rice development during 1996 which resulted
altogether 73 super hybrids (52 three-line hybrids and 21 two-line hybrids) for
commercial cultivation. Super hybrid P64S/E32 released recently has recorded new
height of yield potential of17.1 t/ha with some striking characteristics [25].

Beside China, this technology has also been introduced and promoted by more
than 40 countries around the world. At beginning, IRRI helped technically and
supplied prerequisite parental materials. Later, most of the countries could establish
their own hybrid rice breeding program and developed several heterotic hybrids.
India was the second country after China that adopted this technology in 1989 and
made substantial progress. At present, hybrid rice covers around 3.0 mha in India
that has 6.8% of total rice area. Vietnam was the next to adopt this technology in
1992, harnessing yield of 6.3-6.8 t/ha from 0.7 mha, which covers around 10% of
their rice area. In Philippines, it was introduced in 1993. Several popular hybrids
like Magat, Mestizo, Mestizo 2, Mestizo 3, Bigante, Magilla, SL8H, Rizalina 28,
etc. were developed and commercialized. Hybrid seed production in Philippines
has been handled by “seed growers” cooperatives that are to produce around
60-70%. In Bangladesh, several rice hybrids were introduced and commercialized
from China, India, and Philippines. They are almost self-sufficient in hybrid seed
production, producing around 8000 tons to cover about 800,000 ha. In order,
Indonesia also has substantial hybrid rice area, developed several good rice hybrids
like Hipa7, Hipa 8, Hipa9, Hipa10, Hipa11, Hipa12 SBU, Hipal3, Hipal4 SBU, Hipa
Jatim1, Hipa Jatim2 and Hipa Jatim3 were extensively commercialized, having yield
superiority of 0.7-1.5 tons/ha over the lowland inbred varieties.

USA has adopted this technology during 2000 and has developed and commer-
cialized several two-line and three-line hybrids. Most of the hybrid rice cultivars in
USA employed Clearfield (CL) technology offering selective control of weedy red
rice. Rice hybrids, viz., Clearfield XL729, Clearfield XL745, Clearfield XP756
(alate maturing) and Clearfield XP4534 (new plant type) has shown yield advan-
tage ranging from 16 to 39% over inbred cultivars are being commercialized by
RiceTec.

3.2 National status

In India, systematic hybrid rice research was initiated in 1989.The first hybrid
rice was released in Andhra Pradesh during 1993-1994 and India became the second
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country after China to commercialize hybrid rice. India has made substantial prog-
ress and developed total 117 (indica/indica) rice hybrids having 15-20% yield supe-
riority with 115-150 days duration for various rice ecosystems. Recently, Savannah
Private Limited from India has made another landmark by developing two two-line
rice hybrids, viz., SAVA-124and SAVA-134, for commercial cultivation. In addition,
more than 100 CMS in diversified genetic and cytoplasmic backgrounds have been
developed and utilized. Among, the promising CMS lines CRMS 31A, CRMS 324,
CRMS 8A, PMS10A, PMS 17A, APMS 6A, DR8A, PUSA 5A, PUSA6A, RTN 12A,
etc. are substantially being utilized in development of rice hybrids in India and
abroad. Notably, medium-duration seedling stage cold-tolerant CMS, CRMS 324,
developed at NRRI under Kalinga-I cytoplasm is more suitable for development of
hybrids for boro ecosystem. Two popular hybrid rice varieties, namely, Rajalaxmi
and KRH 4 were developed using CRMS 32A as one among the parent.

Hybrids released in India having unambiguous specificity like specific to
ecosystem, tolerant to several abiotic/biotic stresses and consumer preferences
(Table 3). These hybrid varieties can be utilized to up scale the hybrid rice culti-
vation and productivity enhancement per se in the respective area.

Hybrids like CRHR 105, CRHR 106, 25P25, 27P31 are suitable for high-temper-
ature regime which has a more deleterious effect on seed development in hybrids.
The hybrid varieties, US 382, Indam 200-17, US 312, DRRH3, and JKRH 401 having
high N use efficiency are thus found suitable for cultivation in N-deficient soil.
Besides, hybrids PNPH 24, RH 1531, and Arize Tej are under mid-early maturity
group which can sustain substantially under drought situations. The problems of
coastal and shallow lowland ecosystem sharing around 32% of total rice area can be
addressed by adopting long-duration hybrids like CRHR 32, Arize Dhani, CRHR 34,
CRHR 102, and Sahyadri 5 (Table 4).

3.3 ICAR-National Rice Research Institute’s contribution

The ICAR-National Rice Research Institute, Cuttack has been pioneer to start
with the technology in late of seventh decade of last century, quite before the
beginning of their project mode program in 1989 by ICAR. In the beginning,
ICAR-NRRI has acquired all the prerequisite materials (CMS lines, viz., V 204,
Yar Ai Zhao A, WulOA, MS 577A, Pankhari 203A, V 41A, Er-Jiu nanA, respec-
tive maintainers, nine other maintainers, and 13 restorers) from the IRRI (NRRI
annual report 1981-1982). Systematic hybrid rice breeding was initiated in an
interdisciplinary mode with objectives to develop desirable parental lines, viz.,
cytoplasmic genetic male sterile (CGMS) lines, maintainers, and restorers for the
development of rice hybrids for irrigated and shallow submergence. The farmers

S. No. Stress Promising hybrids

1 Rain-fed upland DRRH-2, Pant Sankar Dhan-1, Pant Sankar Dhan-3, and KJTRH-4

2 Salinity DRRH-28, Pant Sankar Dhan-3, KRH-2, HRI-148, JRH-8, PHB-71, and
Rajalaxmi

3 Alkalinity Suruchi, PHB-71, JKRH-2000, CRHR-5, DRRH-2, DRRH-44, and
Rajalaxmi

4 Boro/Summer Rajalaxmi, CRHR-4, CRHR-32, NPH 9241, PA 6444, Sahyadri, and

season KRH?2
5 BB resistant BS 6444G, Arize Prima, Rajalaxmi, Ajay, CR Dhan 701, PRH 10, etc.
Table 3.

Rice hybrids tolerant to various stresses.
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Aerobic condition PSD 3, PSD 1, Rajalaxmi, Ajay, ADTRH 1, PRH 122, DRRH 44, HRI 126, JKRH 3333,
and KRH 2

Early duration CRHR 105, CRHR 106, 25P25, 27P31 (heat-tolerant), US 382, Indam 200-17, US 312",
DRRH3, JKRH 401high N use efficient; PNPH 24 and RH 1531, Arize Tej-mid-early
drought-tolerant; DRRH2, and KJTRH-4 (upland)

Long duration CRHR 32, CRHR 34, CRHR 100, and Sahyadri 5
SRI TNRH CO-4, KRH 4
Idly making VNR 2355+
MS grains CRHR 32, DRRH 3, 27P63, 25P25, and Suruchi
Aromatic PRH 122 (slight aroma), PRH 10

Table 4.

Hybrids suitable for specific condition.

in the rain fed shallow lowland ecosystem would be extremely benefited if the
hybrid rice technology can be extended to this ecosystem, which need hybrids of
Swarna duration. Keeping in views, ICAR-NRRI has developed three rice hybrids,
viz., Ajay, Rajalaxmi, and CR Dhan 701 for this fragile ecosystem. Among them
CR Dhan 701 is the country’s first long-duration hybrid, substitute for popular
variety Swarna. Besides, NRRI has developed several promising CMS lines which
have stable male sterility (WA, Kalinga-I and O. perennis, etc. cytoplasmic back-
ground), maintainers, and effective restorers. More than 45 CMS lines in diverse
genetic and cytoplasmic backgrounds have been developed among Sarasa A, Pusa
33A (WA), Annada A (WA), Kiran A (WA), Deepa A (WA), Manipuri A (WA),
Moti A (WA), Krishna A (O. perennis), Krishna A (Kalinga I), Mirai (Kalinga I),
Padmini A, PS 92A and Sahabhagidhan A, etc., which are more prominent to be
utilized in hybrid development. The medium-duration CMS, CRMS 31A (WA) and
CRMS 32A (Kalinga-I) are significantly utilized for hybrid development at NRRI
and elsewhere in the country. The CRMS 24A and CRMS 40A, developed under
the nucleus background of Moti and Padmini are found suitable for late-duration
hybrid breeding. Moreover, short-duration CMS, CRMS 8A, CRMS 51A and CRMS
52A and CRMS 53A having drought tolerance are also being used for development
of hybrids for drought prone ecosystem.

The latest release CR Dhan 701 (CRHR32) found suitable for irrigated-shallow low-
land of Bihar, Gujarat and Odisha having MS grain type with an average yield capacity
of 7.5 t/ha. This hybrid shows substantial tolerance to low light intensity, thus having
great scope in eastern Indian states where low light limits the potential expression of
hybrids/varieties during wet season. Moreover, hybrid Rajalaxmi (125-130 days) was
developed utilizing native CMS line CRMS 32A, released by SVRC 2006/CVRC 2010
for irrigated-shallow lowland of Odisha and boro ecosystem of Odisha and Assam as
it has seedling stage cold tolerance. Ajay is a medium-duration, long slender grain-
type hybrid, released for cultivation in irrigated-shallow lowland of Odisha. As these
hybrids are adaptable for eastern Indian climatic condition with assured remuneration,
12 private seed agencies over five states have commercialized them.

To make this technology more sustainable and amenable to farmers, trait
development strategy among the parental lines becomes mandatory. The parents
of ICAR-NRRI bred hybrids Ajay, Rajalaxmi and CR Dhan 701 has been improved
for bacterial blight, the most devastating disease of rice [26]. The submergence
and salinity are the major abiotic stresses occur frequently in rain-fed shallow
lowland area and causes substantial yield loss in rice. Hence, to cope up with
the problems, and make hybrid rice more sustainable during these adversity,
ICAR-NRRI has successfully stacked submergence and salinity-tolerant QTLs in
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the seed parents CRMS 31A and CRMS 32A. To enhance the seed producibility in
seed parents, introgression of stigma exsertion trait from O. longistaminata into
CRMS 31A and CRMS 32A, are under progress. To excavate the genetic region
responding heterosis in rice, transcriptomic analysis of hybrids Rajalaxmi and
Ajay are completed and interpreted. Availability of restorers for WA-CMS lines

is very stumpy in nature, only 15% of total rice genotypes having the ability to
restore complete fertility in WA-CMS-based hybrid rice [15]. Hence, good com-
biner genotypes having partial fertility restorers Mahalaxmi and Gayatri were
improved by introgressing fertility restorer gene(s) Rf3 and Rf4 through MABB
approach. Further, to make clear cut identity and ensure pure seed of parents/
hybrids to the stack-holder, 12 signature markers that unambiguously distinguish
32 rice hybrids were developed, which can be utilized for DNA fingerprinting and
genetic purity testing of hybrids.

4. Potential application of OMICS approaches in hybrid rice breeding

Recent advancement in molecular biology has offered tremendous opportunities
to the breeder and breeding per se in enhancement in their efficacy and speed up
the varietal development process. It has diverse applications like mapping, tagging,
amplification-based cloning, gene pyramiding, marker-assisted selection (MAS/
MARS)), fingerprinting applications, including varietal identification, ensuring
seed purity, phylogeny and evolution studies, diversity analysis, and elimination
of germplasm duplication. The progress in research related to application of DNA
marker technology in hybrid rice improvement may be valuable in following way.

4.1 DNA fingerprinting and genetic purity testing

Varietal identity of hybrids and parents is imperative to assure the ownership
(IPR issue) and pure seeds to the stakeholders. The genetic purity testing of hybrid
seed is done by conducting Grow-Out-Test (GOT) which is time taking (needs one
full growing season), tedious and very expensive. Molecular markers in this context
found to be a suitable alternative, provide an unbiased means of identifying crop
varieties. Among available DNA-based markers, sequence-tagged microsatellites
(STMSs), which are co-dominant in nature, are widely used for speedy genetic
purity assessment of the hybrids and parental lines [27, 28]. Besides, ICAR-NRRI
has developed another set of nine signature markers which can distinguish
parents CRMS 31A, CRMS 32A; and hybrids Ajay, Rajalaxmi and CR Dhan 701,
unambiguously.

4.2 Trait improvement in parental lines and hybrids

Hybrid rice has been one of the innovations that led the quantum jump in rice
productivity last century. However, the challenge of meeting the increasing demand
for rice and making hybrid more sustainable under impeding climatic changes,
trait development in parental lines for ideal plant type with substantial yield, grain
quality, and resistance/tolerance to multiple biotic and abiotic stresses is necessary.
In this context, conventional breeding is more cumbersome, time taking and less
précised. The advancement in molecular breeding techniques makes it convenient
to improve the parents and hybrids for desirable traits with great precision. Marker-
assisted selection/MABB has provided strong utensils for indirect selection/trace
the trait of interest at any plant growth stage. The bacterial blight and blast are the

36



Hybrid Rice Research: Current Status and Prospects
DOI: http://dx.doi.org/10.5772/intechopen.93668

two-major destructive diseases affecting rice plant at different growth stages and
caused substantial yield loss. Resistant genes for BB diseases have been deployed
successfully in popular hybrids like Rajalaxmi, Ajay [26], BS 6444G, PRH 10 [29],
Shanyou 63, Guangzhan63-4S; seed parent of CR Dhan 701; restorers Minghui

63 and Mianhui 725 [5, 26], Zhonghui 8006 and Zhonghui 218, etc. The popular
CMS line Rongfeng A, Pusa 6A female parent of popular basmati hybrids PRH 10,
RGD-7S, and RGD-8S [30] were successfully stacked with blast and BB resistant
gene(s). Besides, CRMS 31A and CRMS 32A were deployed with submergence

and salinity tolerance QTLs (NRRI newsletter 2015). Grain and eating quality in
hybrids are concerns which are addressed by stacking QTLs/genes for quality traits
in parents. Zhenshan 97A seed parent of several hybrids in China has been stacked
with QTLs of AC, GC and GT [31]. Efforts were made toward quality improvement
of both the parental lines of popular indica hybrids, viz., Xieyou57, using marker-
assisted selection for Wx locus [32]. Yield-enhancing QTLs, yld1.1 and yld2.1, from
O. rufipogon to restorer “Ce64” [33] are successfully stacked. Hybrid sterility in
inter-subspecific (indica/japonica) hybrids is reported to be effectively addressed by
utilizing genome editing tool “CRISPR/Cas9” [34].

4.3 Screening of Rf genes in parents

Limited availability of fertility restorer system in rice makes three-line system
very selective and less heterotic. Rice genotypes have fertility restorer ability
can only be utilized as pollen parent in three-line hybrid breeding. Identification
of genetically compatible, well combining restorers is tedious process, involve
laborious test cross generation and evaluation steps. However, prior information
on fertility restorer genes in the pollen parent excludes test cross steps thus make it
convenient for saving time of hybrid development. Plenty of co-segregating molec-
ular markers (tightly linked or functional markers) for fertility restorer gene(s)
having functional specificity to diverse CMS systems are available (Table 2). The
genic/functional markers, RM6100 and DRRM Rf3-10 of restorer gene(s) Rf4 and
Rf3, respectively, are widely utilized for screening the fertility restoration efficacy
of unknown pollen parents for WA and lineage CMS well in advance [15].

4.4 Screening of parental lines for wide compatibility genes

Hybrid sterility is common nuisance menacing breeder to exploiting heterosis in
inter-subspecific (5-10% more heterosis) hybrids. Generally, indica x japonica hybrids
are sterile due to lack of wide compatibility (WC) between parents. It is reported that
hybrid sterility in inter-subspecific crosses is mainly affected by the genes at Sb, Sc, Sd,
and Se [35] loci causes male sterility in Fjand the gene at S5 locus cause female sterility
in F;. Presence of these genic regions in at least one parent ensures complete fertility in
resulting hybrids. These gene(s) can be assessed in advance by utilizing co-segregating
markers (S5-InDel, functional marker to S5") [36] and G02-14827 (genic marker)
PSMS, PSM12, and PSM180 (linked SSR); IND19 and ID5 (indel markers) to Sh, Sc,
Sd, and Se, loci). Thus, it helps breeder in selection of WC-positive parent in more
predictable way which circumvents laborious test-cross and their evaluations steps.

4.5 Prediction of heterosis
Genetic distance and level of genetic gain/breeding value in parents are major

determinants of extent of heterosis in the resulting hybrid. Molecular markers help
in assessing the genetic diversity among parents and breeding values in progenies
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(through genomic selection, high-density SNP genotyping) with great convenient.
There are abundant STMS and SNP markers available which can be utilized for
assessment of genetic diversity/genetic distance between parents and genomic selec-
tion in progenies easily [37]. Hence, this is helpful in the selection of diverse parents
with maximum breeding values in turn higher heterosis or genetic gain in hybrids.

4.6 Determination of heterotic group and heterosis pattern

The extent of genetic variation and selection strategies are keys to the success
of heterosis breeding. Accurate assessment and assignment of parental lines into
heterotic groups “group of genotypes (related or unrelated) having similar combing
ability and heterosis response when crossed with the genotypes of other diverse
group” are fundamental prerequisites. Usually it is evaluated by combining ability
analysis of parents and hybrids in multi-environment trials. However, advances
in molecular marker technology have made it possible to combine information on
parental pedigree and field trials with molecular marker data to detect and establish
heterotic groups. Several heterotic groups have been developed and utilized for
three-line and two-line hybrid development in rice [38].

4.7 Excavating QTLs/gene(s) responses heterosis

Omics techniques reported to have great potential in excavation of QTLs/gene(s)
responses heterosis in rice. By utilizing genomics tools, many QTLs/genes for several
important traits has been mapped, validated, and deployed in trait development in
rice. The transcriptomics, an emerging technique helps in genome-scale compari-
sons of the transcripts of different individuals within the same species/population.
It helps in understanding the level of variation for gene expression, as measured by
transcript abundance that exists within plant species and between hybrids and their
parents. This is useful for identification of transcript and gene per se involves in het-
erotic expression. Moreover, epigenetics, a posttranslational biochemical regulation
of gene is found to be playing substantial role in trait expression. Individuals of the
same species can have epigenetic variation in addition to genome and transcriptome
content variation. A potential role for epigenetic regulation in heterosis has been
proposed. It is possible for epigenetic variation to affect heterosis by creating stable
epialleles that would behave similarly to the genomic or transcriptomic differences.
Alternatively, hybrids may exhibit unique epigenomic states that lead to heterosis.

5. Major challenges and potential research opportunities
5.1 Major challenges

Despite of being remunerative and varietal abundancy, HR technology could not
make substantial dent in the rice farming system outside China. The following are
the inherited void led poor acceptability and acreage expansion of hybrids:
5.1.1 Lack of cytoplasmic diversity in countries outside China

Outside China, WA-CMS or their lineages are commonly utilized as seed
parent in more than 90%rice hybrids. Several alternative MS cytoplasmic sources

such as BT-CMS, HL-CMS, and CW-CMS are identified in China, but the hybrid
breeding program of other countries relied only on WA-CMS which has several
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inherited abnormalities. These narrowed genetics of sterile cytoplasm limits the
extent heterosis exploitation and make hybrids vulnerable to many biotic and
abiotic stresses.

5.1.2 Marginal heterosis in intra-subspecific hybrids

Two-lines and inter-subspecific (indica/japonica) hybrids are comparatively
more heterotic (5-10%) than three-line indica hybrids. But owing to several inevi-
table difficulties in seed production of two-line hybrids and poor grain and eating
quality in inter-subspecific hybrids, both could not be exploited in the countries like
India who has vast climatic and food affection diversity. We are utilizing three-line
indica hybrids which are comparatively less heterotic hybrid breeding systems
giving low yields. Hence, focused and intensive research is proposed to make above
said hitches be addressed in future.

5.1.3 Poor grain and eating quality

In hybrids, consumable parts are F, grains, segregating for various quality traits
hence very poor in quality limits its acceptability among stakeholders. Therefore,
make hybrids more sustainable and popular, quality traits in hybrids needs to be
addressed urgently in the country like India where people have vast category of food
fondness. Hence, a strong breeding strategy for quality concern in hybrids is needs
to be devised and implemented.

5.1.4 Subtle information on QTLs/gene(s) responding heterosis

Although heterosis, or hybrid vigor, is widely exploited in agriculture, but
despite extensive investigation, complete description of its molecular underpin-
nings has remained elusive. It appears that there is not a single, simple explanation
for heterosis. Instead, it is likely that heterosis arises in crosses between genetically
distinct individuals because of a diversity of mechanisms. Hence, mining factors
responding heterosis in rice will have a substantial role in development and exploit-
ing heterosis in most precise way.

5.1.5 Inter-subspecific hybrid stevility

Hybrid sterility is key nuisance in inter-subspecific hybrids, limiting develop-
ment and commercialization of more heterotic indica/japonica hybrid in rice. The
sterility in hybrids (inter-subspecific) generally occurs due to non-functional pol-
lens as well as sterility in female reproductive organs. It is reported that mutant
of S-i alleles at Sb, Sc, Sd, and Se loci produce sterile pollens; and mutants of
S5locus causes sterility in female gamete. Hence, trait development for wide
compatibility in either parent has great opportunity in addressing the hybrid
sterility in rice.

5.2 Potential research opportunity
5.2.1 Exploitation of inter-specific heterosis

Inter-subspecific (indica/japonica) hybrids as discussed in earlier section are
more heterotic than intra-subspecific hybrids. However, owing to hybrid sterility
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and poor grain quality, this genetic pool remains untapped. Grain quality of
inter-subspecific hybrids proposed to be improved by utilizing parental combi-
nations having good combining ability but similar in quality parameters, might
reduce the concern of segregation for quality traits. Hybrid sterility problem in
inter-subspecific hybrids can be addressed by stacking indica allele (S-7) at Sb,
Sc, Sd, and Se loci and the neutral allele (S-7) at S5locusin to japonica genetic
background [35] or by silencing the S-i and S5 mutant loci through genome
editing tools [34].

5.2.2 Utilization of Iso-cytoplasmic restorers

In three-line hybrid system, cytoplasm of CMS exerts various unwanted effect
(called CMS penalty) and reduces the complete heterosis expression (up to 5-10%)
in CGMS hybrids. Iso-cytoplasmic restorer is fertile transgressive segregant of
CGMS hybrid, having same cytoplasm as of CMS. In combination with iso-cyto-
CMS, it can normalize the fatal cyto-nuclear conflicts, hence enhances the heterosis
to substantial extent. In rice, several iso-cytoplasmic restorers has been developed
and utilized in hybrid rice research [39].

5.2.3 Out-crossing enhancement in seed parent

Low seed producibility (1.5-2.5 t/ha) in the CMS remains a concern, restricts
seed abundancy, and area expansion in India. Trait development in seed parent
for out-crossing traits like stigma exertion, complete panicle exertion is impor-
tant and needs to be addressed strategically. Recently, a CMS line, IR-79156A
possessing more than 50% out-crossing, developed by IRRI showed seed
producibility of 3.5 t/ha.

5.2.4 Ideotype hybrid breeding

To maximize genetic gain in rice, breeding of ideal plant type was started
long back in Japan and subsequently adopted by China. Through morphological
improvement and adopting inter-subspecific (indica/japonica) hybrid strate-
gies, substantial progress in ideotype hybrid breeding “super hybrid” have been
achieved. China, indeed has made considerable progress and released more than
100 high yielding super hybrids [25]. Hence, inclusion of inter-subspecific quality
type inbreds “super rice” in hybrid development will have substantial impact in
attaining quantum genetic gains in hybrids.

6. Economic importance

Inspite of being more cumbersome and high input intense practice, hybrid
rice seed production is a profitable venture. It creates additional job opportunity
(requires 100-105 more-man days) and provides more net income (around 1050
USD/ha net income, 70% more than the unit production cost) as compared to
seed production of HYV (192.0 USD/ha, only 18% more than production cost)
(Table 5). The market price of hybrid seed is 3.5-4.25 USD per kg. The farmers
producing the hybrid seed get only 1.15-1.30 USD per kg. In case of low produc-
tion (<5 quintal/acre) farmers get minimum 635.0 USD as compensation from
seed production agencies.
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Item Quantity/number Cost/income (USD)
(per hectare) Hybrid seed HYV
Seed cost Male 5kg @ 0.71 USD/kg 4 28
Female 15kg @ 5.65 USD/kg 42 Nil
Labor cost 250/145 @ 2.83 USD/labor/day 707 410
FYM and fertilizer cost N:P:K (100:50:50) (based on 76 76
market price)
Irrigation 18-20 Irrigation (weekly) @ 425 425
21.20USD/ha/irrigation
Gibberellic acid 28 Nil
Others 212 141
Total cost 1494 1080
Average production 2.0 t/ha 4.5
Gross income Price @ 1.27USD/kg and 2544 1272

0.28USD/kg*

Net income 1050 192

“Price of seed is the price given to the farmer.
Source: Verma et al., [40].

Table 5.
Cost analysis of hybrid rice seed.

7. Way forward

Hybrid technology has been substantial in enhancement of rice productivity per
se production in temperate countries, however, owing to low photo-intensity during
growing period in tropics, its impact remains meager. Under changing climatic
and agriculture scenario, rice hybrid is likely to face stiff competition to sustain
in future. Despite having great potential to enhance production and productivity,
it has not been adopted on large scale as was expected. This is due to several con-
straints like lack of acceptability of hybrids in some regions such as Southern India
due to region-specific grain quality requirement. Moderate (15-20%) yield advan-
tage in hybrids is not economically very attractive and there is a need to increase
the magnitude of heterosis further. Lower market price offered for the hybrid rice
produce by millers/trader sis acting as a deterrent for many farmers to take up
hybrid rice cultivation. Higher seed cost is another restrain for large-scale adoption
and hence there is a need to enhance the seed yield in hybrid rice seed production
plots. Efforts for creating awareness and for technology transfer were inadequate
in initial stages. Involvement of public sector seed corporations in large-scale seed
production has been less than expected. Hybrid rice for aerobic/upland, boro season
and long-duration hybrids for shallow lowland conditions are to be developed. Most
of the constraints mentioned above are being addressed with right earnestness
through the ongoing research projects and transfer of technology efforts.

8. Conclusion

Since inception, this technology has a substantial impact in enhancing the pro-
ductivity and production in crop plant and livelihood of the farming community.

41



Recent Advances in Rice Research

In rice, it is adopted worldwide over 40 countries; however, it could not make

a substantial dent in outside of China. This chapter has represented the holistic
status of hybrid technology in rice along with future research and developmental
road map to make this venture more substantial and sustainable for benefiting

all stakeholder involves. This chapter identifies the ambiguities held responsible
for slow adoption of this technology and probable strategies to get rid of those.
Therefore, this chapter will be helpful for researchers and students in planning of
future hybrid rice breeding strategies.
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Chapter 3

Hybrid Rice in Africa: Progress,
Prospects, and Challenges

Samuel Oppong Abebrese and Alex Yeboah

Abstract

Hybrid rice varieties exploit the phenomenon of heterosis to out-yield their
inbred counterpart to increase productivity per unit area. Unlike inbred rice
varieties whose seeds could be used for replanting season after season, farmers will
have to purchase seeds of hybrids every season to obtain the expected yield and
other quality attributes. While the hybrid system is a disadvantage to farmers in
terms of mandatory seed purchase, it serves as a motivation and opportunity for
private seed companies to recoup their investment and therefore encourages their
involvement in seed production research and development. Hybrid rice technol-
ogy originated from China and is well commercialized in Asia and the Americas.
Africa is among the few places where hybrid rice is still not fully commercialized.
Besides Egypt, many African countries have just begun to exploit the benefits of
hybrid rice technology. A number of introduced hybrids have exhibited a 15-20%
yield advantage over the available top inbred varieties. Most African countries also
have a conducive environment for viable hybrid rice seed production. Besides other
pertinent challenges, some which can be addressed technically, there should be a
recommended production package that will give farmers the best of yield to enable
hybrid rice contribute to attaining rice self-sufficiency in Africa.

Keywords: rice, hybrid rice, Africa, increasing rice productivity, hybrid rice adoption

1. Introduction

Although over 90% globally is produced and consumed in Asia, vice is the fastest
growing food source in Africa. In Sub-Saharan Africa (SSA), consumption is estimated
to be increasing at a rate of 6% per annum, the highest in the world [1]. The rate of
increase in consumption of rice in Africa has not been matched by corresponding
increases in production and the demand-supply gap keeps widening. It is estimated
that Africa imports 36% of its annual rice requirement (18 million metric tons)
at a cost of US$7 billion per annum (FAQO, 2019). The continuous dependence on
imports places a heavy demand on scarce foreign currency reserves of the countries
in the region, which are among the poorest in the world. In order to address this
situation, national and international institutions as well as bilateral and multilateral
donors formed a consultative group on rice known as the Coalition for African Rice
Development (CARD). The goal of CARD was to double rice production in Africa
by 2018. Nevertheless, due to outdated production systems, biotic and abiotic
constraints as well as low investment in production technologies, only about 60% of
the consumer demand is still met through local production [2]. As a response to the
2008 rice crisis and other challenges such as population growth, rapid urbanization,
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climate change, and natural resource degradation, national, regional, and interna-
tional institutions have increased investment toward boosting rice production on the
continent. Consequently, many countries have national strategic plans and favorable
policies for increasing rice production in place. The current situation is encouraging
and requires strengthening existing partnerships to address the challenges across the
whole rice value chain to enhance sustainable food security across the continent [2].
Promoting the adoption of productivity enhancing technologies including
hybrid rice technology is key to the continent’ rice self-sufficiency agenda. Hybrid
rice has the penitential of increasing rice productivity and encouraging private
sector involvement in seed production research and development in Africa. Since
there is currently no proper plant variety protection (PVP) system in place in most
of Sub-Saharan countries; the hybrid system could serve as a form of biologi-
cal intellectual property through the control of the hybrid parents. This chapter
examines the procedures of hybrid rice development, current state of development
and commercialization in Africa as well as its prospects and challenges.

2. Rice breeding methods

Rice breeding is an effective mechanism for delivering the benefits of science
and technology to millions of resource-poor farmers. Rice is considered one
of the crops that has achieved remarkable success through breeding. Notable
success includes the contribution to the green revolution with semi-dwarf variet-
ies that averted a looming hunger in Asia in the 1960s [3, 4]. The methods of
breeding rice can be categorized into conventional selection, in-vitro, molecular
and transgenic. The available conventional selection breeding methods include
mass selection, pure line selection, pedigree method, bulk method, backcross
method, recurrent selection, and single seed descent [5, 6]. Mass and pure line
selections are mostly used for purifying heterogeneous varieties and are rarely
used in present day breeding programs. The pedigree method is the most widely
used method to develop rice varieties. More than 85% of the released rice variet-
ies were developed through pedigree selection [4]. Backcrossing is commonly
used to incorporate one or a few genes into an adapted or elite variety [4-6].
Although hybrid breeding is primarily applicable to outcrossing species such as
maize, it has been successfully added to the rice breeding portfolio. The aim of
hybrid rice breeding is to raise the yield ceiling of rice beyond what is currently
achieved by the semi dwarf varieties [7, 8]. Mutagenesis to some extent has
also been employed to develop some valuable rice varieties [4, 9]. The in-vitro
methods include tissue culture techniques such as anther culture to develop
doubled haploids, somaclonal variation to identify useful variants and embryo
rescue to assist in wide hybridization such as the one that led to the develop-
ment of the NERICAs. In the NERICA development, embryo rescue was used to
obtain viable progeny between Oryza sativa and Oryza glaberrima crosses [10].
Molecular breeding methods mostly involve the use of molecular markers in
marker assisted selection to increase the efficiency and precision of conventional
breeding [6, 11]. Genetic engineering (transgenic technique) allows addition
of alien genes from any living organism to the rice gene pool to impart a useful
function. This technique allows breeders to accomplish objectives which cannot
be achieved through conventional plant breeding [12]. Quite recently, genome
editing technique has been added to the rice breeding methods. By genome edit-
ing, specific modification can be made at targeted locations of the rice genome.
Unlike genetic engineering, this method does not involve the introduction of
foreign genes into the rice genome [13].
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2.1 Rice varietal types

The above breeding methods lead to the development of one of the three main
rice varietal typesi.e. inbreds (pure lines), hybrids or GM (transgenic) rice [6].
Inbreds are the most commonly used rice varietal type. Since offspring or succeed-
ing generations produced by these varietal types are of the same genetic makeup,
seeds harvested from an inbred variety can be used for succeeding planting without
losing their varietal identity provided cross pollination with other varieties is
avoided. Hybrids are products of crossing two genetically diverse inbred lines. As
aresult, seeds harvested from the hybrid plants are not recommended for replant-
ing because some vigor is lost resulting in lower yield and genetic segregation [8].
Farmers are recommended to buy new hybrid seeds for each planting season from
accredited sources. The increased profits resulting from increased yields of hybrids
versus pure line varieties offset the cost of the hybrid seed. Transgenic (GM) rice
results from the use of genetic engineering. Though the resulting varieties breed
true, they are separated from the conventional (nontransgenic) inbreds due to the
involvement of a transgene. Though several transgenic rice lines have been devel-
oped, they are yet to find their way into commercial cultivation. Notable transgenic
(GM) rice is the Golden rice; a variety engineered to produce beta carotene to help
combat vitamin A deficiency [12].

3. Hybrid rice technology

Hybrid rice is the commercial rice crop grown from F; seeds of a cross between two
genetically dissimilar parents. This could only be possible through the use of a male
sterility system due to the strictly self-pollination nature of the rice plant [4, 8]. Hybrid
varieties exploit the phenomenon of hybrid vigor (heterosis) to increase the yield
potential of rice beyond the level of modern inbred rice varieties. A yield advantage
of 15-30% over conventional inbred varieties grown under similar conditions has
been reported [14]. The hybrid rice technology concept dates back to 1964 in China.
However, it was only after 1976, when a wild abortive pollen plant was identified
in Southern China, did the idea begin to materialize [4, 8]. Since the expression of
heterosis is confined to the first generation only, farmers have to buy fresh seeds every
season to raise commercial crop. Since the hybrids yield 15 to 30% more than pure
line varieties, farmers prefer hybrid seeds if the price is economically beneficial and
seeds are readily available. Hybrids can offer biological intellectual property protection
which attracts and encourages private-sector involvement in seed production research
and development [15].

3.1 Genetic basis of heterosis

For along time, two theories; the dominant and overdominance theories were
put forward to explain the phenomenon of heterosis [14]. According to the domi-
nant theory, hybrid vigor is due to the action and interaction of favorable dominant
alleles. The overdominance theory on the other hand suggests that heterozygous
loci are superior to homozygous loci. Thus, two alleles complement each other and
there is overexpression of genes in the heterozygous state [16]. Recently, epistasis
or interactions among loci has been recognized as a major contributor to heterosis
[17]. Estimates based on mating designs of the relative magnitude of additive,
dominance and epistatic components of variance indicate that the magnitude of
epistatic variance is small compared to additive and dominance components. This
is because statistical designs cannot predict epistasis. Using molecular markers,
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Yuet al. [18] provided evidence of the importance of epistasis as a possible genetic
basis of heterosis in rice. Since none of these theories exclusively explains heterosis,
suggestions are to ascribe the phenomenon to a combination of the three models.

4. Hybrid rice breeding methods
4.1 The CMS (three-line) method

Hybrids rice is currently produced either by the three-line (CMS) or the two-
line (EGMS) method [19]. The three-line method employs three lines; the CMS (A
line), maintainer (B line) and restorer (R line). An A-line is genetically identical to
the B-line except that the B-line has a normal (N) cytoplasm while the A-line has
a male sterile (S) cytoplasm. An R-line has dominant fertility restorer genes in its
nucleus which restore male fertility to the F; hybrid. The B-line is crossed to the
A-line to maintain/produce seeds of the A-line whiles the R-line is crossed to the
A-line to produce hybrid seeds.

4.1.1 Organigation of hybrid vice breeding program using the CMS system

Due to the relatively complex nature of the three-line (CMS) breeding system,
breeding materials are grouped into separate nurseries or stages for efficient
handling and development of parental lines. Experimental hybrids normally pass
through the required stages and are finally tested on farmers’ fields before their
release. The nurseries include the source nursery, the testcross nursery, backcross
nursery, re-testcross nursery and combining ability nursery [19]. The source nurs-
ery contains elite breeding and CMS lines with the potential of becoming parents
of commercial hybrids. In the testcross nursery, Fis from the CMS and tester lines
in the source nursery are evaluated for their pollen and spikelet fertility to identify
prospective maintainers (B-lines) and restorers (R-lines). Re-testcross nursery
is for confirming and purifying prospective R-lines and backcross conversion of
prospective B lines into CMS lines. Combining ability nursery evaluates general and
specific combining abilities of selected CMS and R lines. This nursery helps identify
higher yielding hybrids and is very crucial in the hybrid rice development process
[17, 19]. Various modifications of the IRRI’s system described above are made to
improve breeding efficiency. Elite tester inbreds are selected from R-lines to cross
onto new A-lines and select testers from A and B-lines to identify new R-lines. Once
commercial R and A-lines are identified, they are used as testers instead of crossing
a bunch of new R-lines by new A-lines. For instance, in China, IRRI elites IR24,
IR26 were directly used as restorer lines. These restorers were also used as restorer
gene resources to develop new restorer lines [17]. Conversion of identified main-
tainer into a CMS line. Often lines introduced to new areas are not adapted to the
target environment. They may be susceptible to particular local pests and diseases
or may lack the desirable grain quality attributes. This necessitates the conversion
of the available CMS lines into locally adapted and desirable ones. Introduced CMS
lines maintainer identified from a cross of local lines onto a CMS source should be
backcrossed to develop adapted CMS lines [19]. Backcrossing is continued to the
5th -6th generation (BCs-BCs) where the nuclear content of the original CMS
source is replaced almost completely with that of its corresponding maintainer.
Development of new CMS lines is normally difficult due to the limited chances of
identifying stable sterile lines from local germplasm [19]. Developing new CMS
lines using African cultivars has proven difficult due to sterility instability in the
BC; and BC, generations [15].
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4.2 The two-line method

In this system, male sterility is conditioned by the interaction of nuclear genes
with environmental factors such as photoperiod, temperature or both. Such lines
are referred to as environment-genetic male sterility (EGMS). The ones conditions
by lines temperature are technically known as thermosensitive-genetic male sterility
(TGMS), ones by photoperiod are photo-genetic male sterility (PGMS) and by
both temperature and photoperiod are referred to as photo-thermo-genetic male
sterility [17, 20]. Organization and seed production are simpler in this system than
the CMS system. The EGMS lines are multiplied by sowing these lines in such a way
that the sensitive period coincides with photoperiod/temperature that is conducive
for inducing fertility. Hybrid seed production is taken up by sowing these lines in
such a way that the sensitive stage coincides with the photoperiod or temperature
conducive for inducing complete male sterility [20]. Magnitude of heterosis in
two-line hybrids is 5 to 10% higher than in three-line hybrids. The major constraints
to developing and using TMGS lines in the tropics are limited availability of stable
TGMS germplasm. Since the PGMS, TGMS and PTGMS are controlled by reces-
sive gene (s), when these lines are crossed with a fertile line, the hybrids are fully
fertile, irrespective of the day length and temperature conditions prevailing during
the growth season. Although attractive and potential as a tool for exploiting het-
erosis, the EGMS system has some advantages and disadvantages. Compared to the
two-line system, the use of the three-line system is expensive and labor intensive
but much more reliable. Since the two-line system does not require a maintainer
line, any line can be used as pollen donor. This increases the chances of identifying
higher yielding hybrids in the two-line system than the three-line system. However,
any sudden changes in the environmental conditions during the hybrid production
season affect the sterility of the temperature sensitive line and the requirement of
additional land in different day length areas limits the ability to reliably produce
hybrid rice using the two-line system [20].

5. Identification of high-yielding hybrids

After a large number of prospective parental lines (CMS, restorers or EGMS)
have been identified, there is the need to select the most promising ones by their
ability to give superior hybrids. This is normally achieved using the line by tes-
ter design [17]. Although it is still not well understood, the positive correlation
between genetic distance of hybrid parents and the resulting F; heterosis is accepted
phenomenon. Heterosis levels in rice are reported to increase in the direction of
Japonica x japonica < indica x indica < japonica x javanica < indica x javanica < indica
x japonica [14]. Utilization of intersubspecific heterosis has been regarded as a
promising strategy for increasing rice productivity. Large efforts have been invested
in the last decades for breeding indica—japonica hybrids. However, such efforts have
been hindered by hybrid sterility that frequently occurs in intersubspecific crosses.
Discovery of Wide Compatibility Varieties (WCVs) brought hope for breaking the
sterility barrier between indica and japonica subspecies and provided a possibil-
ity for exploiting the strong heterosis between them. The WCVs could produce
fertile F; hybrids when crossed with Indica or Japonica lines. The key approach was
to introduce wide compatible genes into the restorer or CMS lines for developing
widely compatible restorer or CMS lines which will permit the production of fertile
F; hybrids from either subspecies. Through marker-assisted selection, Guo et al.
[21] successfully pyramided the indica allele (S-i) at four loci (Sb, Sc, Sd and Se)
and the neutral allele (S-n) at S5 locus in japonica genetic background to develop
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Indica-Compatible Japonica Lines (ICJLs). These lines have a great promise of
overcoming the intersubspecific hybrid sterility and exploiting the high heterosis
between them. There is also a super hybrid rice breeding project in China trying to
exploit intersubspecific heterosis in combination with ideal plant type [17].

6. Enhancing outcrossing in hybrid rice seed production

Various natural and artificial methods are employed to increase outcrossing
rate in hybrid rice seed production. Among the artificial ones are flag leaf clipping,
gibberellin application and supplementary pollination [14]. Besides, there are
several traits that naturally contribute to hybrid rice seed production efficiency.
These include days to heading, pollen load, pollen longevity, and morphological
traits of floret such as size of stigma and style, stigma exertion, stigmatic receptiv-
ity and spikelet opening angle. Stigma exertion rate is emphasized as a key factor
for efficient hybrid rice seed production [14]. The extent to which the stigma is
exerted in the female parent (male sterile line) increases the chances of outcross-
ing thereby increasing hybrid seed set. Stigma exertion is a genetic trait and not all
male sterile lines possess high expression of it. It is therefore possible to enhance
the trait through specific breeding efforts using appropriate donors. Both qualita-
tive and quantitative modes of inheritance have been reported for stigma exertion.
Besides several quantitative trait loci (QTL) controlling stigma exertion have been
mapped to different rice chromosomes [22] with molecular markers and can easily
be introgressed into other parents.

7. Attempts at development and commercializing hybrid rice in Africa

Egypt is the only African country that has successfully developed local rice
hybrids in commercial scale. Hybrid rice research in Egypt started around 1982 and
intensified since 1995 with the launching of a mission-oriented project through
a cooperation between Rice Research Program of Egypt and International Rice
Research Institute (IRRI). Since then, hybrid rice varieties have been developed and
released to help Egyptian farmers improve productivity and increase production
[23, 24]. In conjunction with Africa Rice Center (AfricaRice), several African coun-
tries started introducing and evaluating hybrid rice mostly from Asia. AfricaRice
started a hybrid rice breeding program to developed hybrid varieties for the sub-
Saharan Africa region starting from the year 2000 [15]. For a start, the AfricaRice
program tried to build on hybrids developed by the Green Super Rice project jointly
coordinated by the Chinese Academy of Agricultural Sciences (CAAS), AfricaRice
and IRRI. Hybrids from the project were evaluated for yield and general adaptabil-
ity in the rainfed and irrigated ecologies of eight African countries (Liberia, Mali,
Mozambique, Nigeria, Rwanda, Senegal, Tanzania and Uganda) [15]. Although
promising hybrids out-yielded the best inbred checks, they were susceptible to the
major pest and diseases in the region [15, 25]. This necessitated the development
of AfricaRice’s in-house hybrids program with the following objectives: (i) develop
new parental lines from local varieties; (ii) determine adaptability of some CMS
lines in Africa; and (iii) establish a hybrid rice seed production system in some
African countries [15]. About 50 high-yielding hybrid rice lines were developed
and evaluated in several African countries by the AfricaRice program [25]. Notable
among them is the aromatic hybrid rice variety (AR051H) released in 2017 by the
Senegalese Institute of Agricultural Research under the name ISRIZ 09. AfricaRice
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and CORAF through donor support projects have been showcasing and promoting
the adoption of hybrid rice technology in some Sub-Saharan African countries.
Initial studies on local hybrid rice seed production in some West African coun-
tries indicate no technical hindrance since a seed yield of about 1-2 t/ha could be
obtained in many of these countries [15].

Aside the AfricaRice’s program, the African Agricultural Technology Foundation
(AATF) is working with partners to develop new indigenous rice hybrids that
can increase rice yields and improve productivity for farmers in the Eastern and
Southern Africa. Unlike AfricaRice’s program which uses the CMS (three-line)
system, the AATF project dubbed “breeding by design” uses the thermosensitive
(two-line) system [26]. The partnership intends to develop hybrid rice germplasm
that is adapted to African conditions using the 2-line hybrid rice system. Under the
partnership, an information technology tool with interpolated weather surfaces to
predict temperature regimes and manage 2-line hybrid rice production risk is being
established. The project as well intends to train a network of researchers and seed
production specialists interested in 2-line hybrid rice. The broad objective of the
AATF partnership is to develop and expand 2-line hybrid rice technology in selected
African countries and ensure that through private companies and public institu-
tions in Africa, this technology reaches farmers and increases their rice yields and
income. As support for hybrid rice on the African continent increases, the AATF
and its partners including IRRI have formed the Alliance for Hybrid Rice in Africa
(AHyRA). The key objectives for AHyRA initiative are to:

1. Promote collaboration and business integration between stakeholders of rice
value chains to develop, produce and market hybrid rice seeds.

2. Create a consolidated advocacy for an enabling environment for the sustain-
able use of hybrid rice in Africa.

3. Conduct joint adaptability testing of available hybrid rice varieties

4. Generate a robust database for parental lines and hybrid rice for the use of
stakeholders, and private seed companies, particularly in Sub-Saharan Africa.

5.Strengthening the capacity of partners on the hybrid rice technologies.

Other National Agricultural Research systems (NARs) in collaboration with
multi-national and local private seed companies also initiate their own in-country
hybrid rice development and commercialization endeavor. For instance, NARS
in Ghana in collaboration with international and local private seed companies
(WIENCO, ADVANTA and SEED CO.) have conducted studies into farmer pre-
ferred traits and potential for adoption of hybrid rice [27] in Ghana, evaluated
introduced rice hybrids for yield, rection to disease and grain quality attributes [28].
A study has also been conducted to identify CMS maintainers and restorers for local
hybrid rice development [29]. Although these efforts have led to the release of two
hybrid rice varieties with 15-20% yield advantage over the best inbred check, pro-
motion and commercialization is still low. Plans for in-country hybrid rice seed pro-
duction has also not been materialized and seeds of these hybrid are still imported.
Mali in collaboration with IRRI initiated its own hybrid rice development program
in early 2011 [15]. A summary of countries involved in hybrid rice research and
development and their status and collaborators is presented in Table 1. Examples of
some released hybrid rice varieties on the African continent is presented in Table 2.
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Country Status Collaborating institutions/
projects
Egypt Grow locally developed hybrid rice varieties Rice Research and Training
Centre, IRRI, FAO
Ghana Identification of farmer preferred traits, evaluation Advanta, Seed Co,
of introduced hybrids, identification of CMS Wienco-Ghana
maintainers and restorers,
Mali Evaluation of introduced hybrids, identification of IRRI/AfricaRice hybrid rice
CMS maintainers and restores projects
Mozambique Evaluation of introduced hybrids AfricaRice hybrid rice
breeding program
Nigeria Evaluation of introduced hybrids AfricaRice hybrid rice
breeding program
Senegal Evaluation of introduced hybrids AfricaRice hybrid rice
breeding program
Tanzania Evaluation of introduced hybrids AfricaRice/AATF hybrid rice
breeding programs
Uganda Evaluation of introduced hybrids AfricaRice hybrid rice
breeding program
Kenya Evaluation of introduced/developed hybrids AATF hybrid rice project

IRRI, International Rice Research Institute; AATE, African Agricultural Technology Transfer; AfricaRice, Africa
Rice Center; FAO, Food and Agricultural Ovganization.

Table 1.
African countries involved in hybrid rice vesearch and development and their status.

Hybrid Released Institution
country
ARO51H (ISRIZ 09) Senegal Senegalese Institute of Agricultural Research
PAC 801 Ghana CSIR-Savanna Agricultural Research Institute
Arize 6444 Gold Ghana CSIR-Crops Research Institute
EHRI1 (SK2034) Egypt Rice Research and Training Centre
EHRI2 (SK2046) Egypt Rice Research and Training Centre
EHR3 (SK2151H) Egypt Rice Research and Training Centre
Table 2.

Examples of released hybrid rice varieties on African continent.

8. Prospects of hybrid rice in Africa

Hybrid rice has the potential to help increase rice production and productivity as
well as reducing rice imports in Africa. The main tenet of hybrid rice technology is
to employ the phenomenon of heterosis to out yield the available inbred semi-dwarf
varieties. A yield advantage range of 15-20% over available inbred checks reported
in other parts of the world has also been recorded in Africa [15, 24, 25, 28]. Scaling
up and promoting adopting of these hybrids, will contribute to food security in
general on the African continent. It will also enable majority of the populace afford
to buy their staple food at reasonable prices thereby helping to maintain political
stability. Improving rice productivity on the African continent has relied heavily
on increasing land area which is unsustainable. Hybrid rice technology has the
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ability to help save land required for rice production and put into other productive
uses. The technology also could encourage private sector involvement in the rice
seed research and development. One challenge for multi-nationals and other local
private seed companies engaged on the African continent has been the unavail-
ability of a functional plant variety protection (intellectual property) systems to
protect their new varieties. Since the hybrid system provides some sort of biological
intellectual property through the control hybrid parents, seed companies could
operate effectively to recoup their investment. This in turn will assure farmers
access to quality rice seed which normally is a challenge to improve rice productivity
on the African continent. Hybrid rice cultivation requires fresh F; seed for every
cropping season. This will require the development of a functional hybrid seed
production, processing and marketing infrastructure in the form of seed enter-
prises (public, private or NGOs). This has the potential to create additional rural
employment opportunities for the rural folk mostly youth and women. Introduced
hybrids were found to exhibit substantial yield advantage under both rainfed and
irrigated lowland ecologies [25]. These two ecologies form a large portion of the
available area for rice cultivation. Thus, hybrids varieties could be promoted widely
among rice production regions of Africa. There seems to be an emerging interest by
donor and international agencies working toward achieving rice self-sufficiency on
the African continent to position hybrid rice as a technology that can contribute to a
food secured Africa. Promotion of locally adapted high yielding varieties developed
by AficaRice currently enjoys some donor support through technologies for African
agricultural transformation (TAAT) rice compact and the West and Central African
Council for Agricultural Research and Development (CORAF). This involves work-
ing toward the right policies and infrastructural requirements to make this technol-
ogy thrive and such a concerted effort is bound to chalk some success.

9. Challenges of hybrid rice adoption

Like other continents, Africa will have to overcome the major constraints to large
scale adoption of hybrid rice. These include high cost of seeds, poor grain quality
issues, pest and diseases susceptibility, human capacity for hybrid rice development
and the difficulty of identifying higher heterosis (> 25%) at the field level [30]. Most
African rice farmers have built a tradition of using self -saved seeds. This tradition,
maybe, was to adapt to the unavailability of adequate reliable seed companies to
ensure timely supply of quality rice seeds. Most rice farmers still use traditional vari-
eties. For the few that use improved varieties, it is through the informal system. The
business of rice seed production is at the budding stage and will have to be developed
before hybrid varieties could have a place. Most African governments still ensures
that their farmers get the benefits of improved seeds through the subsidy. The major
challenge for hybrid rice includes whether African rice farmers will be willing to buy
hybrid seeds for every cropping season and to do so at a higher price. The hybrid
rice technology itself could also act as a catalyst to creating a sustainable rice seed
business by providing varieties with high yield advantage which can attract farmers
to patronize improved rice varieties. That means the realizable yield advantage of
hybrids on the field should be high enough. Although initial studies suggest that
farmers anticipate above 30% yield advantage over existing best inbred to guarantee
adopting a variety that requires seasonal seed purchase [27], there is a technical
limitation to the realizable field heterosis by hybrid varieties.

Sub-Saharan Africa is among the few places globally where rice yields are still
low with average yield of about 2.2 t/ha. This is largely due to the use of less produc-
tive cultivation technologies and inputs particularly fertilize [31]. Although hybrid
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varieties perform relatively better under stress conditions, the full potential could be
realized under optimal inputs. For African rice farmers to realize the yield benefit of
hybrids, there will be the need for hybrid seeds be accompanied with a well-researched
and recommended agronomic package that will give farmers the best yield.

Hybrid rice is new to the African continent and knowledge on the technology is
limited. There will be the need to train a critical mass of scientists and technicians
on hybrid rice research and seed production to spearhead the development, demon-
stration and adoption of the technology. Aside that, farmers should be educated not
to save and replant hybrid seeds.

The African continent is fragmented in terms of essential traits. There will be
the need to develop different hybrid combinations for different rice production
regions depending on their important traits. Hybrid rice breeding uses concepts,
skills, and procedures which are strikingly different from those used for conven-
tional inbred rice development. Unlike conventional inbred rice development which
accumulates productive genes that perform well in a homozygous state year after
year, hybrid rice breeding exploits hybrid vigor which provides additional genes
that add to the yield obtained by the productive genes in the homozygous varieties.
Most introduced rice hybrids tend to have problem of susceptibility to local pest and
diseases such as blast, rice yellow mottled virus (RYMV) disease and African rice
gall midge (AfRGM) [25]. Aside these stresses, poor grain quality was one of the
major constraints for large scale adoption of hybrid rice in Asia. Varieties with long
slender aromatic grains that cook soft are mostly preferred by consumers within
the West African sub-region. Breeders will have to battle with these traits which are
mostly quantitatively inherited and difficult to combine in in developing products.

10. Conclusion

There is an emerging interest to position hybrid rice as a technology that can
contribute to attaining rice self-sufficiency in Africa. Some African countries have
responded by testing promising introduced and in-house hybrids developed by
the pan-African rice research institute (AfricaRice). Some of these hybrids have
shown favorable yield advantages over the best available inbred lines, but there
are reports of susceptibility to some local pest and diseases. Initial studies on seed
production potential indicates that most countries have conducive environment for
local hybrid rice seed production. Nonetheless, there is the need to train a critical
mass of scientists and technicians to champion the hybrid rice agenda and educate
farmers not to save and re-plant hybrid rice seeds. There are a number of traits that
hybrid breeders should also consider in developing products for the various market
segments. For farmers to appreciate the need for buying seeds every season and ata
higher price, hybrid varieties with higher field level heterosis should be developed
and demonstrated. Also, promotion of hybrid rice seeds should go along with a
well-researched recommended crop management package that will give farmers
the best of yield. The hybrid rice agenda should form part of the overall strategy to
develop a sustainable integrated rice seed sector to benefit African rice farmers.
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Chapter 4

Phenolic Compounds and
Potential Health Benefits of
Pigmented Rice

Prinya Wongsa

Abstract

Rice (Oryza sativa L.) is one of the most important staple plant foods for global
population especially in Asian countries. Pigmented rice including red rice, black,
and purple contains a range of bioactive compounds including phenolics acids
and flavonoids. Anthocyanins and proanthocyanidins are recognized as a major
functional component in pigmented rice. Recently, pigmented rice varieties have
received increasing attention from consumers due to its high nutritional values and
bioactive compounds, providing its potential health benefits including antioxidant,
anti-inflammatory, anticancer, and antidiabetic. Therefore, the objective of this
chapter is to provide an up-to-date coverage of a systematic and advanced isolation,
extraction and analytical methods, and potential health benefit studies related to
antioxidant, anti-inflammatory, antidiabetic cardiovascular disease risk inhibition
potential and anti-neurodegenerative potential of pigmented rice.

Keywords: black rice, red rice, phenolics, anthocyanins, potential health benefits

1. Introduction

Rice (Oryza sativa L.) is a cereal food and consumed, providing energy and
nutrients for more than half of the world’s population, particularly in Asian
countries [1]. An increasing in rice consumption in Africa and Latin America
has been observed in the past decade, mainly due to urbanization and changes in
eating habits. In addition, European, US and Australian citizens are eating more
rice, possibly due to an increased interest in global traveling and Asian cuisines.
The world production of rice (paddy) was 782.00 million metric tons in 2018 [2].
The most common rice consumed by human is white rice (85%) and the rest is
pigmented rice.

Rice paddy consists of hull and caryopsis. The hull or the outer layer constitutes
about 20% of the total paddy rice contain minerals and cellulose. The hulling
process also separated the hull from the grain or kernel. After removing of husk,
whole-grain rice is the unpolished version of the grains consisting of the germ
(2-3%), bran (6-7%), and endosperm (about 90%), and is also called brown rice
[3]. Consequently, the process of milling is carried out to obtained white rice, also
referred to as milled or polished rice, by removing 8-10% of external layers (mainly
bran) from brown rice [4]. The endosperm of rice contains water 12%, carbohydrate
75-80%, and protein 7% [5]. Rice carbohydrate is primarily a starch which is made
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up of linear amylose and branched amylopectin [6-8]. According to the amylose con-
tent in rice, rice cultivars can be classified into five groups including waxy (1-2%),
very low (2-9%), low (10-20%), intermediate (20-25%) and high (25-33%) [9].

White rice is a common source of starches and phtochemicals including phenolic
compounds, sterols, y-oryzanol, tocotrienols and tocopherols which locate particu-
larly in the outer layer such as pericarp and aleurone of rice grains [10]. In addition,
pigmented or colored rice including black, red and dark purple rice is well known by
the rice pericarp or grain having a black, red brown or dark purple color in its covering
layers. The pigments, which are located in the aleuronic layer of rice grain, have been
reported to consist of a mixture of anthocyanin compounds [6, 10-13]. The pig-
mented rice has been cultivated and consumed in Asia including China, Japan, Korea,
and South East Asian countries for a long time and is widely known as “forbidden
rice” Royal families and kings used to consume these special varieties of rice in order
to have their health improvement and to enhance their wealth [14]. In addition, many
varieties of dark pigmented rice including Japonica black rice, Chinese black rice,
Thai black rice and Indonesian black rice have been widely studied. Similar to white
rice, pigmented rice is found in short-grained and long-grained, waxy (glutinous)
and non-waxy (non-glutinous), husked and early maturing stages. The black and
red rice have been used as a functional food and their extracts are also used as food
colorants in breads, ice cream and liquor [8, 15].

Interestingly, an increased incidence in non-communicate including heart dis-
ease, Type II diabetes, obesity, and cancers in both developing and developed coun-
tries has been observed. Recently, pigmented rice varieties have gained an increase in
attention from consumers due to its high nutritional value and bioactive compounds,
providing its potential health benefits including antioxidant, anti-inflammatory,
anticancer, and antidiabetic [8, 11, 16, 17]. In addition, many epidemiological and
interventional studies have reported that the consumption of fruits and vegetables,
cereal, whole grains, wine, cocoa, coffee and tea can reduce the risks of non-commu-
nicable disease including obesity, neurodegenerative diseases, Type II diabetes, and
cardiovascular diseases [18, 19]. For the most part, the biological functional effects in
acute and chronic diseases of plants have been traced to their phenolic compounds.
Various studies have shown that phenolic compounds act as antioxidants [20].
Antioxidants control and reduce the oxidative damage in foods by delaying or inhib-
iting oxidation caused by reactive oxygen species (ROS), extending the shelf-life and
quality of food products [21]. In addition, beta carotene, ascorbic acid, and phenolic
compounds play important roles in delaying aging, reducing inflammation, and
preventing certain cancers in human. The health benefits of whole grains are mainly
contributed by one of its major constituents of phenolic compounds including
phenolic acids, anthocyanins, and proanthocyanidins, which are the most common
secondary metabolites in cereal grains, exist in pigmented grains and are considered
to be the most effective antioxidants in nature [12]. Therefore, the objective of this
chapter is to provide an up-to-date coverage of pigmented rice in regard to bioactive
constituents, extraction and analytical methods, and their potential health benefits.
Special attention is paid to bioactivities of pigmented rice and its main anthocyanins.

2. Phytochemicals in cereal grains

Cereal grains are composed of nutrients and phytochemicals. Phytochemicals are
bioactive, non-nutritional plant compounds, which typically occur in small quantities
in plants foods, for example, fruits and vegetables, whole grains and cereals. The most
important groups of dietary phytochemicals can be divided into general categories
as phenolics, alkaloids, nitrogen-containing compounds, organosulfur compounds,
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phytosterols, and carotenoids [18]. In addition, bioactive compounds including
phenolic compounds, phytosterols, tocols, dietary fibers (mainly beta-glucan),
lignans, alkylresorcinols, phytic acid, y-oryzanols, avenanthramides, inositols and
betaine are obtained from whole grain cereals [19, 22]. Some bioactive compounds are
quite specific to certain cereals, for example, y-oryzanol in rice, avenanthramide and
saponins in oats, beta glucans in oats and barley and alkylresorcinol in rye, although
these are also present in other cereals like wheat but relatively in fewer amounts.

3. Phenolic compounds in pigmented rice

Phenolics compounds or polyphenols contain one or more aromatic rings with
one or more hydroxyl groups and generally are categorized as phenolic acids,
flavonoids, stilbenes, coumarins and tannins [18]. Phenolic compounds are the
secondary metabolites plants, providing essential function in the reproduction and
growth of the plant, acting as defense mechanisms against pathogens, parasites and
environments (light, chilling, pollution, etc.), and contributing to the color of plant
[23, 24]. In addition to their roles in plants, phenolic compounds in human diet
provide health benefits associated with reduced risk of chronic diseases [22].

3.1 Phenolic acids

Phenolic acids in rice grain present in two forms including soluble and insoluble
forms. The soluble form, including free and conjugated forms, the former of which
can be extracted by solvent, such as aqueous methanol, ethanol, and acetone, and
the latter can be hydrolyzed from soluble phenolics by alkali. However, the insoluble
form, also called bound phenolics, which esterify to the cell walls. Among these
three phenolic fractions, the most abundant is insoluble bound phenolic acids,
followed by soluble conjugated phenolic acids and the least is soluble free phenolic
acids [25]. In addition, phenolic acids mainly exist in rice bran with trace amounts
in endosperm in different rice genotypes. Phenolic acids are widely distributed into
two sub-classes including hydrobenzoic and hydroxycinnamic acids and deriva-
tives. Figure 1 shows the structure of some common phenolic acids detected in rice.
Hydroxybenzoic acid derivates include p-hydroxybenzoic, protocatechuic acid,
vannilic, syringic and gallic acids. In addition, hydroxycinnamic acid derivates like
p-coumaric, caffeic, ferulic and sinapic acids. Phenolic acids in many plants are
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Vanillic acid -0OH -H -0OCH, -H Caffeic acid -OH -OH -H -H -H
Gallic acid -0OH -0OH -0OH -H Sinapic acid -OH -OCH; -0CH; -H -H
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Figure 1.
The chemical structures of the main phenolic acids.
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polymerized into larger molecules such as the proanthocyanins. Moreover, phenolic
acids may arise in food plants as glycosides or esters with other natural compounds
such as sterols, alcohols, glucosides and hydroxy fatty acids.

3.2 Flavonoids

Like as phenolic acids, flavonoids are secondary metabolites of plants with
polyphenolic structure. Flavonoids consist of a 15-carbon skeleton organized by a
three-carbon chain (C6-C3-C6 structure) and they are the most diverse compounds
in the plant kingdom. Flavonoids can be classified in to several sub-classes including
flavanols, flavones, flavones, isoflavones and anthocyanins. The most common fla-
vonoids of rice belong to a wide variety of sub-families such as flavonols, flavones,
flavanols, flavanons, and anthocyanins.

3.2.1 Anthocyanins and proanthocyanidins

Anthocyanins and proanthocyanidins are known as color pigments found in
several varieties of rice as bioactive compounds. These colorful pigment bioactive
compounds are located in the aleurone layer of rice grain [26]. Pigmented rice is
diverse in the color, mainly due to the grain’s high anthocyanin content. Several
pigmented rice including black, brown, dark brown, dark purple and red-grain rice
have been reported have been reported, which its color is depend upon the kinds of
pigment colors [17].

3.2.1.1 Anthocyanins

Anthocyanins is a group of reddish to purple water-soluble flavonoids existing in
pigmented rice and other cereal grains [27, 28]. The anthocyanidins or aglycons, the
basic structure of anthocyanins, consist of an aromatic C6 (A ring) that bonded to a
heterocyclic C3 (C ring) that contains oxygen, which is bonded by a carbon-carbon
bond to a third aromatic C6 (B ring). When the anthocyanidins are bonded to a sugar
moiety in the glycosidic linkage, they are known as anthocyanins [26]. In plants, they
are found in mono, di, or tri of O-glycosides and acylglycosides of anthocyanidins
[17]. Individual differences in anthocyanidins are related to the number of hydroxyl
groups; the nature, number and position of sugars linked to the molecule; and the
presence of aliphatic or aromatic acids attached to the sugar molecule. Anthocyanins
are derived from the most common six anthocyanidins (aglycones) including cyani-
din, delphinidin, petunidin, peonidin, malvidin and pelargonidin. Several antho-
cyanins have been isolated and identified from pigmented rice including cyaniding
3-glucoside, cyaniding 3-galactoside, cyaniding 3-rutinoside, cyaniding 3, 5-digluco-
side, malvidin 3-galactoside, peonidin 3-glucoside, and pelargonidin 3, 5-diglucoside
[6, 13, 28] and the basic chemical structures of the main anthocyanidins are shown in
Figure 2. Cyanidin-3-O-glucoside has been identified in black rice as the significantly
higher than others [6, 13].

3.2.1.2 Proanthocyanidins

Proanthocyanidins are a group of polymeric phenolic compounds consisting
mainly of flavan-3-ol units such as afzelechin, epiafzelechin, catechin, epicatechin,
gallocatechin, and epigallocatechin (Figure 3) [26]. More complex proanthocy-
anidins, having the same polymeric building block, form the group of tannins.
Proanthocyanidins can be A-type or B type structure with flavan-3-ol units doubly
linked by C4-C8 and C2-0O7 or C4-C6 and C2-07 for the former, and linked mainly
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The chemical structures of the main anthocyanidins.
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Figure 3.
The chemical structures of the main proanthocyanidins.

through C4-C8 or C4-C6 for the latter B-type proanthocyanidin is very common
in nature. In red rice, the block unit of proanthocyanidin consists of catechin and
epicatechin. Proanthocyanidins are synthesized in plants by using anthocyanidins
as key intermediates. These pigmented compounds are also responsible for red and
purple color in rice.

4. Extraction, identification, and quantification

The determination of phenolic compounds is a necessary prerequisite not only to
define the nutritional qualities of whole grain rice, but mostly to investigate on the
health benefits associated to the consumption of these food plants [29]. Therefore,
the most recent techniques for the extraction of the target compounds from rice
along with the analytical approaches adopted for the separation, identification and
quantification of phenolic acids, flavonoids, anthocyanins, and proanthocyanidins
must be fully studied. Extraction is a process used for separating bioactive compounds
from solutions using specific solvents by applying standard procedures. In addition,
extraction of bioactive compounds can be obtained by using either conventional or
non-conventional methods [30, 31].
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4.1 Conventional solvent extraction bioactive compounds

Conventional extraction is being used at a small-scale level to extract bioactive
components from several plant materials. This technique is usually based on the
extraction efficiency of different solvents, which are being used for this purpose.
The manual solvent extraction at ambient temperature is the most commonly used
method in extracting bioactive compounds from grains. The solvents included
acidified methanol with 1.0 N HCI (85:15, v/v), acidified methanol with 1 M
phosphoric acid (95:5 v/v), acidified methanol with trifluoro acetic acid (99.8:0.2,
v/v), acidified methanol with glacial acetic acid (95:5, v/v), and acetone/water
(80:20, v/v). The extraction ratio was a material to solvent at 1:10 (w/v) [30]. In
addition, in cold conditions, methanol (85%) and HCI (1 mol/L) was found to be
an appropriate extraction solvent for anthocyanins, along with 85% methanol or
70:29.5:0.5, v/v acetone:water:acetic acid for free proanthocyanidins [17].

According to Shao et al., [12] soluble-free, soluble-conjugated and insoluble-
bound phenolics of white, red and black rice were extracted by using 80% metha-
nol. The soluble phenolics mixture was extracted and concentrated to obtain soluble
phenolics. In order to get soluble-free phenolics, the concentrated soluble phenolics
were further extracted by ethyl acetate three times, and then dried by a rotary
evaporator, and dissolved in 5 mL of 50% methanol. To get soluble-conjugated
phenolics, the concentrated soluble phenolics were hydrolyzed using 4 M NaOH
for 2 h followed by adjusting pH to 1.5-2.0, extraction with ethyl acetate, drying
using a vacuum evaporator, and then dissolving in 5 mL of 50% methanol. After the
extraction of soluble phenolics, the residues were used to extract insoluble-bound
phenolics. Similarly, the soluble-conjugated phenolics could be prepared from the
concentrated soluble phenolics extracts by using 4 M NaOH and ethyl acetate.

In addition, our group [13] also used solid phase extraction (SPE) techniques
to purify and prepare soluble-free (unbound fraction) and soluble-conjugated
(polyphenol-rich bound fraction) phenolic compounds of pigmented rice. The
crude extracts of colored rice were purified by applied to Cyg solid phase extraction
unit. The solid phase cartridge was pre-washed in 0.2% (v/v) formic acid in aceto-
nitrile and then pre-equilibrated in 0.2% (v/v) formic acid in water. The unbound
materials including free sugars, organic acids and vitamin C were collected. The
SPE unit was then washed with a unit volume of 0.2% (v/v) aqueous formic acid
and then with 2 volumes of ultra-pure water. The polyphenol-rich bound fraction
was eluted with a unit volume of 80% (v/v) acetonitrile in water.

4.2 Non-conventional extraction techniques

The longer extraction time, costly and high purity solvent, evaporation of
the huge amount of solvent, low extraction selectivity, and thermal decomposi-
tion of thermolabile compounds are major challenges of conventional extrac-
tion. These limitations of conventional extraction methods can be improved
by introducing the promising techniques or non-conventional extraction
techniques, for example, ultrasound-assisted extraction (UAE) and microwave-
assisted extraction (MAE) [31].

4.2.1 Microwave-assisted extraction (MAE)
Microwave-assisted extraction has been implemented as an alternative
technique for extracting anthocyanins from pigmented rice because of its ability to

reduce both consumption time and solvent volume. For the MAE method, a com-
bination of 70°C, 300 W, with 10 min in MAE was the most effective in extracting
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anthocyanins from blue wheat and purple corn compared with 50°C, 1200 W,
and 20 min for black rice [30]. Moreover, this technique reduced the losses of the
biochemical compounds being extracted.

4.2.2 Ultrasonic-assisted extraction

Ultrasound-assisted extraction (UAE) has been used in applications of food-
processing technology to extract bioactive compounds from plant materials.
Ultrasound at levels greater than 20 kHz is used to disrupt plant cell walls. It helps
to improve the solvent’s ability to penetrate the cells and obtain a higher extrac-
tion yield. The UAE operates at a low operating temperature through processing
and maintain a high extract quality for compounds. Recently, Setyaningsiha et al.
(2019) reported the optimization of the UAE conditions for individual phenolic
compounds extraction from rice grains using 80% methanol in water for 25 min
at 45°C with amplitude 47%, cycle 0.4 s — 1, pH 4.25 and sample-to solvent ratio
of 1:5 [32]. The developed method presented the acceptable value for linearity and
precision (RSD). Therefore, the proposed UAE method is an effective technique for
the determination of individual phenolic compounds including caffeic, p-coumaric,
syringic, chlorogenic, isovanillic, isoferulic ferulic, p-hydroxybenzoic, sinapic,
p-hydroxybenzaldehyde, protocatechuic, vanillic acids, protocatechuic aldehyde
and quercetin in rice samples. However, the UAE has two main negative properties
mainly related to experimental repeatability and reproducibility [31].

4.3 Identification

After the extraction of bioactive compounds, the separation, identification
and quantitation are necessary to sudied. In the past few decades, there are a huge
number of published reports on HPLC analysis of extracted bioactive compounds
from rice grains describe as the most widely used analytical method. Recently,
Prabhakaran et al. (2019) reported the analyzed method of selected phenolic com-
pounds in rice grains and its by-products using liquid chromatography-electrospray
ionization-tandem mass spectrometry (LC-ESI-MS/MS) [33].

In addition, our group developed an identification and quantification tech-
niques for phenolic acids and anthocyanins in pigmented rice by using UPLC-ESI-
QqQ-MS/MS analysis [13]. The analysis was performed using a UPLC coupled
with a mass spectrometer. The separation was carried out by UPLC HSS T3 column
1.8 pm, 2.1 x 100 mm. Column temperature was maintained at 35°C. The mobile
phase consisted of 0.1% formic acid (solvent A) and 0.1% formic acid in acetonitrile
(solvent B) and the flow rate was set at 0.4 mL/min. The injection volume was
2.0 pL. A stepwise gradients B (%) including an initial isocratic at 2.0% for 1 min,
then linear gradient to 98% in 5 min, and by return to the initial condition of 2% B
in 7 min. Therefore, the total operation time was 12 min. The solvents and extracts
were previously filtered through a 0.45 pm filter membrane. Mass spectral data were
obtained in positive or negative mode with a mass range between m/z 0 to m/z 500.
The Multiple Reaction Monitoring (MRM) transitions and compound parameters
for the target phenolic compounds were developed. Identification was confirmed
by comparing m/z values, retention times and fragmentation patterns with those
of references standards. In addition, the concentration of phenolic compounds
was quantified using external standard method. Our study showed that eight
target phenolic compounds were detected and identified in both the unbound and
polyphenol-rich bound fractions of pigmented rice [13]. The identification of com-
pounds was carried out by applying one quantification transition (quantifier ion)
and/or one or two confirmation transitions (qualifier ions) to assess the detection
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and quantification specific to each compound (Table 1). Positive ionization mode
was selected for caffeic, ferulic acids, (+)-catechin and anthocyanins while negative
ionization mode was applied for p-coumaric acid and quercetin, due to the chemical
structures of the analyses and their ionization behavior observed in ion mode.

4.4 Quantitation

Pigmented rice is diverse in color, mainly due to the grain’s high anthocyanins
content. The contents of phenolic compounds and anthocyanins are summarized
in Tables 2 and 3, respectively, as examples of the phytochemicals that were
isolated and analyzed from pigmented rice including black, red, and purple
rice varieties. A range of phenolic compounds including vanillic, p-coumaric,
protocatechuic, caffeic and ferulic acids has been detected in pigmented rice. In
pigmented rice, the major phenolic acid was ferulic acid [6, 13, 25, 37]. Moreover,
major flavonoids present in pigmented rice are quercetin and catechin. In addi-
tion, cyanidin-3-O-glucoside is the most predominant anthocyanins in pig-
mented rice. A mean of cyanidin-3-O-glucoside content in black rice was about
higher than that of red rice [6, 13, 25, 37]. However, malvidin-3-O-glucoside was
not observed in pigmented rice.

Our UPLC-ESI-QqQ-MS/MS analysis for phenolic acids and anthocyanins in
pigmented rice showed that the retention times for the target phenolic compounds
ranged between 2.9 and 4.6 min An example of a UPLC-ESI-QqQ-MS/MS chromato-
gram for cyanidin-3-O-glucoside for the polyphenol-rich bound fraction of black
rice cv. Hom nil is shown in Figure 4. Hydroxycinnamic acids including caffeic,
p-coumaric and ferulic acids were characterized by the loss of the carboxylic acid
group (-COO; —44 m/z) [38]. The loss of the carboxylic acid group was observed
for p-courmaric acid giving m/z at 119 [M-H-44]—, as a characteristic ion. For acids
with a methoxy moiety, such as ferulic acid, the -COO loss was found by a loss of the
methyl group (-CH3; —15 m/z, -COO; — 44 m/z and -CH3; —59 m/z). The peak with
m/z 195 was contributed to the ferulic acid’s precursor ion while the peak of product
ion at m/z 136 was characterized to -COO and -CH3 moiety. In addition, the charac-
terization of anthocyanin was mostly based on the loss of glucose (162 m/z). A molec-
ular ion atm/z 449 [M + H] + corresponding with glycoside derivative of cyanidin
and a major fragmentation occurring at m/z 287 [M + H-162] + corresponding with
a cyanidin aglycone was observed in the polyphenol-rich bound fraction of black
rice cv. Hom nil (Figure 5(a)). The MS/MS spectrum of pelargonidin-3-glucoside in

Qualified compound Retention time m/z Precursor m/z m/z
(min) ion Quantifier Qualifier

(+)-Catechin 3.04 £0.01 291.10 130.01 123.03
Caffeic acid 329 +0.01 181.02 163.03 145.01
p-Coumaric acid 372+ 0.01 162.95 118.96 92.95
Ferulic acid 3.87+0.01 195.02 134.00 145.02
Quercetin 4.59 £ 0.01 300.90 178.05 150.92
Cyanidin-3-glucoside 2.87+0.01 449.10 287.05 137.00
Pelargonidin-3-glucoside 3.03+0.01 433.10 271.05 121.00
Peonidin-3-glucoside 310 +0.01 463.10 301.08 286.03

Reference: [13].

Table 1.
Retention time and fragment of phenolic compounds.
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Phenolic acids Pigmented Extracting Analysis Content Reference
rice varieties solvent method (mg/g)
Vanillic acid Purple Rice Methanol HPLC 0.19 + 0.06 [34]
95% HPLC 0.77 £ 0.02
Ethanol
Deionized HPLC 115+ 0.08
water
Purple rice 80% Reversed- 0.34 + 0.02 [35]
Methanol phase HPLC
Red rice 80% Reversed- nd
Methanol phase HPLC
p-Coumaric acid Black rice cv. Acidified UPLC-ESI- 0.05+0.01 [13]
Hom nil methanol QqQ-MS/
MS
Black rice cv. Acidified UPLC-ESI- 0.04 + 0.00
Rice berry methanol QqQ-Ms/
MS
Purple rice Acidified UPLC-ESI- 0.02 £ 0.00
cv. Khoa kum methanol QqQ-MS/
MS
Red rice cv. Acidified UPLC-ESI- 0.06 + 0.00
Hom deang methanol QqQ-MS/
MS
Purple rice 80% Reversed- 0.31+0.02 [34]
Methanol phase HPLC
Red rice 80% Reversed- 0.01+0.20
Methanol phase HPLC
Protocatechuic Purple Rice Methanol HPLC 0.24 + 0.05 [34]
acid
95% HPLC 1.02 + 0.08
Ethanol
Deionized HPLC 1.26 + 0.01
water
Protocatechuic Purple rice 80% Reversed- 1.60 + 0.02 [35]
acid Methanol phase HPLC
Red rice 80% Reversed- 0.31+0.02
Methanol phase HPLC
Caffeic acid Black rice cv. Acidified UPLC-ESI- nd [13]
Hom nil methanol QqQ-MS/
MS
Black rice cv. Acidified UPLC-ESI- nd
Rice berry methanol QqQ-MS/
MS
Purple rice Acidified UPLC-ESI- nd
cv. Khoa kum methanol QqQ-MS/
MS
Red rice cv. Acidified UPLC-ESI- 0.02 + 0.00
Hom deang methanol QqQ-MSs/
MS
(Continued)
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Phenolic acids Pigmented Extracting Analysis Content Reference
rice varieties solvent method (mg/g)
Purple rice 80% Reversed- 0.98 +0.32 [35]
Methanol phase HPLC
Red rice 80% Reversed- nd
Methanol phase HPLC
Ferulic acid Black rice cv. Acidified UPLC-ESI- 0.25+0.01 [13]
Hom nil methanol QqQ-MS/
MS
Black rice cv. Acidified UPLC-ESI- 0.40 + 0.03
Rice berry methanol QqQ-MS/
MS
Purple rice Acidified UPLC-ESI- 0.24 £ 0.02
cv. Khoa kum methanol QqQ-MS/
MS
Red rice cv. Acidified UPLC-ESI- 0.57 + 0.02
Hom deang methanol QqQ-Ms/
MS
Purple rice 80% Reversed- 1.03 £ 0.02 [12]
Methanol phase HPLC
Red rice 80% Reversed- 0.34 + 0.05
Methanol phase HPLC
Catechin Purple Rice Methanol HPLC 0.09 + 0.01 [34]
95% HPLC 1.73 +0.05
Ethanol
Deionized HPLC 0.37+0.09
water
Black rice cv. Acidified UPLC-ESI- 0.12+0.01 [13]
Hom nil methanol QqQ-MS/
MS
Black rice cv. Acidified UPLC-ESI- 0.10 + 0.01
Rice berry methanol QqQ-MS/
MS
Purple rice Acidified UPLC-ESI- 0.01+0.00
cv. Khoa kum methanol QqQ-MS/
MS
Red rice cv. Acidified UPLC-ESI- 091+ 0.08
Hom deang methanol QqQ-MS/
MS
Quercetin Purple rice 80% Reversed- 0.29+0.22 [35]
Methanol phase HPLC
Red rice 80% nd
Methanol
Black rice cv. Acidified UPLC-ESI- 0.07 + 0.03 [13]
Hom nil methanol QqQ-MS/
MS
Black rice cv. Acidified UPLC-ESI- 0.08 + 0.00
Rice berry methanol QqQ-MSs/
MS
Purple rice Acidified UPLC-ESI- 0.10 + 0.01
cv. Khoa kum methanol QqQ-MS/
MS

n.d: not detectable.

Table 2.

Phenolic compound contents in pigmented rice.
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Anthocyanins Pigmented Extracting Analysis Content (mg/g) Reference
rice varieties solvent method
HPLC
Cyanidin Black rice cv. Acidified HPLC 13741 + 16.66 [6]
3-glucoside Niaw Dam methanol
Pleuak Khao
Black rice cv. Acidified HPLC 19.39 + 0.09
Niaw Dam methanol
Pleuak Dam
Purple Rice Methanol HPLC 21.09 +1.09 [34]
Ethanol HPLC 8.40 + 0.00
Deionized HPLC nd
water
Thai black rice Acidified HPLC 142+ 1.5 [36]
methanol
Thai Jasmine Acidified UPLC- nd
red rice methanol ESI-
QqQ-MS/
MS
Black rice cv. Acidified UPLC- 132.96 + 393 [13]
Hom nil methanol ESI-
QqQ-MS/
MS
Black rice cv. Acidified UPLC- 4780 + 0.44
Rice berry methanol ESI-
QqQ-MS/
MS
Purple rice cv. Acidified UPLC- 11.75 + 0.32
Khoa kum methanol ESI-
QqQ-MS/
MS
Red rice cv. Acidified UPLC- 0.06 + 0.00
Hom deang methanol ESI-
QqQ-MS/
MS
Pelargonidin Black rice cv. Acidified UPLC- 0.23+0.01 [13]
3-glucoside Hom nil methanol ESI-
QqQ-MS/
MS
Black rice cv. UPLC- 0.07 + 0.00
Rice berry ESI-
QqQ-MS/
MS
Purple rice cv. UPLC- 0.03 £ 0.00
Khoa kum ESI-
QqQ-Ms/
MS
Red rice cv. n.d
Hom deang
Malvidin Purple Rice Methanol HPLC nd [34]
3-glucoside Ethanol HPLC n.d
Deionized HPLC n.d
water
(Continued)
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Anthocyanins Pigmented Extracting Analysis Content (mg/g) Reference
rice varieties solvent method
HPLC
Peonidin-3- Black rice cv. Acidified HPLC 11.07 + 0.97 [6]
glucoside Niaw Dam methanol
Pleuak Khao
Black rice cv. Acidified HPLC 12.75+ 0.51
Niaw Dam methanol
Pleuak Dam
Black rice cv. Acidified UPLC- 19.56 + 0.39 [13]
Hom nil methanol ESI-
QqQ-MS/
MS
Black rice cv. Acidified UPLC- 6.94 + 0.26
Rice berry methanol ESI-
QqQ-MS/
MS
Purple rice cv. Acidified UPLC- 5.29 + 0.10
Khoa kum methanol ESI-
QqQ-MS/
MS
Red rice cv. Acidified UPLC- 0.01+0.0
Hom deang methanol ESI-
QqQ-MS/
MS
Thai black rice Acidified HPLC 98+ 0.5 [36]
methanol
nd
Thai Jasmine Acidified HPLC nd
red rice methanol

n.d: not detectable.

Table 3.
Anthocyanins contents in pigmented rice.

201601189_004 1: MRM of 12 Channels ES+
- 2.87 449,71 > 287.06 (Cyanidin)
100_ 1 3.43e7
- R ‘
I| \
o T T T T T 1 T T T T
2.00 4.00 G.00 8.00 10.00
20160119_004 1: MRM of 12 Channels ES+
. 2.84 449.1 > 137 (Cyanidin)
100 r 4.35e6
|
p ‘|
Ess ‘l
‘L
o T T T T T T T T
2.00 4 .00 .00 8.00 10.00
Figure 4.

Chromatogram of cyanidin 3-O-glucoside [13].
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(a) MS/MS spectrum of cyanidin 3-O-glucoside. (b) MS/MS spectrum of pelargonidin-3-O-glucoside.
(c) MS/MS spectrum of peonidin 3-O-glucoside [13].

the positive ionization mode (Figure 5(b)) of the polyphenol rich bound fraction
of black rice cv. Hom nil showed protonated molecular ions at m/z 433 [M + H] +.
The product ion of aglycone at m/z 271 [M + H-162] + corresponds to the loss of a
pelargonidin moiety. The positive ion mass spectrum of the polyphenol-rich bound
fraction of black rice cv. Hom nil (Figure 5(c)) showed its molecular ion at m/z 463
[M + H] + and a major fragment at m/z 301 [M + H-162] +. These data indicated the
presence of a peonidin aglycone and a hexose moiety.

Proanthocyanidins are high molecular weight of flavan-3-ol polymers that consist
of catechin, epicatechin, gallocatechin, and epigallocatechin units that can also be
found in rice germ and bran, particularly in pigmented rice. Proanthocyanidins were
only detected in red and black rice, and their contents were dependent on the geno-
types which differed from 15.57 mg/kg to 141712 mg/kg, respectively. In red rice,
the majority of proanthocyanidins are oligomers of 5-8 mers (40%), whereas the
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polymers (DP > 10) accounted for 29% [12]. Moreover, total proanthocyanidins of
the traditional Sri Lankan red-grained rice varieties ranged from 11.95 to 24.70 mg/g
in bran samples and from 1.07 to 2.27 mg/g in brown rice samples [39].

5. Health benefit potentials of pigmented rice

Phenolic compounds have many biological activities, for instance, antioxidant
[40, 41] and anti-inflammatory properties [42]. Several epidemiological studies
suggested that high dietary consumption of polyphenols is associated with decreased
risk of a range of diseases including antidiabetic [43, 44], cardiovascular disease
(CVD) [45], and neurodegenerative diseases [46].

5.1 Antioxidant activity

Phenolic acids and flavonoids function as reducing agents, free radical scav-
engers, and quenchers of singlet oxygen formation. The antioxidant property of
the phenolic ring depends on the number and location of the hydroxy groups [47].
Pigmented rice varieties showed high antioxidant capacity along with the highest
flavonoid and polyphenol content [42]. Flavonoids and phenolic acids components
play important roles in the control of oxidative stress, which is considered to be
substantial in an initiation and development of many current conditions and
diseases including inflammation, hyperglycemia, hypertension, heart diseases,
neurodegenerative diseases, cancer and in the aging process. However, antioxidants
are substances that significantly delay or prevent the oxidation of an oxidisable
substrate when present in low concentrations compared to the substrate.

5.2 Antidiabetic activity

Hyperglycaemia, or high blood sugar, is one of the most common disorders.
Antidiabetic activity of phenolic acids and flavonoids has been reported by several stud-
ies. It has been reported that these anthocyanins have various beneficial effects, includ-
ing inhibitory effects against carbohydrate hydrolysing enzymes, including in a-amylase
and a-glucosidase. Our study on a-amylose inhibitory action of cyanidin-3-glucoside,
ranged from 0.1 mg/100 g DM in the red rice sample to 138.8 mg/100 g DM in the
black rice sample, showed that the IC50 value for potential inhibition against a-amylase
activity of crude extract of colored rice samples ranged from 2.5 pg/mL to 14.4 pg/mL.
The potential inhibition against a-amylase activity in black rice samples were higher
than those in red and purple rice samples, respectively [13]. In addition, the percentage
inhibition on a-glucosidase and a-amylase of fragrant black rice fractions had higher
potential than acarbose, a synthetic antidiabetic drug [48]. However, variation in
the structure of anthocyanins makes it difficult to determine their effects on Type II
diabetes. Understanding the absorption and metabolism of anthocyanins is important
for understanding their role in the improvement of this disease. Previous literature
suggested that anthocyanins may lower blood glucose by improving insulin resistance,
protecting f cells, increasing secretion of insulin and reducing digestion of sugars in
the small intestine. The mechanisms of action are primarily related to their antioxidant
properties, but enzymatic inhibition and other pathways may also be relevant [49].

5.3 Anti-inflammatory potential

Overproduction of free radicals and/or oxidants can cause oxidative stress and
oxidative damage to biological macromolecules including lipid, protein and nucleic

76



Phenolic Compounds and Potential Health Benefits of Pigmented Rice
DOI: http://dx.doi.org/10.5772/intechopen.93876

acids, which are associated with chronic diseases such as cancer, cardiovascular
disease and neurological disease [42]. In addition, free radicals including super-
oxide anion, (NO) and peroxynitrite play important roles in the inflammatory
process. According to the study carried out by Chalermpong et al. (2012) on the
anti-inflammatory activities of bioactive rich extracts from Thai glutinous purple
rice bran [50], the extracts of five purple rice bran sample showed a strong anti-
inflammatory activity through inhibitory effect on nitric/oxide (NO) production in
combined LPS-IFN-y-activated RAW 264.7 murine macrophage cells. Moreover, the
results also indicated that y-oryzanol rich extracts from Thai glutinous purple rice
bran were acting as a lipophilic radical scavenger better than a hydrophilic radical
scavenger. Moreover, these extracts exert a potent anti-inflammatory activity.

5.4 Cardiovascular disease risk inhibition potential

Cardiovascular disease (CVD) is a chronic disease related to a range of
genetic and environmental factors including smoking, high saturated fat diets
and physical inactivity. Moreover, coronary heart disease and stroke are a major
cause of mortality in developed countries Dyslipidemia is an abnormal high level
of dietary lipids such as plasma cholesterol, triglycerides, or a low level of high-
density lipoproteins (HDL). In addition, dyslipidemia often increases the risk
factor for atherosclerosis, which further increases the risk for developing coronary
heart diseases that are the leading cause of death among the aged population [51].
Several studies indicated a correlation between the intake of flavonols, flavones
and flavanols and a reduced risk of coronary artery disease and anthocyanin and
flavanone intake and reduced CVD related mortality. Lo et al., (2016) demon-
strated the effects of the newly bred Korean non-germinated and germinated
pigmented rice cultivars on ovariectomized (OVX) rats in comparison with the
nonpigmented normal brown rice [45]. All rat groups were fed with 20% rice
per total diet and showed that the supplementation of germinated rice for some
groups, particularly pigmented rice cultivars, resulted in better a lipid profile
compared to the groups that consumed non-germinated rice cultivars. In addi-
tion, germination increased the quantities of the bioactive compounds that are
responsible for the hypolipidemic activities of these rice grains. Showed a low
total cholesterol levels, high levels of high-density lipoproteins-cholesterol, high
fecal lipid output, low hepatic lipid values, and low hepatic adipocyte accumula-
tion. There were also an increase in the rate of lipolysis and decrease in lipogenesis
based on the lipid-regulating enzyme activity profiles obtained for the groups that
fed on germinated rice. Also, results revealed that pigmented rice cultivars had
superior effects in improving the lipid metabolism relative to the non-pigmented
normal brown rice variety. The application of germinated rice, blackish-purple
cultivars enhanced potential for the prevention and occurrence of dyslipidemias.

5.5 Anti-neurodegenerative potential

Neurodegenerative disorders including Parkinson’s and Alzheimer’s diseases
have been increasing in our aging societies. Flavonoids may act to protect the brain
in a number of ways, including by protection of vulnerable neurons, the enhance-
ment of existing neuronal function or by stimulating neuronal regeneration. Vargas
etal. (2018) reported the of studies using neuron-like cells, such as the SH-SY5Y
cell line, allowed the evaluation of the antioxidant activity of compounds in human
cells with biochemical characteristics similar to neurons, indicated the extract of
bioactive compounds in red and black rice brans extracts was able to prevent H,0,-
induced oxidative damage in SH-SY5Y cells [46].
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6. Conclusion

Pigmented rice especially black rick contains a wide range of biologically active
compounds for example cyanidin O-glucoside that can be used in a various in func-
tional foods and in nutraceuticals applications. The advancement of isolation and
quail-quantification techniques provides more opportunities for in-vitro and in vivo
studies on potential health benefits, given by pigmented rice and its by-products. In
addition, most of the studies on the biological properties of black or red rice bioac-
tive compounds have been conducted through an iz vitro approach; however, more
preclinical or in animal studies should be considered. Further investigations will be
needed to study evidence on the efficacy of bioactive compounds including phe-
nolic acids and anthocyanins in pigmented rice in terms of antagonistic, additive/
non-interactive, or synergistic effect on potential health benefits.
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Computational Analysis of Rice
Transcriptomic and Genomic
Datasets in Search for SNPs
Involved in Flavonoid Biosynthesis
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Abstract

This chapter describes the computational approach used in analyzing rice
transcriptomics and genomics data to identify and annotate potential single nucleo-
tide polymorphism (SNPs) as potential biomarker in the production of flavonoid.
SNPs play a role in the accumulation of nutritional components (e.g. antioxidants),
and flavonoid is one of them. However, the number of identified SNPs associated
with flavonoid nutritional trait is still limited. We develop a knowledge-based
bioinformatic workflow to search for specific SNPs and integration analysis on
the SNPs and their co-expressed genes to investigate their influence on the gain/
loss of functional genes that are involved in the production of flavonoids. Raw files
obtained from the functional genomics studies can be analyzed in details to obtain
a useful biological insight. Different tools, algorithms and databases are available
to analyze the ontology, metabolic and pathway at the molecular level in order to
observe the effects of gene and protein expression. The usage of different tools,
algorithms and databases allows the integration, interpretation and the infer-
ence of analysis to provide better understanding of the biological meaning of the
resutls. This chapter illustrates how to select and bring together several software to
develop a specific bioinformatic workflow that processes and analyses omics data.
The implementation of this bioinformatic workflow revealed the identification of
potential flavonoid biosynthetic genes that can be used as guided-gene to screen the
single nucleotide polymorphisms (SNPs) in the flavonoid biosynthetic genes from
genome and transcriptomics data.

Keywords: SNPs, comparative genomics, transcriptome, nutritional traits,
colored rice, integrative analysis, bioinformatics, flavonoid, genomics,
single nucleotide polymorphism, transcriptomics, bioinformatics workflow
1. Introduction
In recent years, high-throughput omics technologies (i.e. genomics, proteomics,

transcriptomics and/or metabolomics) provide unprecedented opportunities to
discover potential genes, proteins, metabolites, pathways and molecular markers for
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various applications. The availability of omics data produced from high-throughput
omics technologies has facilitated the molecular and genetic improvement of rice
varieties with higher yield, quality, nutrient dan resistance to the biotic and abiotic
stresses. However, past 15 years have seen the significant increase of omics data in
volume and types. This event has challenged the researchers to extract and decipher
invaluable information encoded in the data. This challenge can be addressed with
the use of bioinformatics in analyzing, integrating and interpreting these massive
omics data. There are various bioinformatic tools and algorithms that can be used
by the researchers to process, interpret and integrate data in a more efficient and
reproducible way. However, lack of connectivity between various tools and algo-
rithms complicates the process of extracting and deciphering the data. Hence there
is the need to find procedures to connect these tools to develop workflows that can
connect and bring together different techniques that are able to exploit data at many
levels.

Here we describe a computational workflow composed of different bioinfor-
matic tools that exploits data from large-scale gene expression experiments and
contextualize them at many biological levels. To illustrate the relevance of our
workflow, we applied it to data from rice varieties datasets in search for potential
SNPs that are associated with flavonoid biosynthetic genes. The workflow started
with identification of known flavonoid biosynthetic genes from published articles
and database search using several genome and pathway databases such as. KEGG,
PlantReactome, RiceCyc) and similarity search analysis.

The potential flavonoid biosynthetic genes were used as a guide-gene to screen
for single nucleotide polymorphisms (SNPs) in the flavonoid biosynthetic genes
from the genomics and transcriptomics data. Integration of SNP and co-expressed
genes was performed via network analysis. The transcriptomics data was used to
construct the gene co-expression network followed by the mapping of SNPs onto it.
A pathway-network analysis was performed to interpret the biological information
related to the flavonoid pathway-network. All information generated from these
computational analyses are stored in MyNutRiceBase (http://www.mynutricebase.
org) for knowledge sharing and future use in the functional genomics study and the
development of molecular markers.

2. Overview of flavonoids in omics and rice breeding improvement

Several types of rice breeding traits such as disease resistance, drought tolerance,
salinity tolerance, grain quality, high nutritional content are currently pursue by the
breeders and farmers in their effort to improve the traits of rice varieties. However,
nowadays breeding for improved rice varieties with high nutritional content has
attracted interest among breeders, geneticists and nutritionists. High protein [1],
carotenoid [2], micronutrients [3] and antioxidant content [4] are among the
preferred nutritional contents improved in rice varieties. Rice breeding for high
nutritional content has been carried out extensively by bio-fortification [5, 6]
and/or genetic engineering [7]. The improvement of nutritional content in rice is
essential due to their benefits for human health. Lack of specific nutrition can lead
to several diseases and malnutrition.

Flavonoids are secondary metabolites commonly produced in flowers, fruits,
vegetables and pigmented rice. Flavonoids are known as a potent antioxidant
beneficial for human health. Consumption of foods with high antioxidant contents
may lower the risk of cardiovascular disease, type II diabetes and colon cancer [8].
Additionally, flavonoid has shown to improve plant resistance against abiotic and
biotic stress [9].
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The flavonoid biosynthetic pathways are found in several crops such as maize,
tomato and rice [10]. Genes encoding enzymes involved in the flavonoid biosyn-
thetic pathways are categorized into general phenylpropanoid, early biosynthetic
genes (EBGs), late biosynthetic genes (LBGs) and transcription factors [11].
General phenylpropanoid contains three major genes such as phenylalanine
ammonia-lyase (PAL), cinnamic acid 4-hydroxylase (C4H) and 4-coumarate CoA
ligase (4CL). The EBGs include chalcone synthase (CHS), chalcone isomerase
(CHI), flavanone 3-hydroxylase (F3H) and flavanone 3’-hydroxylase (F3’'H) [11].
Genes in the general phenylpropanoid category and EBGs are upstream genes that
initiate the flavonoid biosynthetic pathways and responsible in the production of
secondary metabolites [11]. The LBGs such as dihydroflavonol reductase (DFR),
leucoanthocyanidin reductase (LAR), UDP-glucose flavonoid 3-O-glucosyl trans-
ferase (UGT) and leucoanthocyanidin oxidase (LDOX) lead to the production
of anthocyanin [11]. Genes categorized in EBGs and LBGs are also recognized as
structural genes [11].

Four transcription factors involved in the flavonoid biosynthetic pathways
are Kala4 (Os04g0557500), Re (0s07g0211500), R2R3-MYB (0s06g0205100)
and WD40 (0s02g0682500). Kala4 encodes a basic-helix—loop-helix (bHLH)
and it activates late biosynthetic genes to produce black pigmentation or antho-
cyanin in the seed pericarps [12]. Rc gene encodes for bHLH that regulates the
Rd (0s01g0633500) expression to produce red pigmentation [13]. However, Rc
expression without the participation of Rd has resulted to brown pigmentation [13].
Besides the existence of R2R3-MYB and WD40 in the flavonoid biosynthesis, they
also responsible to regulate the pigmentation in purple leaves [14, 15].

Anthocyanin and proanthocyanidins are two major flavonoid compounds
[11]. Pigmented rice (black and red) is enriched with antioxidant due to the
presence of anthocyanin and proanthocyanidin [16]. Understanding the genetic
basis of pigmented rice varieties is essential to develop rice varieties with high
antioxidant (flavonoid, anthocyanin, proanthocyanidin) content. A study by [17]
has dissected the regulation of flavonoid biosynthesis in edible rice tissue using a
metabolic engineering approach. Bioinformatics approach was used to identify key
flavonoid structural genes in the rice genome by species comparison against maize
and sorghum as sequence homologs [17]. A total of six genes encoding enzymes
(CHS, CHI, F3H, F3’H, DFR and ANS) in the flavonoid biosynthetic pathway were
selected for tBLASTN analysis against Nipponbare rice genome sequence. At least
66% amino acid identities were found in the rice genome sequences. The expression
patterns of six flavonoid genes were analyzed to investigate the accumulation of
flavonoids level in rice seedlings.

Previous study showed the correlation between sequence polymorphism and
metabolite profiling affects the flavonoid accumumation between indica and

japonica rice sub-species [18]. Different accumulation of flavonoids in these two
rice sub-species might due to the variation in flavonoid biosynthetic genes [19, 20].
A quantitative trait loci analysis was performed to develop molecular markers
associated with antioxidant content in rice [21]. The potential molecular markers
associated with antioxidant content can be applied in the marker-assisted breeding
towards the improvement of high-level antioxidant content in rice variety.

Understanding gene-based-SNP underlying flavonoid biosynthesis process is
crucial in developing rice cultivars with higher flavonoid contents. Integration of
single nucleotide polymorphisms (SNPs) and co-expressed genes can be used to
identify causal SNPs and to prioritize the functional SNPs involved with flavonoid
biosynthetic genes.

However, the study on molecular and genetic improvement of antioxidant con-
tent in rice via integration of multi-omics data is still limited. Current data is still
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inadequate to be applied in rice breeding selection. Furthermore, this constraint
limits detailed insight into the underlying mechanism and regulation of antioxidant
content on the system level. The association of SNPs in the causative biosynthetic
genes might be useful to uncover key alleles that influence the accumulation of
flavonoid. Linking the SNPs with their co-expressed genes that involved in the
flavonoid biosynthesis process could be a promising approach to prioritize the func-
tional SNPs and causal genes to be used in the experimental validation towards the
molecular and genetic improvement of rice variety enriched with flavonoid content.

3. Data analysis workflow

3.1 Data mining of potential genes and transcription factor related to flavonoid
biosynthesis

Pubmed (https://pubmed.ncbi.nlm.nih.gov/), Web of Science (https://www.
webofknowledge.com/) and Scopus (https://www.scopus.com/) were used sys-
tematically to search for publications related to flavonoid biosynthetic genes in
Oryza sativa using the following keywords and their combinations such as “fla-
vonoid”, “rice”, “SNP”, “anthocyanin”, “proanthocyanidin” and “pigmented”. The
keywords such as “flavonoid”, “C4H”, “4CL”, “CHS”, “F3H”, “F3’H”, “UGT*, “DFR’,
“CHI’, “PAL”, “LAR”, “ANS”, “ANR”, “LDOX”; anthocyanin” and “proanthocyani-
din” were used in the genome (i.e. RAPDB) and pathway (i.e. KEGG, RiceCyc,
PlantReactome) databases to search for gene identifier, gene sequences and gene
descriptions.

All genes that are related to the flavonoid genes were identified using similarity
search analysis from OmicsBox (https://www.biobam.com/omicsbox/). BLASTX
[22] analysis was performed with the e-value cut off of less than 1e-10 and sequence
identity more than 75%. eggNOG [23] analysis was carried out to characterize
whether the sequences are paralogous or orthologous.

Bibliomic, database and similarity search are the first steps in identifying
candidate genes related to the biosynthesis pathways. These genes that can be used
in downstream analysisl such as evolutionary study [24] and identification of SNPs
in the biosynthetic genes [25]. From these steps, a total of 95 flavonoid related genes
(FRGs) and two transcription factors were successfully identified. Structural genes
(i.e. F3H, CHI, CHS,DFR, LDOX) are found to be more conserved than transcrip-
tion factors. These flavonoid related genes were used to screen the SNPs that reside
in the sequences. Figure 1 shows the three steps analysis workflow to identify the
potential flavonoid related genes.

3.2 Mining of SNPs from genome and transcriptome data

Single nucleotide polymorphism (SNP) has been widely used as a genetic marker
tool in crop improvement. Previous studies used SNPs to investigate the evolu-
tionary relationship [26], to facilitate cultivar identification [27] and to associate
SNPs with agronomic traits [28]. SNPs located in the intergenic and genic region
[29]. The genic SNPs can be classified into the coding region, untranslated region
(UTR) and intron. SNPs in the coding region are divided into synonymous and
non-synonymous. The non-synonymous SNPs has two effects such as deleterious
and tolerance that might represent causal genetic variation which could lead to the
phenotypic consequences [30].

SNPs in the coding regions are usually associated with functional SNP
and they can influence the phenotypic expression of agronomic traits such as
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Figure 1.
Bioinformatic analysis workflow on the genome and transcriptomic datasets of six Malaysian rice varieties.

resistance to disease, resistance to drought and high nutritional content [31]. The
non-synonymous SNPs might affect the protein function through amino acid
substitution [32] whilst synonymous SNP has the ability to affect gene function

by regulating mRNA splicing [33], stability [34] and protein translation [35].
However, synonymous SNP is not a preferred polymorphism to be further validated.
Therefore, the utilization of non-synonymous SNPs is important to prioritize their
involvement in the biosynthetic pathway and to determine the effect of non-
synonymous SNPs to phenotypic expression.

SNPs in the intron region are able to shift the gene splicing or regulate the tran-
script level by changing the binding sites of miRNA [36]. Lower number of SNPs
in untranslated region (UTR) has demonstrated that mutation in this region can
change local mRNA structure and will affect the translation process [36]. SNPs in
the UTR region are conserved and consist of binding sites for proteins or antisense
RNAs that able to modulate transport, RNA stability, cellular localization, expres-
sion level and translation [37].

Functional effect of SNPs in the flavonoid related genes can affect the expres-
sion and regulation of structural genes and transcription factor during the flavo-
noid biosynthesis process. Previous study has demonstrated that genetic variation
caused by SNP can influenced the variation and accumulation of metabolites in the
biosynthetic pathway [19, 20]. By selecting SNPs with specific functional effect
such as non-synonymous and deleterious, it can be effectively used as a molecular
marker in the development of new and improved rice variety with agronomic traits
of interest.

However, it is a challenge to depend only on SNPs to reveal the interaction
and relationship that occur in the multiple levels of biological mechanisms [38],
especially in the qualitative and complex traits (i.e. abiotic stress, quality, yield).
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Therefore, numerous studies have been performed to identify and evaluate the
functional effects of SNPs through multi-omics data integration. For instance,

the integration of whole genome and transcriptome data offers opportunities to
highlight the expressed SNPs [39] and to better understand the biological processes
and mechanisms underlying the pigmented rice varieties. Previous study has per-
formed integration of SNPs with gene co-expression network to identify the causal
genes and causal SNPs that might be responsible in the mechanism of blast disease
resistance [40], salt tolerance [41] and amylose content [42]. Throughout these
integration processes, several bioinformatics tools have been applied to identify the
putative SNPs and to annotate the SNPs into their functional effects.

The identification of SNPs in the flavonoid related genes started with mining of
SNPs from the genome and transcriptome datasets of O. sativa indica cv. Bali, PHY,
MRM16, MRQ100, MR297 and MRQ76 [43, 44]. Bali, PH9, MRM16 and MRQ100
are pigmented rice varieties that contain high antioxidant contents. MR297 and
MRQ76 are white rice varieties with medium tolerance to diseases. Figure 1 shows
the bioinformatic workflow to identify SNPs from the genome and transcriptome
datasets. The first step in SNPs identification is to map the sequence reads onto
selected reference genome sequences; in this case it was Nipponbare. It was chosen
because of it was well-assembled and annotated. The genome and transcriptome
of reads mapping were individually aligned using different mapping tools such as
BWA [45] for genome reads mapping and TopHat2 [46] for transcriptome reads
mapping.

Then PICARD version 0.7.12 [47] was used to add and replace the read groups,
marking the duplicate reads and fixing mate information on the mapped reads in
order to obtain the high-quality SNPs during SNPs calling. This process is known as
post-processing and it is a standard step used to identify potential SNPs from the
genome and transcriptome datasets. Once this process is completed, GATK version
3.6 [47] was used in the SNPs calling process and this is a crucial step in SNPs dis-
covery as it helps in obtaining high-quality SNPs as well as reducing false-positive
SNPs. In our case, the parameters used are as follow:

i. mapping quality (MQ ) more than and equal to 30 (MQ > = 30);
ii. variant quality more than and equal to 50 (VQ > =50);

iii. number of supporting reads for every base (DP) more than and equal to
10 (DP > = 10)

All SNPs obtained from the filtering process were annotated using several
annotation tools such as SnpEff version 4.1 [48], Variant Effect Predictor (VEP)
[49], CooVar [50] and Annovar [51] for their intergenic, genic, coding region,
UTR, intron, synonymous and non-synonymous. Most of these tools can be locally
installed to ease the users who perform large-number of SNPs annotation. Those
SNPs that were annotated as genic were then filtered using R packages (i.e. dplyr,
tidyr, sqldf) for the identification of SNP position, chromosome, allele, gene
identifier and SNPs effect. This information was then used in matching the SNPs in
genome and transcriptome datasets as well as screening all SNPs that reside in the
flavonoid related genes.

Comparative SNPs analysis of six rice varieties were performed to investigate
the uniqueness, differences and similarities in the potential SNPs. Currently several
rice SNP databases are available to providing the information on SNPs that were
mined from various rice varieties and sub-specie such as Rice SNP-Seek [52],
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Rice VarMap [53], IC4R [54], and Ensembl Plants Variation database [55]. Comparative
SNPs analysis on SNP databases can provide the SNPs information and usability in
various rice varieties and sub-species.

SNP occurs in transcription factor often lead to altering or loss of function of
key pathway enzymes that are required to regulating the production of anthocyanin
[56]. Hence, it could affect the expression levels of flavonoid. Previous research has
investigated that mutations were accumulated during the domestication process,
which suggests the presence of agronomically valuable genes in landraces as well as
in wild relative [15]. Hence, SNPs in transcription factor, such as Kala4 and Rc, can
be prioritized for further integration with genes co-expression network.

3.3 Gene co-expression network analysis from transcriptome data

A gene co-expression network analysis was performed to correlate gene and
phenotypic expressions, to infer the function of unknown genes and to identify
the key regulatory networks in biosynthetic processes [57, 58]. The principle used
in the gene co-expression network shows that genes that cluster in the same net-
work represent similar biological process [58]. To date, the increasing number of
genes co-expression network databases such as ATTED, STRING, RED facilitate
the exploitation of co-expressed genes from different conditions in various crops
[59]. In the co-expressed gene databases, the gene identifier or gene name can be
used as a query to search for the co-expressed genes of interest. Parameter, such as
maximum number of interactors = 0.1 and confidence score cut-off = 0.40 are used
to select the significant co-expressed genes. Most of the co-expressed databases
obtained the information from microarray gene expression and transcriptome
datasets from public databases such as NCBI Gene Expression Omnibus (NCBI
GEO) [60] and Sequence Read Archive (SRA) [61].

Gene co-expression network analysis was performed using the expression values
of genes in fragments per kilobase of transcript per million mapped reads (FPKM) as
an input data. Pearson correlation coefficient (PCC) value was used to measure the
co-expression correlation between paired genes in the network. The PCC score repre-
sents the confidence level describing the association of the two genes whether they are
functionally associated. In this case, the FPKM value with more than and equal to 0.1
(FPKM > = 0.1) was used to perform a gene co-expression network analysis. Pearson
Correlation Coefficient (PCC) in corr R package [62] was used to measure the correla-
tion between paired genes in the network. The cut-off value of PCC more than and
equal to 0.7 (PCC > = 0.7) was used for selection of co-expressed genes. The flavonoid
related genes were selected as guided-genes to identify their interactors. Figure 1
shows the analysis workflow to perform a gene co-expression network analysis.

Cytoscape v3.7 was used to construct and visualize the gene co-expression net-
work. The Network Analyzer plugin was used to calculate the degree connectivity
of each nodes and edges. ShinyGO version 0.6.1 [63] was used in gene ontology and
pathway enrichment analysis to elucidate the biological processes and molecular
function in clusters of network.

4. Data integration
4.1Integration of SNPs with co-expressed genes
There are several publications on the bioinformatics approaches on the func-

tional effect of SNPs where by assessing their effect on the functional site of protein
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structure [64, 65] and integrate with biological pathway [66]. In this study, SNP,
especially with non-synonymous effect and deleterious impact is better appreciated
to study its impact through the pathway-network analysis coupled with a different
omics data type.

SNPs can be integrated with omics data type to rank the high-potential SNPs
and to highlight the causal genes for development of genetic markers and func-
tional genomics studies. The integration of SNPs and co-expressed genes through
construction of biological network offers a comprehensive interpretation of genetic
variation at the biological system level. Integrative approach links biologically
meaningful sets of genes to reveal the molecular basis of trait variation.

In this study, integration of SNPs and co-expressed genes was performed to
prioritize the functional SNPs that can be suggested as a candidate for the develop-
ment of molecular markers and to highlight the causal genes that might contribute
in the flavonoid biosynthesis process. The co-expressed genes can be suggested
as a functional target for functional validation in the future study to unravel their
potential in rice breeding improvement.

Integration of SNPs and co-expressed genes was performed using Cytoscape
v3.7 [67]. Flavonoid biosynthetic pathway templates in BioPAX, KGXML and SIF
formats was retrieved from KEGG, Plant Reactome and RiceCyc databases. To
merge the SNP and co-expressed genes, gene identifier (ID) was used as a matching
identity. Every gene in the network consists of gene ID, chromosome, start and stop
position based on physical genome coordinates (bp). Similarly, SNPs consists of the
position in genome locations (bp) and gene ID.

Analysis on network integration between SNPs and co-expressed genes highlight
that co-expressed genes can be integrated by multiple numbers of SNPs and will
reveal, which SNPs appear to play an essential role in the flavonoid biosynthesis
process. The co-expressed genes connected to SNPs can be prioritized as candidate
genes. The high false-positive rate in SNPs also can be reduced by incorporat-
ing putative functional co-expressed genes information [68]. Several biological
questions can be asked from the integration of SNPs and co-expressed genes into
pathway-network, such as i) how many functional SNPs and co-expressed genes
important to the expression of black and red pigmentation; ii) any regulatory genes
regulate the biosynthetic pathway?; iii) and which biological process are underlying
this trait.

4.2 Pathway-network analysis

There are different ways in bioinformatics approaches that could be applied to
the pathway-network analysis. In pathway-network analysis, the description of
connected genes can be interpreted into biologically meaningful information and
provide insights into biological processes, molecular function and cellular com-
ponents. This analysis is known as gene ontology (GO) enrichment and pathway
enrichment analysis.

To date, several bioinformatic tools are available to perform GO and pathway
enrichment analysis in the network. For example, ClueGO [69] and BiNGO [70].
Both plugins are available in the Cytoscape and are user-friendly. Statistical values
such as Hypergeometric testing and Bonferroni method is used to calculate the
p-value. Parameter such as p-value less and equal than 0.05 (p-value <= 005) and a
minimum number of mapping entries > = 2 can be used to select the significant or
enrich genes in the pathway-network.

Tables 1 and 2 provide list of bioinformatics tools and databases that are used
for data mining and data integration in search for potential SNPs involved in the
flavonoid biosynthesis.
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Bioinformatic tools Description References
BLASTX Sequence similarity search analysis [22]
eggNog Annotation of orthologous and paralogous [23]
sequences
BWA Genome mapping [45]
TopHat2 v2.3 Transcriptome mapping [46]
Picard v0.7.12 Post mapping processes [47]
GATK v3.6 (HaplotypeCaller) SNPs discovery [47]
SnpEff v4.1 SNPs annotation [48]
R package (corrr) Gene co-expression analysis [62]
ShinyGO Gene ontology enrichment analysis [63]
Cytoscape v3.7 Data integration [66]
Cytoscape v3.7 Gene ontology enrichment analysis [68]
plugin ClueGO
R packages Data cleaning and filtering [71]
(dplyr, tidyr, sqldf) [72]
(73]
Table 1.
Summary of the bioinformatic tools used in search for potential SNPs involved in the flavonoid biosynthetic
pathways.
Bioinformatic Descriptions URL References
databases
Rice Annotation Is a rice genome database that has been https://rapdb.dna. [74]
Project Database developed by the International Rice affrc.gojp/
(RAP-DB) Genome Sequencing. Information provided
are genome sequences, chromosom, gene
annotation dan description.
Kyoto A pathway database that provides biological ~ https://www.keggjp/ [75]
Encyclopedia information related to genes, proteins,
of Genes and enzymes and pathways involve in biological
Genomes (KEGG) systems.
PlantReactome A plant pathway database that provides https://plantreactome.  [76]
user genes, proteins, enzymes and reactions ~ gramene.org/
involve in the specific biological systems.
RiceCyc A rice metabolic pathway database that http://pathway. [77]
has been developed to provide predicted gramene.org/
biochemical pathways in rice. Several gramene/ricecyc.
biological information, such as genes, shtml
proteins, enzymes and reactions have been
displayed in diagram and all the data can be
downloaded by user.
Table 2.
Summary of the biological databases used in search for potential SNPs involved in the flavonoid biosynthetic
pathways.

5. Repository of omics data
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Figure 2.
The homepage of MyNutRiceBase (http://www.mynutricebase.org).

database [74], SNP databases [53, 54, 78] and pathway databases [75, 76]. Each of
these databases have their uniqueness and specific target users.

In this study, the flavonoid related gene, co-expressed gene and SNP are stored
in a one-stop database that is specifically developed as a genetics and genomics
repository to keep all information related to nutritional traits in rice known as
MyNutRiceBase (http://www.mynutricebase.org) (Figure 2). It provides a platform
for data mining of SNPs and genes, data visualization and sequence similarity
search analysis. MyNutRiceBase aims to accelerate the genomics and genetic analy-
sis by enabling the rice geneticist and breeders to mine and export the biological
information for the application in rice breeding improvement.

6. Conclusions

To date, several bioinformatics tools are available for the researcher to use
and connect in an analysis pipeline. Criteria and parameter are the essential part
that always carefully revised and look into while performing the bioinformatics
analysis. This review highlights bioinformatics workflow used in the identifica-
tion of SNPs in genomic and transcriptomic data, gene co-expression network
analysis, omics data integration. This result facilitates the interpretation of SNPs
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into comprehensive biological information with the identification of potential. By
integrating these two types of data, it may shed some light on the roles of various
genes and SNPs that may play an essential role in the accumulation of flavonoid
content in rice.
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Abstract

Rice, (Oryza sativa L.) account as the second cereal most cultivated in the world.
Unfortunately, global rice production is rendered by significant number abiotic and
biotic stresses. Breeding for resistant variety through conventional breeding is an
economical method; generally, it takes at least 10 years to release a new rice variety.
Advance technology in molecular marker had revolutionized and irreversibly changes
the disciplines of plant genetic and breeding. Integration of DNA-based markers
in selection process enhances the effectiveness and accuracy of conventional plant
breeding. It offers a novel tool for discovering and tagging alleles and genes specifically
in plant. Ubiquitous of DNA marker-trait associations for diverse crops species are
available with the findings of many quantitative trait loci (QTLs) mapping studies.
The linkage drags, and time-consuming in conventional breeding can minimize with
the application of DNA markers in plant breeding. The utilization of DNA marker in
QTL mapping, MAS and gene pyramiding has been investigated. In this chapter, we
discussed the recent utilizing markers in rice breeding program against abiotic and
biotic stresses. In a few decades, molecular marker assisted breeding (MAB) provide a
boundless task for breeders in attaining an important impact on crop development.

Keywords: abiotic stress, biotic stress, marker-assisted selection, rice, resistant

1. Introduction

Oryza sativa is an essential food crop contributing 30% of calories for at least
62.8% of the world population. Presently, rice was cultivated over 167.13 m ha
within 114 countries with annual production of 486.62 mt (on milled basis) [1].
Majority of population in Asian consumed rice as a basic staple crop with over than
90% of rice were produced in Asia [2]. Revolution in Green technology played an
important role in adoption of major increasing in rice production over last four
decades. Approximately 450 million tons to 650 million tons of world rice con-
sumption is projected to surge by 2011 and 2050, respectively [3].

Scientist and plant breeder are facing a new challenge in crop improvement
due to climate change issue including limitation of water and cultivated land, new
emerging pathogen and pest resulted serious yield losses. Among the major con-
straints, blast disease, bacterial blight, sheath blight, tungro viruses, brown spot
and a number of grain discoloration diseases [4] accounted for serious rice losses.
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Several amendments can be implemented to overcome these limitations such as
breeding high yielding varieties, durable resistance to diseases and tolerance to abi-
otic stresses [5]. Rice yield potential can be enhanced by using numerous approaches
such as conventional hybridization, ideotype breeding, heterosis breeding, wide
hybridization and molecular breeding [6]. In molecular rice breeding, there are two
main strategies can be used by applying the biotechnology concept which are MAS
and Genetically Engineering. MAS like genetic engineering is a technique used to
introgress targeted gene however its offers tools for specific selection for further
breeding in existing plant material. The field of plant genetics and breeding has
irreversibly changed with the development of DNA (or molecular markers) [7].
Since past two decade, revolutionized in molecular marker to enhance the
effectiveness in breeding and to significantly shorten the development time of
varieties bring about the concept of molecular marker assisted selection (MAS)
as an efficient plant selection [8-10]. A genetic marker is any noticeable character
or otherwise assayable phenotype, for which alleles at individual loci segregate
in a Mendelian manner. The genetic markers covered include (1) morphological
markers (2) biochemical markers (alloenzymes and other protein markers) and (3)
molecular markers (based on DNA-DNA hybridization) [11, 12]. In this chapter, we
present the latest DNA-based markers in a few studies related to abiotic and biotic
stress genes using the MAS application in rice breeding programs. These markers
have proven significantly useful from different findings published in screening, fine
mapping and gene pyramiding approaches.

2. Molecular marker

Rediscovery Mendelian theory in the early part of 20th century, reveal that
inheritance (genes) linked together in chromosome. Molecular marker defines
as individual genes flanking within a defined close interval. It can be found at a
specific location of the genome and linked with inheritance of a trait or gene [13].
Thottappilly et al. [14] refers molecular marker as polymorphism identified between
species including proteins and nucleic acids. Collard et al. [15] had divided molecu-
lar marker into 3 major groups which are morphological marker, biochemical marker
and DNA marker (Figure 1). However, Xu [16] had categorized markers into two

MORPHOLOGICAL

Non-PCR based
RFLP

Figure 1.
Different types of molecular marker available.
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broad groups based on detecting method; (i) classical marker and (ii) DNA marker.
Classical marker was initiated with the mutations in the genomic loci controlling
plant morphology [17] (Table 1). Advent in polymorphism detecting methods such
as Polymerase Chain Reaction, Southern Blotting and Sequencing had invented the
development of DNA markers (Table 2). Variation were detected at DNA level such
as nucleotides changes ie; substitution (point) mutation, rearrangement (insertion
and deletions) or errors in replication of tandemly repeated DNA [18].

Types of Morphological marker Biochemical marker

marker

Advantages Readily available Highly reproducible
Usually require only simple Applicable for measure a wide range of
equipment population genetic parameter
The most direct measure of Inexpensive
phenotype

Disadvantages Requires expertise on crop or Limited biochemical assay for detection
species
Subjected to environmental Phenotype-based analysis
influences
Limited in number

Application Conventional plant breeding Genetic diversity
program Map construction

Table 1.

Comparison between classical markers.

PCR Advantages Disadvantages Application
based
markers
RFLP Reliable and rigid Harmful and tedious Map construction
Easy to conduct across Required a larger amount of DNA Hybrl?l ﬁy.iatw?
lab Genetic diversity
aboratory
RAPD A small amount of DNA Not transferable across laboratory Genetic diversity
required Saturation mapping
Simple, rapid and lowest Irreproducibility
cost
Single primer generates
multiple loci
SSR Reliable, powerful and Tedious and costly for initial Linkage and QTL
easy establishment mapping
Transferable between Required polyacrylamide gel Mark(?r—assmted
. . selection
populations electrophoresis DA
Hybrids fixation
AFLP Multiple loci Required several DNA Saturation mapping
Complicated Genetic diversity
SNP Multiplexing large number Costly to assay Fine mapping
of markers Map-based cloning
Degraded DNA can be Marker has less allele
used
Table 2.

Comparison of different PCR based marker.
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Although there are many characteristics determine the suitable markers to be
considered in MAS development; there are five main characteristics need to be
considered [13, 19-22].

1. Reliability: Attribute of the desirable marker need to close proximity with the tar-
getloci, preferably less than 5 cm genetic distance or one marker every 10 cm [23].

2.Repeatability and reproducible: In plant breeding, a lot number of plants are
usually screened for desirable marker pattern and result is required instantly.
Therefore, level of simplicity in terms of time required and quick detection
method are highly desirable for rapid selection. Statistical and bioinformatics
software are significant for this purpose.

3. Cost effective: Marker assay should be not expensive feasible for selection
process.

4.Level of polymorphism: Marker should discriminate between two similar
accessions of species especially in parent breeding material.

5.DNA quality and quantity: A few markers require a complex DNA extraction
technique and it too laboratories. In addition, it adds cost to the process.

3. Successful application of molecular marker in rice

Recently, MAB has become a well-known approach develop a superior genotype
in rice. The aims of the breeding programs were to develop a rice variety with high
yield potential, resistant to diseases and insects, tolerance to adverse environments,
and acceptable grain quality. Since the first successful experiment stated for rice
by Chen et al. [24] with introducing resistance to bacterial blight (BB) disease into
Chinese hybrid parents. Till date, many varieties had been developed thru the appli-
cation of molecular marker with backcrossing method. Varieties developed were
improved from the wild type by incorporate desirable gene depending for biotic
and abiotic stresses. Recently, in a few years there is a trend in producing more rice
varieties that resistant in abiotic stress such as drought tolerance, submergence
tolerance and salt tolerance. This demand comes from the periodic natural disaster
in many regions of the rice producing country specifically in Asian country [25].
Resistant varieties against pathogenic disease were continuously developed. This
scenario can be seen in blast disease where there are increasing number of resistant
varieties were developed due to instability of the fungus pathogen.

Numerous molecular markers have been utilized in marker-assisted breeding
however microsatellites are the preferable markers for plant breeding applica-
tions. The characteristic as codominant markers which inherited in a Mendelian
fashion have emerged as a best choice compare to other markers. Additionally,
microsatellite identify as preferable markers used in plant breeding programs due
to ubiquitous, high polymorphism rates and wide range of distribution throughout
the genome [26, 27]. Other markers possess major drawbacks including Restriction
fragment length polymorphism (RFLP) markers which are not integrated with
high-throughput technique; Random amplification of polymorphic DNA (RAPD)
assays which are often not reproducible or immobile. AFLP analysis is not straight-
forward and commonly produces multiple fragments with the use of large genomic
templates [28]. Application of molecular marker in rice breeding was demonstrated
in Table 3 to develop superior varieties in rice against abiotic and biotic stresses.
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4, Abiotic stresses
4.1Deep root

Four QTL (chromosome 1, 2, 7 and 9) was introgressed to NIL developed from
crossed between Azucena (donor parent) and IR64 (recipient parent) [29]. Twenty-
nine NIL successfully developed in which three NIL carrying target 1 demonstrated
significantly increased trait over IR64 while 3 out of 8 NIL consist combination
target 1 and 7 exhibited higher root mass and depth. Four NIL carrying targets 9
showed increased maximum number of root length and 2 NIL showed no signifi-
cant difference on root phenotypic compare to IR64. Results suggest the introgres-
sion of genes linked to root improvement is an ideal system compared to change the
morphological characters of plant.

4.2 Quality

Waxy locus (wx-MH) from Mighui 63 was successfully introgressed into
Zhenshan 97 which having poor agronomically quality including amylose content
(AC), gel consistency (GC), gelatinization temperature (GT) and endosperm [30].
MABC scheme had been used to develop 3 backcross and 1 selfing generation.
Improved variety of Minghui 63 (Shanyou 63) carrying wx-MH gene at 6.1 cm
length have similar agronomy characteristic as Minghui 63 with low AC, high GC
and GT with low grain opacity. Result indicated that waxy region gives significant
effect on quality trait.

4.3 Root trait and aroma

MABC strategy had adopted by high yielding India upland rice variety, Kalinga
III to insert 5 segments of QTL including 4 QTL carrying root length and thickness
and 1 QTL control recessive aroma trait from Azucena donor variety which come
from Philippines japonica rice [31]. This experiment was performed until 8 genera-
tion which using 3000 SSR markers for almost 8 years to develop NIL. Twenty-two
NIL successfully develop which carrying QTL on root length at chromosome
number 9 linked with RM242-RM201 and RM248 on chromosome 7 control for
delayed flowering.

4.4 Submergence tolerance

Ten improves lines from OM 1490/IR 64 -Subl was developed from Marker-assisted
backcrossing and having 90-99% survival under field submergence treatment [78].
Foreground selection was carried out using microsatellite, RM23805 marker which
identified allele as 240 and 230 bp bands, respectively from OM1490, susceptible
parent and IR64-Sub1, tolerant parent. Entire lines of OM1490/IR64-Sub1 introgression
possess an increase rate of survival from original parent. In India, high yielding mega
variety, Swarna had been incorporated with Sub1 gene by using three selections namely
foreground, recombinant, and background selection, respectively. Findings indicated
that superior variety Swarna successfully transformed into submergence tolerant vari-
ety within 2-3 years with three backcross generations [33]. Popular rice variety, AS996
successful incorporated subl gene from rice variety IR64 as a donor parent through
MABGC. Insertion of subl was confirmed with foreground SSR marker, ART5 and SC3
[36]. Background analysis was screened with 53 polymorphic SSR markers to assess
BC,F; and BC3F; generations. The highest recurrent background was achieved 100%
donor parent. Results suggest the development a new submergence tolerant rice variety
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ASS996-SUBL to stand with climate change. Superior varieties from India (Samba
Mahsuri and CR1009), IRRI, Philippines (IR64), Laos (Thadokkham 1) and Bangladesh
(BR11) successfully introgress subl gene exhibited an improve survival rate compare

to parental variety by applying MABC approach. Septiningsih et al. [79] studied the
expression level of sub genes revealed that subIC-1 was dominant over the sub1A allele
however no reduction of expression observed when intolerant subIC allele merged with
the tolerant sub1A-1 allele. Survival rates of heterozygous plant with sub1A expression
higher compared to homozygous tolerant parent. Existence of sub1A-2 will not signifi-
cantly function in intolerant plant with turn off expression of subIC-1. Study by Ahmad
et al. [38] developed 30 newly lines of BC,F; population from backcross of MR219 and
Swarna-Subl with 95.37% recurrent parent genome (RPG) recovery. Rahman et al.

[39] stated a marker-assisted backcross breeding (MABB) approach to incorporate the
Sub1 locus into popular rice varieties of southern India, CO 43, from tolerant FR13A
variety. An elite NILs of CO 43 harboring Sub1 locus possessing 95.78% of the recurrent
parental CO 43 genome produced from genotyping and phenotyping analysis.

4.5 Salt tolerance

ASS996 a high yielding and widely grown cultivar in Vietnam had been cross
with FL478, a highly salt tolerant rice variety using MABC strategy [40]. Four
Saltol-AS996 introgression lines, QF3-1, QF3-2, QF 4-3-3, QF6—4 was developed
with 3 foreground SSR markers, AP3206, RM3412 and RM10793 and 63 polymor-
phic markers were applied across rice genome for background analysis. The promis-
ing lines showed significant salt tolerance or similar compare to recurrent parent,
FL478. MABC approach had been applied for introgressed Saltol QTL from donor
parent, FL478 into Bacthom 7 recipient rice cultivar. Eighty-nine polymorphic SSR
markers including 8 foreground markers to screen heterozygous plant carrying
Saltol locus in each backcrossed generation. Background analysis demonstrated the
restoration of recipient genome up to 96.8-100% in the best plant of BC;F; genera-
tion. Finding concluded that improve version of salt tolerance-Bacthom 7 is relevant
for cultivation in coastal areas of the Vietnamese Deltas [41]. De leon et al. [43]
reported the utilization of SSR and SNP markers to characterize the ILs (Pokkali x
‘Bengal) and identify 14 QTLs traits related to salinity tolerance.

4.6 Early maturation

In Indonesia, Hd2 gene located at chromosome 7 from Nipponbare was trans-
ferred to Code variety [44]. Two markers linked with early maturation trait,
RM1362 and RM7601 was used to identify heterozygous carrying this gene in 2
backcross and 1 selfing generation. Improved lines showed a similar agronomic
characteristic with code variety except for heading time which 73-85 days in
improved version compared to recipient parents, 89 days. Maturation days for
improved version of Code carrying Hd2 gene were 103-104 day which is at consid-
erable maturation days. Result concluded the availability to use these improved lines
in Indonesia for increasing rice production.

4.7 Heading time

Koshihikari and Kasalath were crossed by using MABC strategy to introgress 3
QTL segment which code for Qdth3, Qdth6 and Qdth8 [47]. Genotyping analysis
was performed using five different types of DNA marker including RFLP, STS, SSR,
CAPS and dCAPs. Three NIL successfully produced namely Wakei 367, Wakei 371
and Kanto IL1 which carrying Hd2 gene coded for heading time. All NIL exhibited
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same morphological trait with Koshihikari with early heading time for Kanto IL1
(12 days), Wakei 367 (10 days) and Wakei 371 (11 days) compare to 95 days on
Koshihikari.

4.8 Phosphorus tolerance

MABC approach had been successfully adapted to introgress a major quantitative
trait locus (QTL), Phosphorus uptakel (Pupl), positioned on rice (Oryza sativa) chro-
mosome 12 into two types of Indonesian rice varieties, irrigated and upland. SNP and
CAPs had been used as foreground marker to identify desirable traits and background
selection had been conducted using 47 to 61 polymorphic SSRs markers and restored
89-93% of the recipient genome in BC,F; population. Phenotyping finding suggests
that Pup1 is effective to enhance grain yield under field treatment [48].

4.9 Drought tolerance

Crossing by hand emasculation and artificial pollination was performed
between IR20 (japonica) and lowland (indica) cultivar to develop near isogenic lines
(NILs) [42]. Foreground and background selection were conducted using 100 SSR
markers that distributed entire genome. Five NILs exhibited high yield performance
compare to IR20 in rain-fed and irrigated conditions. NIL-212 and 297 successfully
incorporated with three and two root QTLs with NIL-297 demonstrated maximum
value of nodal root and surface area whereas increase number of nodal roots than
recurrent parent, IR20 observed in NIL 212. Backcrossed population (BC,F;) was
developed through Marker Assisted Selection (MAS) to transfer QTLs for drought
tolerant characters into Thai famous variety KMDL105 using 3 different donor
parents, DH212, DH103 and DH126, respectively. Hundred and three KMDL 105
introgression lines were developed carrying selected target [80]. Genome analysis
claimed that donor segment was found in non-carrier chromosomes and minimum
proportion of recurrent genome was determined in carrier chromosome. Results
suggest that background analysis is required to restore the recurrent genome
segments. Sandhu et al. [46] enhance the grain yield of Samba Mahsuri under
reproductive-stage drought (RS) through marker-assisted selection (MAS) and
marker-assisted recurrent selection (MARS). Findings recorded four ¢gDTYs
(qDTYll + qDTY21 + qDTY31 + qDTYﬂJ) and two QTLS (qDTYll + qDTYH.l) . Presence
of gene MQTL1.1 responsible for the drought tolerance was identified from the
cross (Sarjoo52 x Nagina- 22) in the study reported by Awasthi and Lal [49].
Ramchander et al. [50] study 101 Backcross Inbred Lines (BILs) of rice (BC;Fs)
for drought tolerance by develop a cross between Norungan//TKM9/Norungan.
Marker aided selection used in this study efficiently pyramiding favorable QTL
alleles to enhance drought tolerance in elite background of famous rice varieties
using 15 polymorphic SSR markers. Muthu et al. [51] successfully developed abiotic
stress-tolerant rice genotypes of the famous rice variety, Improved White Ponni
(IWP) through a marker assisted backcross breeding approach by introgression
major effect quantitative trait loci (QTLs) conferring tolerance against drought
(gDTY11,qDTY21), salinity (Saltol), and submergence (Subl). Backcrossed inbred
lines (BILs) developed in this study showed minor effect caused by drought, salin-
ity, and submergence. Root trait genes were introgressed through marker-assisted
backcross breeding (MABC) between aerobic rice variety, AERON1 and MRQ74, a
high yielding rice variety of Malaysia, [52]. Six best rice lines in BC,F; with highest
recovery percentage and resemble similar phenotypic appearance were identified
with RM242 and RM263 foreground and 57 background markers.
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4.10 Grain fragrance

Ahn et al. [81] was first discover the molecular marker linked with grain aroma.
Lorieux [82] was used RFLP marker, RG28, which linked with aromatic located
at chromosome 8 with genetic distance of 4.5 cm. The uniqueness of RG28 was
interchangeable into STS marker and can be used to distinguish between fragrance
and non-fragrance rice cultivars [83-85]. Improved version Pusa Bashmati and
improved versions of PRR78 was successfully introgressed with quality trait from
Basmati 370 as a donor with Manawthukha cultivar as a recipient using MABC
scheme [86, 87].

4.11 Semi-dwarfing

Sd1 gene coded for semi-dwarf trait creates an interest among breeder as it
enhances crop production. Advent in MAB had made it possible to track the intro-

gression of sd1 gene by using SSR markers in two traditional japonica varieties, ‘IR36’
and ‘Allorio’ (IRGC284) [88].

5. Biotic stresses
5.1 Bacterial blight resistance

Marker assisted backcrossing coupled with stringent phenotypic screening was
adapted to transfer BB resistance gene, X223 into Minghui63, YR293 and Y1671
which famous recipient lines. Foreground selection was screened with RM206
located at 1.9 cm near to the Xa23 locus [89]. The improved version of BB resistant
was identical with original recipient for agronomic traits [30]. NSIC Rc142 and
NSIC Rc154 donor cultivar for Xa4 + Xa5 + Xa21 genes were incorporated into
susceptible cultivar IR64 in Philippines [61]. Currently, X213 and Xa21 had been
successfully inserted into recurrent line PRR78 through MABC [90]. In Thailand,
three backcrossed generation required to insert Xa21 (BB resistance gene) from
IR1188 variety into famous KDML105 variety using MABC approach together with
phenotypic selection. Similar agronomic characteristic was observed between
developed introgressed lines having BB resistant gene (Xa21) with local variety
KDMLI105 [91]. Foreground selection was screened with six SSR markers namely
RM302, RM212, RM210, RM149, RM287, RM224 at different chromosome while 66
rice SSR markers was applied for background genotype. In China, popular restorer
line, Yihuil577 was incorporated with Xa7 and X421 from Huahui20 thru MABC
strategy [92]. Foreground marker were applied using RM20582 in existence of Xa7
to map a 0.14 cM interval at chromosome 6 between RM20582 and RM20593 [93].
Huang et al. [40] in his study successfully employed of Xa7, Xa21, Xa22 and Xa23
from Jinke 1 a cytoplasmic male sterile line into Huahui 1035 line using MABC. High
yielding F; hybrid was used to develop more hybrid rice in China. Samba Mahsuri
a mega high-yielding, fine grain-type variety was selected as donor for Xa21and
Xa13 to incorporate into susceptible varieties, Taraori Basmati and Basmati 386
through MABC scheme [94]. Molecular backcross breeding was used to pyramided
Xa21 + xa13 and Xa21 + xa5 combinations genes in a background of lowland cultivar,
Jalmagna [65]. Twenty pyramided lines with targeted gene combinations showed
resistant against BB pathogen. Balachiranjeevi et al. [66] reported the development
of durable BB resistance through marker-assisted backcross breeding (MABB) into
background of elite rice, DRR17B by introgress Xa21 and Xa33 dominant genes.
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Six promising pyramiding lines of DRR17B with durable resistance and similar or
superior agro-morphological attributes to DRR17B have been identified.

5.2 Blast resistance

C101A51 and Tetep contribute for Piz-5 and Pi54 blast gene was introgressed
into PRR78 variety [69]. Two improved lines were developed, Pusal602 (Piz5)
and Pusal603 (Piz54) through MABC breeding strategy by two backcross series.
Foreground selection was performed by using AP5930 and RM206 while back-
ground analysis using SSR polymorphic markers revealed 89.01 and 87.88% in
Pusal602 and Pusal603 lines recovery of RPG, respectively. Hybrid develop carrying
blast resistance gene produced exhibited similar performance with parental Pusa
RH10 in terms of yield, grain and cooking quality traits. Multiple resistance gene
against leaf blast (Pi1), neck blast (Pi2) (donor BL122) and bacterial (Xa23) (donor
CBB23) was successfully introgressed into Ronfeng B, a mega variety with early
maturating line thru MABC scheme [70]. Improved lines D521, D524 was developed
using three foreground markers (MRG4766, AP22 and RM206) and 131 polymorphic
background markers. Proportional recipient genome for D521 and D524 were 96.18
and 96.56%, respectively after 4 backcrossed generations. The size of lesions exhib-
ited from 0.77 to 1.18 cm with 96.7-100% resistance frequencies values. Rongfeng 3A
was developed as an improve version of cytoplasmic male sterile line from Rongfeng
by a series of conducive backcross breeding with Pi1, Pi2 and Xa23 gene. A series of
superior lines with resistance to bacterial blight and blast diseases were developed
by using MAB [30, 90, 95]. Hybrid Pusa RH10 is likely susceptible to BB and blast
therefore by employing the bacterial and blast resistance gene, it will be improved
adjustability to disease endemic parts and also retain the rice production. In Iranian,
two crosses were made between susceptible, Tarom Mahali (TAM) and resistance
cultivar, Khazar (KHZ) to increase blast resistance. Screening with 74 polymorphic
markers on 192 F,; families demonstrated both parental exhibited maximum genetic
variation between the two varieties on entire chromosomes except chromosome 6, 7,
8 and 12 [96]. In Malaysia, improved version of MR219 was developed by introgres-
sion of Pi-z and Pikh and Pi-b by using two different donor, Pongsu Seribu 1 and
2 respectively [10, 97]. Hasan et al. [98] had successfully introgressed Pi7(z) and
Pikh in MR264 from Pongsu Seribu 2 by using MABC approach. Thailand rice, the
popular Sakon Nakhon (SKN) rice had been introgressed with QTLs on chromo-
somes 1, 2, 11 and 12 by using marker-assisted backcrossing. Srichant et al. [72] in
his study presented 2 lines (SKN 39-10-19-29-12 and SKN 39-10-19-29-13) with high
resistance to leaf and neck blast; and having similar agronomic traits as the SKN.

5.3 Brown plant hopper resistance

Bph3, gene coded for resistance against brown plant hopper had been intro-
gressed into the famous Thai variety ‘Khao Dawk Mali 105’ [99]. Backcrossed
population had been screened with RM589 and RM190, highly linked to Bph3 and
Wx-RH loci. Fifty NIL were developed from background selection using 75 poly-
morphic SSR markers disperse 12 rice chromosomes. Cross had been made between
Junambyeo, an elite japonica cultivar with IR65482-7-216-1-2 a donor indica rice
by a series of backcrossing through MAB [75]. Bphl8 gene was transferred and
7312T4A, the most closely polymorphic STS marker was applied to screen the
existence of the Bph18 gene in BPH-introgress backcrossed lines [100]. Two hun-
dred and sixty SSR marker were used to screen the RPG percentage in the four NIL
breeding lines.
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5.4 Gall midge resistance

Gm8 resistance gene code for rice gall midge had been employed from donor
parent Aganni into Samba Mashuri having gene Xa21 using MABC. Four plants
identified in selfing population (BC2F2) carrying Gm8 and Xa21 genes and further
tested for phenotypic selection against BB and gall midge [76]. Exploration of gm
gene had been a great achievement in modern crop however resistant variety carry-
ing 1 major gene easily lost the resistancy [101]. Till date, 11 Gm genes in the plant
[102] and 7 pathogens have been identified [103].

6. Conclusion

Advent in marker technology has offer a remarkable progress in crop improvement
specifically in rice. Present paper reviews the application of DNA markers in abiotic
and biotic stresses in rice using MAS. Interval between molecular markers and gene/
QTLs linked with target traits play a significant role in efficiency of MAS technique.
Generally, marker will be validated in fine mapping study. Thus, the development of
important marker associated with abiotic and biotic stresses resistance is proficient
by QTL mapping experiments. MAB greatly increase the effectiveness and efficiency
of breeding. Desirable individual in germplasm collection with genes or QTLs can be
characterized in genotyping analysis by using the DNA markers for target genomic
regions rather than phenotyping analysis. Pyramiding tolerance genes and QTLs will
develop a resistant cultivar against abiotic and biotic stresses. MAS refers to selection by
DNA markers linked to QTLs or target genes. Nowadays, DNA-based genetic markers
play a significant part in the forthcoming of MAB and molecular genetics analysis for
establishment of stress-tolerance and resistance in plants through molecular linkage
maps. Knowledge of markers for abiotic and biotic tolerant traits presented here will
serve a fundamental guide and help rice breeders in their MAB.
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Chapter7

Pathogens Transmitted through
Contaminated Rice

Leka Lutpiatina

Abstract

Rice can be a source of food poisoning because it can be contaminated with
dangerous pathogens. Pathogens that often transmitted through rice are Bacillus
cereus and Staphylococcus aureus. This chapter aims to explain the dangers of patho-
gens transmitted through contaminated rice, modes of transmission, contamination
cases, and precautions. The method used in writing is to review articles. It is known
that pathogens transmitted through contaminated rice can cause food poisoning,
which occurs due to consuming rice containing pathogenic bacteria. Several cases
of contamination of Bacillus ceveus and Staphylococcus aureus in rice occurred in
Indonesia, Pakistan, India, Malaysia, Belgium, America, Australia, Korea, Iran,
China, and Nigeria. In general, prevention is by proper handling of raw materials,
controlling the temperature of cooking and storing rice, and personal hygiene of
food handlers.

Keywords: rice, pathogens transmitted, food poisoning, Bacillus cereus,
Staphylococcus aureus

1. Introduction

Most of the world’s population, especially Asia, use rice as the primary source of
carbohydrates in their daily menu. Rice, as a staple food, is usually served with side
dishes to complement the taste and also complement one’s nutritional needs. Rice
can process with other food ingredients into new dishes, such as fried rice, yellow
rice, or uduk rice.

Rice can be a source of food poisoning because it contaminated with dangerous
pathogens. In general, food poisoning can cause by contaminant bacteria such as
Bacillus cereus, Staphylococcus aureus, Salmonella group (except Salmonella typhi),
Shigella, Vibrio, Escherichia coli, Campylobacter, Yersinia enterocolitis, Clostridium [1].
Rice-based food poisoning more often caused by Bacillus cereus and Staphylococcus
aureus based on several cases in the world [2-15]. Besides, Bacillus cereus and
Staphylococcus aureus are significant sources of microbiological harm from cereal
grains and related products [16].

Bacillus cereus can found in soil, plants, and the intestinal tract of insects and
mammals. In poor environmental conditions, bacteria can turn into spore forms.
Bacillus cereus in spore form can found hiding in raw rice. The bacteria move from
the soil to the paddy fields, their spores persist for years, even surviving during
cooking due to their resistance to extreme temperatures. However, if rice left at
room temperature, in warm and humid conditions, the spores can turn into bacteria
and produce toxins that can cause vomiting and diarrhea [17].

123 IntechOpen



Recent Advances in Rice Research

Staphylococcus aureus is naturally present in the human body, so these bacteria are
one of the essential agents causing food poisoning that often occurs in society. The
most significant cause of Staphylococcus aureus entry into the food chain (which then
causes staphylococcal poisoning) is the low sanitation of workers handling food [18].

According to the Food Standards Agency (FSA), there are nearly 900,000 food
poisoning cases each year. The lifestyle that has changed in recent years has resulted
in an increasing dependence on ready-to-eat food, eating out more than cooking,
busyness results in having less time to prepare and cook food. This habit is the
reason that increases the number of cases of food poisoning [19]. Apart from that,
environmental factors also influence the level of contamination. Food prepared
under unfavorable conditions and environment implies a higher incidence of food
poisoning than others [18]. Food poisoning occurs more frequently in developing
countries than in developed countries. This situation is due to differences in the
level of sanitation between developed and developing countries [18].

2. Pathogenic Bacillus cereus transmitted through rice
2.1 Characteristics and diseases caused by Bacillus cereus

Bacillus cereus is a spore-forming bacteria that produces a toxin that causes vom-
iting or diarrhea. Symptoms are generally mild and short-lived (up to 24 h). Bacillus
cereus commonly found in the environment (e.g., soil) and various foods. Spores
are able to withstand harsh environments, including average cooking temperatures.
Bacillus cereus is a Gram-positive, motile (flagellated), spore-forming, rod-shaped
bacterium belonging to the genus Bacillus. Species in this genus include Bacillus
anthracis, Bacillus ceveus, Bacillus mycoides, Bacillus thuringiensis, Bacillus pseudomy-
coides, and Bacillus weihenstephanensis [17, 20].

Bacillus cereus is widespread and easy to find in the soil, where it adopts a sap-
rophytic life cycle, germinate, grow, and sporulate in this environment [21]. Spores
are more resistant to environmental stress than vegetative cells because of their
metabolic dormancy and hard physical properties [22].

Bacillus ceveus causes two types of diseases, namely emetic syndrome and
diarrhea syndrome. Emetic syndrome causes by emetic toxins produced by bacteria
during the growth phase in food, a diarrheal syndrome caused by diarrheal toxins
produced during bacterial growth in the small intestine [23].

Bacillus ceveus has a mesophilic or psychrotrophic strain. Mesophilic strains
grow well at 37°C but do not grow below 10°C, whereas psychrotrophic strains grow
well at cold temperatures but grow poorly at 37°C [24]. All Bacillus cereus isolates
associated with emetic toxin production have found to be mesophilic [25]. Bacillus
cereus growth is optimal in the presence of oxygen, although it continues to grow
under anaerobic conditions. Bacillus cereus cells grown in aerobic conditions were
less resistant to heat and acid than Bacillus cereus cells that grew anaerobically or
microaerobically [26]. Bacillus ceveus’ mesophilic strains have shown to have higher
acid resistance than psychotropic strains [25].

Spores are more resistant to dry heat than humid heat, with heat resistance
usually higher in foods with lower water activity. Spores are also more resistant
to radiation than vegetative cells [22]. Nisin is a preservative that used to inhibit
germination and spore growth. Antimicrobials that inhibit the growth of Bacillus
cereus include benzoic, sorbic, and ethylenediaminetetraacetic acids [22].

Symptoms of Bacillus cereus disease cause two types of foodborne illness, namely
emetic syndrome (vomiting) and diarrhea. Vomiting syndrome is poisoning caused
by the ingestion of a cyclic peptide toxin called cereulide that has been pre-formed
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in food during growth by Bacillus cereus. This syndrome has a short incubation
period and recovery time. Symptoms of nausea, vomiting, and stomach cramps
occur within 1-5 h after ingestion, with recovery usually within 6-24 h [27].

The diarrheal syndrome caused by enterotoxins produced by Bacillus ceveus in the
host body, the incubation period before the onset of the disease is 8-16 h, and infec-
tion usually lasts 12-14 h. However, it can continue for several days. Symptoms are
generally mild, with stomach cramps, watery diarrhea, and nausea [28]. In a small
number of cases, both toxins produced, and vomiting and diarrhea develop [17].

No form of the disease is considered life-threatening for normal healthy indi-
viduals, with few fatal cases reported [22]. Bacillus cereus has been associated with
the non-food-related illness, although this is rare. These bacteria have been found in
postoperative and traumatic wounds and can cause opportunistic infections, espe-
cially in individuals with immune system disorders, such as septicemia, meningitis,
and pneumonia. Bacillus cereus has also known to occasionally cause localized eye
infections in humans [29].

The pathogenic mechanisms for Bacillus cereus emetic disease are well known.
Emetic toxins (cereulide) cause vacuole formation in HEp-2 cells in the laboratory
[29]. Cereulide in experimental animals caused vomiting, potentially by binding
to 5-HT3 receptors in the stomach/small intestine to stimulate the vagus nerve and
brain [30]. Cereulide produced by the Non-Ribosomal Peptide Synthetase Complex
(NRPS) [31]. All NRPS clusters have characterized [23], resulting in a precise
method for detecting cereulide-producing Bacillus cereus strains [32]. Emetic toxin
production has shown to occur in skim milk in the temperature range of 12-37°C,
with more toxins produced at 12 and 15°C than at higher temperatures [33]. Emetic
toxins are highly resistant to environmental factors, exhibiting stability from a pH
of 2-11 and heating to 100°C for 150 min (pH 8.7-10.6) [22].

Three types of enterotoxins are associated with a form of diarrhea syndrome,
namely three components of the enterotoxin Hemolysin BL (HBL), three parts of
Non-Hemolytic Enterotoxin (NHE) and one element of cytotoxin K. Enterotoxins
are released into the small intestine by the surviving vegetative cells of Bacillus
cereus [34]. Diarrheal enterotoxins are stable at pH 4-11 and deactivated by heating
to 56°C for 5 min [22].

Up to 26% of the vegetative cells of Bacillus cereus can survive as they travel
through the stomach. Diarrheal enterotoxins are unstable at low pH in the stomach
and degraded by digestive enzymes. Any previously formed enterotoxins in food
are destroyed during passage through the stomach so that they do not cause disease
if ingested [22]. In contrast, Bacillus cereus spores can pass unaffected by the gastric
barrier. Spores need to be triggered by nutrients and intestinal epithelial cells to
initiate germination. In the small intestine, spores germinate, grow and produce
enterotoxins [35].

A vital virulence factor required to cause diarrhea symptoms is the ability of
vegetative cells and Bacillus cereus spores to adhere to the small intestine’s epithelial cell
walls. Spore and cell adhesion efficiency show to be low, around 1% [35]. Enterotoxins’
ability to damage tissue and damage the plasma membrane of small intestinal epithe-
lial cells plays a role in causing diarrhea [27].

2.2 Mode of transmission Bacillus cereus food poisoning

The pattern of transmission Bacillus cereus food poisoning can be caused by
ingesting large numbers of bacterial cells and spores in contaminated food (diarrhea
type) or by ingesting food contaminated with pre-formed toxins (emetic type).
Transmission of this disease caused by the consumption of contaminated food,
improper handling/storage of food, and inadequate cooling of cooked food [36].
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Year Food Country Findings Article title
2009 Brown Korea 15 (37%) of 83 samples Prevalence, Genetic diversity,
rice and of brown rice, 23 and Antibiotic Susceptibility of
glutinous (37%) of 63 samples of Bacillus cereus Strains Isolated
rice glutinous rice from Rice and Cereals Collected
in Korea [2]
2009 Raw rice Amerika Bacillus species spores Detection of Toxigenic Bacillus
found in 94 (52.8%) cereus and Bacillus thuringiensis in
rice samples with an US Rice [3]
average concentration of
32.6 CFU/g
2012 Cooked Belgia The concentration of Prevalence and Levels of Bacillus
rice cereulide found in rice cereus Emetic Toxin in Rice
(white dishes is around four Dishes Randomly Collected from
rice, fried ngl/g Restaurants and Comparison
rice) with the Levels Measured in
a Recent Foodborne Outbreak [4]
2012 Cooked Pakistan All rice samples showed Microbial Assessment of
and raw the presence of Bacillus Uncooked and Cooked Rice
rice cereus, the highest Samples Available in Local
number: 3.34 x 101 Markets of Lahore [5]
CFU/ml
2013 Baby food Iran Bacillus cereus and its Bacillus cereus in Infant
(made enterotoxigenic genes Foods: Prevalence Study and
from rice) have found in infant Distribution of Enterotoxigenic
diets in Iran Virulence Factors in Isfahan
Province, Iran [6]
2018 Local Malaysia The number of Bacillus Presence of Bacillus cereus from
unhulled ceveus bacteria in all Local Unhusked (Rough) Rice
(coarse) samples found to be Samples in Sarawak, Malaysia [7]
rice more than 1100 MPN/g
2019 Cooked Indonesia 21% of yellow rice Staphylococcus aureus and Bacillus
rice contaminated with cereus in Yellow Rice [8]
(yellow Bacillus cereus
rice)
2020 Rice/ China 59 out of 119 rice/noodle A Study on Prevalence and
noodles samples (50%) were Characterization of Bacillus
positive for Bacillus cereus in Ready-to-Eat Foods in
ceveus China [9]
Table 1.

Cases of Bacillus cereus contamination in rice (vice-based food).
2.3 Case contamination and precautions for Bacillus cereus in rice

Cases of contamination of Staphylococcus aureus on rice, either in the form of raw
rice or cooked rice and other processed rice products, are found in several countries.
Further explanations can see in Table 1.

Precautions for contamination of Bacillus cereus in rice:

1. Processing (thoroughly cooked and quickly cooled) is one of the easiest ways
to prevent foodborne illness associated with Bacillus spp. [37].

2. Hot foods should store at 140°F/60°C or higher [37].

3. Reheating cooked food should be stored at 165°F/74°C [37].
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4.1If frozen food is allowed to thaw, it must remain at 41°F/5°C or lower [37].

5.Steaming under pressure, roasting, frying, and grilling foods will destroy the
vegetative cells and spores if temperatures within foods are = 145°F/63°C [38].

6.Foods that contain emetic toxins need to be heated to 259°F/126°C for more
than 90 min—reheating food until steaming is not sufficient to kill emetic
toxins [38].

3. Pathogenic Staphylococcus aureus transmitted through rice
3.1 Characteristics and diseases caused by Staphylococcus aureus

Staphylococcus aureus is one of the bacteria that cause food poisoning.
Staphylococcus aureus is commonly found in the environment (soil, water, and
air) and located on humans’ nose and skin. Staphylococcus aureus is a spherical,
Gram-positive, non-spore bacteria. The genus Staphylococcus divided into 32
species and subspecies. Staphylococcus aureus causes food poisoning by producing
Staphylococcal Enterotoxin (SE) [39, 40].

Staphylococcus aureus’s growth and survival depend on several environmental
factors such as temperature, water activity (aw), pH, presence of oxygen, and
food composition. These physical growth parameters varied for different strains
of Staphylococcus aureus [41]. The temperature range for Staphylococcus aureus
growth is 7-48°C, with an optimum temperature of 37°C. Staphylococcus aureus is
resistant to freezing and does well in foods stored below —20°C; however, viability
is reduced at —10 to 0°C. Staphylococcus aureus easily killed during pasteurization
or cooking. Staphylococcus aureus growth occurs in the pH range 4.0-10.0, with an
optimum of 6-7 [41].

Staphylococcus aureus is a facultative anaerobe so it can grow in both aerobic
and anaerobic conditions. However, growth occurs at a much slower rate under
anaerobic conditions [41]. For non-sporing mesophilic bacteria, Staphylococcus
aureus has relatively high heat resistance [41]. A highly heat resistant Staphylococcus
aureus strain (D-value at 60°C > 15 min in broth) has identified from foodborne
outbreaks in India [42].

Several chemical preservatives, including sorbate and benzoate, inhibit the
growth of Staphylococcus aureus. The effectiveness of this preservative increases as
the pH decreases. Methyl and propyl parabens are also useful [41, 43].

Symptoms of staphylococcal food poisoning generally have a rapid onset,
appearing approximately 3 h after ingestion (range 1-6 h). Common symptoms
include nausea, vomiting, stomach cramps, and diarrhea. The individual may not
show all the signs associated with the disease. In severe cases, headaches, muscle
cramps, and temporary changes in blood pressure and pulse may occur. Recovery is
usually between 1 and 3 days [39, 41]. Death is rare (0.03% for the general popula-
tion) but occasionally reported in children and the elderly (death rate 4.4%) [40].
Staphylococcus aureus can cause various health problems not related to food such
as skin inflammation (e.g., ulcers and style), mastitis, respiratory tract infections,
wound sepsis, and toxic shock syndrome [40, 41].

Staphylococcal food poisoning caused by the ingestion of foods containing
pre-formed SE [44], there are several types of SE; enterotoxin A is most com-
monly associated with staphylococcal food poisoning. Enterotoxins D, E, and H,
and to a lesser extent B, G, and I have also associated with staphylococcal food
poisoning [45, 46].
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SE produced during the exponential phase of Staphylococcus aureus growth in
a strain-dependent quantity. Typically, the disease-inducing dose of SE occurs
when at least 105-108 CFU/g of Staphylococcus aureus are present [45, 40]. Most of
the genes for SE located in plasmid or prophage elements. Thus, transfer between
strains can occur, modifying the ability of Staphylococcus aureus strains to cause
disease and contributing to pathogen evolution [44, 46].

As the temperature decreases, the SE production rate also decreases. However,
SE remained stable under frozen storage. SE is highly resistant to heating and can
withstand the processes used to sterilize low-acid canned foods. SE production can
occur in the pH range 4.5-9.6, with an optimum of 7-8. SE production can occur in
anaerobic and aerobic environments; however, toxin production is optimal under
aerobic conditions [41].

3.2 Mode of transmission. Staphylococcus aureus food poisoning

Staphylococcal food poisoning occurs when the food consumed contains SE
produced by Staphylococcus aureus. Food handlers carrying enterotoxin-producing

Staphylococcus aureus in their nose or hands are considered a significant source of
food contamination through direct contact or respiratory secretions [44].

Year Food Country Findings Article title
2001 Rames rice Indonesia The number of Staphylococcus Study of Microbiological
aureus in the rice sample: 3.21 Safety of Snack Food at
Log CFU/g the FATETA-IPB Canteen,
Bogor [10]
2003 Rice at the Brazil Rice containing Staphylococcus An outbreak of
restaurant aureus: 100 CFU/g staphylococcal food
poisoning in the
Municipality of Passos,
MG, Brazil [11]
2004 Rice cake Korea 19.3% of rice cakes were Occurrence of Toxigenic
contaminated with Staphylococcus aureus in
Staphylococcus auveus Ready-to-Eat Food in
Korea [12]
2010 Uduk rice Indonesia The frequency of isolation Risks of Staphylococcus
of coagulase-positive aureus in Traditional
Staphylococcus aureus in uduk Ready-to-Eat Food and
rice samples was 6.67%, and Evaluation of Its Presence
not all were found in sufficient in uduk Rice [13]
amounts to form enterotoxins.
2014 Kerala India Kerala matta rice samples Outbreak of
matta rice contained coagulase-positive Staphylococcal Food
Staphylococcus aureus. Poisoning [14]
2019 Yellow rice Indonesia 7% of yellow rice contaminated Staphylococcus aureus and
with Staphylococcus aureus Bacillus cereus in yellow
rice [8]
2019 Jollof rice Nigeria Staphylococcus aureus found in Identification and
jollof rice samples at the campus anti-bacterial Testing
cafeteria. of Staphylococcus aureus
Isolated from Jollof Rice
sold at selected Cafeterias
in Federal University [15]
Table 2.

Cases of Staphylococcus aureus contamination in rice (vice-based food).
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It estimated that in the US, Staphylococcus aureus accounts for 2.6% of foodborne
diseases caused by 31 significant pathogens [47]. The incidence of staphylococcal
food poisoning is seasonal. Most cases occur in late summer when temperatures are
warm, and food is stored incorrectly [40].

Foods associated with the staphylococcal food poisoning outbreak include meat
and meat products, poultry and egg products, milk and dairy products, salads, cream
sandwich products, and sandwich stuffing. Foods that require extensive handling
during preparation and stored above refrigeration temperature (4°C) for along time
after development frequently implicated in staphylococcal food poisoning [39]. Foods
high in starch (such as rice) and protein believed to support SE production [41].

3.3 Case contamination and precautions for Staphylococcus aureus in rice

Cases of contamination of Staphylococcus aureus on rice, either in the form of raw
rice or cooked rice and other processed rice products, are found in several countries
in the world. Further explanation can see in Table 2.

Precautions for contamination of Staphylococcus aureus in rice:

1. The permissive temperature for growth and toxin production by Staphylococcus
aureus is between 6 and 46°C. Thus, the ideal cooking and cooling tempera-
tures should be above 60°C and below 5°C, respectively, is below the recom-
mended temperature [48].

2.Serving food quickly when stored at room temperature, wearing gloves,
masks, hairpins during food handling and processing, washing hands fre-
quently, maintaining personal hygiene for food handlers can help prevent
Staphylococcus aureus contamination [49].

3. Other precautions such as raw material control, proper handling and process-
ing, adequate cleaning, and disinfection of equipment used in food processing
and preparation must take [50].

4.Environmental factors that can play an essential role in the proliferation of
bacteria and the production of Staphylococcus aureus enterotoxins are the stor-
age of rice at room temperature for an extended period between preparation
and consumption [14].

4, Conclusions

It knows that pathogens transmitted through contaminated rice can cause food
poisoning, which occurs due to consuming rice containing pathogenic bacteria.
Several cases of contamination of Bacillus cereus and Staphylococcus aureus in rice
occurred in Indonesia, Pakistan, India, Malaysia, Belgium, America, Australia,
Korea, Iran, China, Nigeria. In general, prevention by proper handling of raw
materials, controlling the temperature of cooking and storing rice, and personal
hygiene of food handlers.
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Abstract

Nitrogenous fertilizer has remarkably improved rice (Oryza sativa L.) yield
across the world since its discovery by Haber-Bosch process. Due to climate
change, future rice production will likely experience a wide range of environ-
mental plasticity. Nitrogen use efficiency (NUE) is an important trait to confer
adaptability across various abiotic stresses such as flooding, drought and salinity.
The problem with the increased N application often leads to a reduction in NUE.
New solutions are needed to simultaneously increase yield and maximize the
NUE of rice. Despite the differences among flooding, salinity and drought, these
three abiotic stresses lead to similar responses in rice plants. To develop abiotic
stress tolerant rice varieties, speed breeding seems a plausible novel approach.
Approximately 22 single quantitative trait loci (QTLs) and 58 pairs of epistatic
QTLs are known to be closely associated with NUE in rice. The QTLs/genes for
submergence (SUB1A) tolerance, anaerobic germination (AG, TPP7) potential
and deepwater flooding tolerance (SK1, SK2) are identified. Furthermore, phy-
tochrome-interacting factor-likel4 (OsPIL14), or loss of function of the slender
ricel (SLRI) genes enhance salinity tolerance in rice seedlings. This review updates
our understanding of the molecular mechanisms of abiotic stress tolerance and
discusses possible approaches for developing N-efficient rice variety.

Keywords: abiotic stress, crop establishment, climate change, QTLs, food security

1. Introduction

Nitrogen is the most abundant (78%) of the atmosphere in gaseous form asan N,
molecule. But it is not directly available to the plants for their growth and develop-
ment [1]. It is the foremost important major essential nutrient element involved
in the physiological processes in plants. Globally, nitrogen deficiency is a crucial
growth-limiting factor for plants, especially under abiotic stresses. The nitrogen
use efficiency (NUE) is defined as the output of any crop plant per unit of nitrogen
applied under a specific set of soil and climatic conditions [2]. Agronomist usually
considers the amount of rough rice produced per unit of nitrogen applied as the
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efficiency of nitrogen, but physiologist defined it as the amount of rough rice
produced per unit of nitrogen absorbed [3, 4]. The latter is also termed as N utilization
efficiency. Apparent N recovery is based on N uptake measurement in the above-
ground plant parts and assumes that fertilized and control crops absorb the same
amount of soil N. On the other hand, physiological and agronomic efficiencies are
based on grain yield rather than total dry matter production. However, the enhance-
ment of NUE under an abiotic stressful environment has paramount importance to
the future rice breeder.

Rice (Oryza sativa L.) is grown in a wide range of ecosystems from the tropic
to the temperate regions, but productivity is severely tormented by various abiotic
stresses [5, 6]. Farmers may encounter flooding or waterlogging if heavy rain occurs
immediately after seeding before or after transplanting. The flooding can cause
complete crop failure because of the high sensitivity of rice to anaerobic conditions
caused by flooding during germination [7, 8]. There are various forms of flooding
caused by directly from heavy rains and/or flooding from adjacent rivers, leading
to drastic reductions in rice yield, ranging from 0.5 to 2.0 t ha™ [9]. Flash floods
are relatively short durations, prevailing some days to a couple of weeks. Apart
from this, stagnant flooding (30-50 cm water depth) may occur at any time of the
monsoon. Sometimes, the stagnant flooding may have coincidence with the flash
flood resulting in severe impacts on rice production. In deepwater areas, stagnant
water present from 0.5 m to a few meters in the field, usually for 4-6 months. The
depth of water in some of these deepwater areas can exceed 4 m as in floating-rice
areas. Rice breeders have been trying to develop a unique rice variety having specific
adaptive traits to tackle these types of floods [10-12]. Recently, the Bangladesh
Rice Research Institute has developed a deepwater rice variety, BRRI dhan91, for
the deepwater ecosystem. However, the application of nitrogenous fertilizer is very
challenging to the deepwater rice field and the NUE of this ecosystem is not yet
been well investigated.

Another one among the most important abiotic stresses is drought. Despite the
importance of drought as a major factor in yield reduction in rainfed ecosystems,
few efforts have been made to develop high-yielding drought-tolerant rice variety.
Impending rice production will experience a range of drought stress. The root archi-
tectural plasticity is taken into accounts as a very important characteristic to confer
tolerance to drought stress [13]. Deciphering the genetic and molecular mechanisms
controlling root phenotypic plasticity is important for effective screening, selection
and rice breeding efforts. Despite the likely genetic complexity behind the regula-
tion of trait expression in line with environmental conditions, phenotypic plasticity
is heritable and selectable. The QTLs have been identified incur for plasticity in
aerenchyma development and lateral root growth in response to drought stress
in rice [14]. These QTLs can be used in advanced breeding for the development
of a drought-tolerant rice variety. Due to global climate change, rice crops will
face diverse stresses, including prolonged drought stress, poor soil fertility, and
unpredictable rainfall. Rice establishment, either by transplanting or direct seeding,
depends upon the rainfall pattern. Therefore, the identification of root phenotypic
plasticity traits suitable for adaptation to the particular range of conditions faced
by rice crops, as well as the genetic regions responsible for those plasticity traits,
may facilitate selection for wide adaptation of rice genotypes to variable conditions
to confer sustainable yield. Quantification of root architectural plasticity possesses
significant value to detect which root traits may play the pivotal roles in rice adapt-
ability to drought. It is reported that the most plastic genotypes in root traits may
show the most yield stability under various dynamics of drought stress [11]. In this
regard, many drought-tolerant cultivars, like N22 and Moroberekan, have been
selected from rainfed ecosystems through traditional processes. These cultivars
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harbor genes for tolerance to abiotic stresses, including a wide range of drought
[15]. But due to their low yield potential and poor grain quality, farmers and con-
sumers are reluctant to prefer these cultivars. This provides a unique opportunity
for rice breeders to develop high-yielding drought-tolerant varieties.

Salinity is another major abiotic stress that is globally distributed in both
irrigated and non-irrigated areas [16, 17]. On a global basis, salinity stress ranked
second after the drought [18]. Salt stress affects many aspects of rice growth and
development, especially during seed germination and seedling growth [19]. It is
one of the most prevalent environmental threats to global agricultural productivity,
especially in arid and semi-arid climates, where population growth, water shortage
and land degradation are major concerns [1, 20]. Salt-affected soils are identified by
high electrical conductivity (EC), sodium adsorption ratio (SAR) and pH, calcar-
eousness, poor organic matter, less biological activity and imbalance in physical soil
conditions. Salinity causes toxicities of ions like Na" and CI", osmotic stress and ionic
imbalance to the root zone or in the soil body, including soil impermeability [21],
resulting in nutrient uptake problems in rice plant. Salt stress is the osmotic stress
expressed on seedling to the reproductive stage when they are growing under high
saline conditions. The N is the essential element for the synthesis of chlorophyll,
amino acids, nucleic acids, and proteins. Reduction in plant dry matter is sometimes
observed under severe NaCl salt stress and N deficiency. This phenomenon possibly
happens because of the decrease in sugar or starch accumulation [1, 22]. The NUE
of nitrogenous fertilizers in saline soil depends upon its mineralization pattern, soil
salinity levels, soil texture, temperature, freshwater irrigation and soil pH [23]. As
NUE for rice plants under salt-affected soils is relatively lower than those on normal
soils, the judicious use of nitrogenous fertilizer application in saline soil is needed.
Breeders involved in salinity tolerant rice, it is groundbreaking news that the over-
expression of PHYTOCHROME-INTERACTING FACTOR-LIKE14 (OsPIL14), or
loss of function of the DELLA protein SLENDER RICE1 (SLR1), accelerate meso-
cotyl and root growth under salt stress and minimize the sensitivity to NaCl-induced
hindrance of seedling growth in rice [17].

2. Crop establishment methods under abiotic stress

Crop establishment under abiotic stress is crucial for farmers, even though
farmers are coping with this stress condition. There are many more abiotic stresses;
out of those, we will discuss only flooding, drought and salinity stress.

2.1 Crop establishment under flooding stress

Proper rice establishment is significantly important in flood-prone areas
because of its sensitivity to flooding during germination (Figure 1) and early seed-
ling stage relative to other growth stages [24, 25]. In most areas of Asia, irrigated
rice is established by transplanting of seedlings into puddle soil [26, 27], after
which the fields are flooded for a prolonged time and recession of water is done
before harvesting. Puddling gives some advantages such as it reduces water loss by
percolation, assists weed control through destroying weeds, burying weed seeds
and maintaining anaerobic conditions that impede weed germination, and makes
the soil soft for transplanting [28, 29]. In many rainfed areas of Bangladesh and the
eastern part of India, water deposits in the field to around 30 cm or more within
a few days after the onset of the rainy season, making the farmers to transplant
taller and older seedlings being their only viable option in their hand [30]. Many
variations in direct-seeding are being practiced depending on water availability
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Figure 1.
Crop establishment methods and seed management options under early flooding stress using anaerobic
germination (AG) potential rice genotypes in divect-seeded rice (DSR) system under field condition.

and field conditions [29]. Due to increasing labor scarcity and cost, however,

the need to shift a more suitable establishment method with much lower labor
requirement than manual transplanting is conducted. This can be achieved by
changing to mechanical transplanting or direct-seeding, which also enable timelier
planting/seeding and improved crop stand [31]. Researchers in China [32], South
Asia [33], and Australia [34] reported that rice could be successfully grown using
dry-seeding. Dry-seeding rice has been developed as an alternative establishment
method of rice that alters labor requirements and other inputs while increasing or
maintaining economic productivity and alleviating soil degradation problems in
cropping systems [35, 36].

The three basic methods of direct seeding are water seeding (broadcasting seed
into standing water), dry-seeding and wet-seeding [31]. In wet seeded rice (WSR),
the pre-germinated seeds are broadcasted or sown in rows on the saturated soil
surface, typically after puddling. Dry-seeding involves broadcasting or preferably
drilling the seed into non-puddled soil, usually after dry tillage [31]. Water seeding
involves pre-germinated rice seeds broadcast in standing water and is practiced
in some cooler areas like in California, Central Asia and Australia [30]. The main
advantage of this method is that the standing water suppresses the majority of
weed species. This is common in temperate irrigated areas, but could potentially
be adapted in flood-prone rainfed lowlands in the tropical area where farmers can
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practice early sowing without waiting for a complete recession of floodwater, to
minimize the risk of delayed maturity and late-season drought [26]. Once the rice
crop has been established in direct-seeded systems and based on water availability,
the field is flooded to suppress weed growth and water depth is then maintained

at 5-10 cm through most of the season, later water is gradually drained prior to
harvest [30]. The type and degree of adoption of alternative rice crop establishment
methods to puddling and manual transplanting vary across Asia. In some parts of
South East Asia (Philippines, Malaysia, and Vietnam) and Sri Lanka, transplanting
has been replaced in large areas by wet-seeding on puddled soil [2, 26]. In the more
developed East Asian countries, like Japan and South Korea, transplanting in pud-
dled soil using specialized machinery has been a common practice for many years,
and there is now emerging interest in mechanical transplanting into either puddle
or non-puddle/dry tilled soil in parts of India. In parts of South Asia, especially in
the rice-wheat systems of north-west India, dry-seeding of rice is at the early stages
of adoption. The same seed drill can also be used for sowing other crops; thus, dry-
seeding may be more conducive to the mechanization of rice establishment than the
use of a single purpose mechanical transplanters in regions where farmers also grow
non-rice crops [37].

The establishment methods involving puddling have several disadvantages,
including higher tillage costs, adverse effects on soil structure for upland crops
grown in rotation with rice, and high water requirement for crop establishment.
Irrigation cost for crop establishment can be reduced by avoiding puddling,
with or without a change in the crop establishment method. For example, both
mechanical transplanting and wet-seeding can be done in non-puddled soil after
saturating the soil (after dry tillage or no-tillage) [38]. Dry-seeding into dry or
moist soil, can further reduce the water requirement for crop establishment, with
or without prior dry tillage as for transplanted and wet seeded rice. Nevertheless,
direct-seeded rice in the field for 2-3 weeks is longer than transplanted rice,
increasing the length of the irrigation season. It has been observed that the
extraction of water is more uniform across depths with direct-seeded rice
because of better root growth than with transplanted rice [39]. At the early stage
of crop growth, up to 60 days after sowing (DAS) growth rate is relatively higher
in DSR and WSR than transplanted rice, having more plant density per unit area
compared to transplanting [40].

2.2 Crop establishment under drought stress

Drought is an environmental occurrence imposed by the synergistic effect of
hydrological, climatic, and natural forces that result in insouciant precipitation for
agricultural production over a long period [41]. Globally drought severity is one
of the serious concerns because of its immense impacts [42]. The frequency and
severity of global drought remain omnipresent and the incidence or extremity of
drought has been increasing globally, such as in the Mediterranean region [43],
Central China [44], and Africa [45]. Drought is a major constraint to rice produc-
tion worldwide, as it can occur for varying lengths of time and intensity at any
stage of rice growth and development. With the increasing human population and
depleting water resources, the development of drought-tolerant rice is of supreme
importance to minimizing rice yield losses from drought stress [46]. The major
obstacle of rain-fed rice production is drought [47]. Irrigated conditions induce
shallow root systems to uptake the resources from the top layer of the soil, whereas
rain-fed conditions favor a deep and robust root system, needed to extract the water
and nutrients from a wider volume of soil [48]. Three common types of drought
can be found for rice production: early water scarcity that causes a delay in seedling
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establishment through transplanting, mild sporadic stress having cumulative
effects, and late stress affecting long duration varieties [49].

Drought stress induces different physiological and biochemical changes in rice
at various developmental stages [50]. It is reported that the plant acclimatized to
drought stress through modification of its roots into thicker and longer to uptake
nutrient and water from a relatively higher depth of soil and it is found that assimi-
lates are translocated to roots instead of shoots in response to drought stress [51]. In
contrast, some researchers opined that root growth in rice decreases under drought
stress [52]. These findings show that the response of roots to water stress is highly
dependent on the rice genotype, period and intensity of stress [53]. The impact of
drought stress on rice yield also depends on the growth stages, with the seedling,
tillering, flowering, but if rice plant faces severe drought at the panicle initiation
stage might be the most sensitive stage resulting huge loss in yield [54].

2.2.1 Role of root to uptake water under drought

As roots uptake water and nutrients from the soil; hence, the morphological and
physiological characteristics of roots play a vital role in determining shoot growth,
successive development and ultimate crop production [55]. The access of water to a
plant is measured by its root system, root properties, root structure, and distribu-
tion of root and rootlets, so improving root traits to expedite the uptake of soil
moisture and uphold the productivity under drought stress is of paramount interest
[56, 57]. Herbaceous plants like rice have a root system comprised of coarse roots,
which include the primary roots that originate from the taproot system and the
nodal/seminal roots of fibrous root systems, easily distinguishable from the finer
lateral roots [58]. Moisture deficiency can be recovered through modification of the
root-shoot ratio and maintain leaf gourd cell-mediated process under drought stress
[59]. The optimal dry matter partitioning theory proposes that a plant distributes
the assimilates among its different parts for optimum growth and development
[60]. It further suggests that the shoot ratio and some other signaling processes may
change the ratio to balance the assimilates that alter plant growth even the plants
produce certain root for adaptation [61]. Roots having a small diameter and a high
specific root length expedite the surface area of roots in contact with soil water
and also increase the influx of the xylem through the apoplastic pathway [62, 63].
Moreover, the decrease in root diameter also assists in enhancing water access and
upraises the productivity of plants under drought stress [64].

Agronomic adjustments to root plasticity may occur when plant combat with
multiple resources limitation [65]. Root architecture varying with rice seedling
establishment methods; dry direct seeding prone to more edaphic stresses than irri-
gated transplanted methods [31]. Moreover, the adjustments in high yield potential
among genotypes showing the highest degree of root plasticity may be due to genetic
potentiality rather than functional adjustments. Undesirable traits to drought stress
such as tall plant height and very early flowering have been reported previously,
later in high-yielding, medium-duration drought-tolerant rice varieties developed
[66, 67]. So the exact identification and fine-mapping of the QTLs governing
the root plasticity traits identified [68]. The positive plasticity values noticed in
response to stress indicate that the growth of that particular root trait was increased
due to stress application. This response is distinct from an allometric response, in
which larger root biomass is related to larger shoot size, because though root growth
increased under drought stress but shoot growth down-regulated under stress [68].
The genotypes showing most root-plasticity have positive correlations for root
architectural traits between and drought suggest that the most root-plastic geno-
types would consistently show a plastic response in different drought environments
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either in transplanting or direct seeding or in other soil types [68]. The genotypes
having the most root-plasticity under drought also would show a relatively greater
degree of plasticity under low phosphorus content soil, depending on the soil depth
[68]. Combinations of multiple root plasticity traits in response to drought and/or
low-phosphorus have been related to genotypic variation for adaptation to various
environments [69]. It is reported that no single functional parameter was strongly
incurred to trends in root plasticity or yield [68]. In line with root architectural
plasticity, traits such as root anatomy, water use efficiency, and phenology has
been reported to be related to more stable plant establishment across versatile
environments in various species [70, 71]. In the case of rice, phenological plasticity
in response to drought may be difficult to assess because rice exhibited delayed
flowering under drought, and this delay can be reduced by plasticity in root archi-
tectural traits, which improve moisture uptake. A set of QTLs has been identified
related to root architectural plasticity traits and phenotypic plasticity traits in rice,
resulting in getting a better understanding of rice establishment under drought
stress [68].

2.3 Crop establishment under salinity stress

Generally, rice plants are very sensitive to salinity stress during the early stages of
seedling establishment, post-germination and reproductive stage and relatively less
sensitive during tillering and grain filling stages [72, 73]. Under salinity altering in
the shoot to root ratio as a consequence of root length reduction was supposed to be
the avoidance mechanism of the seedlings from salt stress. Salinity accumulates the
toxic ion in plants, causing a mineral imbalance. The essential ions are reduced and
do not meet the demand resulting in hindrance in normal physiological activities of
rice plants. High salt stress impedes the seed germination process, while low salt stress
induces seed dormancy [74]. To cope with such stress conditions, seeds develop a
mechanism of maintaining low water potential, other specific avoidance, escaping, or
tolerance mechanisms to protect the damage by salt stress [75]. Salinity limits germi-
nation in a number of ways. From reducing the osmotic potential of soil, which makes
adecline in water imbibitions by seed [74] to the creation of ionic toxicity, which alters
enzymatic action involved in nucleic acid metabolism. Other effects of salt stress on
seed germination include changes in the metabolic process of protein [76]. Seeds are
usually more sensitive to salt stress due to close association to the surface of the soil.
Accumulation of NaCl to a toxic level in soil, ionic stress decreases the rate of germi-
nation [77]. Seed could not absorb water properly because of lower water potential
induced by salt stress resulting in toxic effects to the developing embryo and delay in
the germination process [78]. The average time of seed germination depends on salin-
ity severity and genotype’s inherent quality. There is a strong negative co-relationship
between the strength of salinity stress and the rate of germination [79]. Salinity
exhibits an immense effect on the germination index and seed size [80]. Small-sized
seeds show a relatively higher germination index than large size seeds under salinity
stress. Salinity has a negative effect on germination percentage, rate of germination
and germination speed [81]. After germination, in successive growth of the seedling,
salinity reduces shoot and root dry matter production in rice genotypes [82], and the
magnitude of reduction increased with increasing salinity level (Table 1).

2.3.1 Plant physiology under salinity
Higher amounts of salt in the soil cause a serious threat to various metabolic

processes of plants, which results in a reduction of crop yield. Soil salinity limits the
uptake of essential ions into the plants resulting in metabolic disorder leading to
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downstream in plant growth rate [83]. Excess salt concentration in the root zone of
plants causes a change in plant water potential. Salinity causes a reduction in turgor
pressure in plant cells due to less water uptake by the plants. Insufficient water limit
cell division and regulation of stomatal aperture, which lead to low photosynthesis
rate and in severe case causes plant tissues death [84]. Aside from this, reduction

in turgor pressure causes stomatal closure, resulting reduction in gaseous exchange
of transpiration [20]. Salinity causes other physiological disorders, like changes

in membrane permeability, leading to misfolding of membrane proteins [85] and
suppression of the photosynthesis [86]. Reduction in enzymatic activities and
photopigments causes a lowering of photosynthesis rate [87]. Many plant physio-
logical and biochemical processes, photosynthesis [88], water conductance through
stomata [75, 89] are affected by salinity, resulting in an adverse effect on biological
processes and crop yield reduction.

2.3.2 Plant anatomical change under salinity stvess

Rice adopts various strategies in response to salinity through their anatomical
modification, which allows them to cope with the stress. Plants with growth in high
salt concentration have more thickness of leaves [90], epidermis, cell walls and
cuticles. The higher the salt concentrations, the higher the mesophyll cell layers
and cell size up to some extend [91], due to more elasticity in the cell wall at high
turgor pressure [92]. Salinity expedites the density of stomata at the lower side of
leaves [93] with increased palisade tissues [94]; however, salinity downregulates the
number of cells per leaf. Salinity reduces the number of stomata on the surface of
the epidermis [95], vessels number [94]. However, salinity accelerates subrinization
inside the roots resulting in hindrance in nutrient uptake from soil [96]. In rice,
it is reported that stem diameter was reduced [97], while trichome and stomata
density increased. Salt stress reduced cell size, the epidermal thickness of leaves,
apical meristem, diameter of the cortex and central cylinder [98]. Salinity induced
thickening of exodermis and endodermis [99] and assist in developing sclerenchy-
matous tissues [98]. Once the seed has germinated, the next goal for the plant is an
establishment. Salinity causes a reduction in crop establishment by reducing shoot
growth, sealing leaf development and expansion, reducing the growth of inter-
nodes and inducing abscission of leaf [91, 100]. Salinity causes some complexity to
plants, like osmotic stress, ion toxicity and nutrient imbalance, which are detected
as the most prominent reasons for a reduction in crop growth, resulting in crop
failure in severe cases. Nonetheless, different developmental stages like germina-
tion, vegetative growth, flowering, spikelet’s setting and grain filling of rice behave
differently with salinity. It is reported that salinity decreased biomass and leaf area
inrice [101].

3. QTLs and genes of nitrogen use efficiency

In soil, inorganic nitrogen is available for plants as nitrate (NO;") in aerobic
upland condition and ammonium (NH,4") in flooded wetland or acidic soils.
Nitrogen use efficiency (NUE) is a complex trait that is controlled by multiple
genes. Many genes and/QTLs associated with NUE have been identified in rice.
Studying and understanding the mechanisms of N utilization at a molecular level
may help to improve rice varieties for N deficiency tolerance under different abiotic
stresses. Researchers [102] identified 14 putative QTLs for NUE components and
63 QTLs for 12 physiological and agronomic characteristics with six hotspot regions
using 174 recombinant inbred lines derived from the IR64/Azucena cross at the
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vegetative phase in the hydroponic Yoshida solution with three different N concen-
trations: 1X (standard), 1/4X and 1/8X. In line with this, it is reported that eight
QTLs for plant height in hydroponics with two N supply levels in the Yoshida cul-
ture solution and 13 QTLs for plant height in a soil mediated experiment with two
N supply treatments [103]. Twelve QTLs were detected for root weight, 14 for shoot
weight and 12 for biomass from 239 rice recombinant inbreed lines (RILs) derived
from a cross between two indica parents (Zhenshan97/Minghui63) under hydro-
ponics medium using two N treatments [104]. In another pot experiment, seven
QTLs were identified associated with nitrogen use and the yield on chromosome 3
[105]. Three candidate genes Os05¢0208000, Os07¢0617800 and Os10g0189600 were
identified through fine-mapping of four QTLs located on chromosomes 5, 7 and 10
accelerated yield performance under low N level [106].

Five QTLs were identified on chromosomes 1, 2, 7 and 11 for grain yield (GY)
using 127 RILs derived from the cross Zhanshan 97/Minghui 63 [107]. The pheno-
typic and genetic associations between grain NUE and GY are positive and highly
significant; thus, QTLs for both NUE and GY could be used to trigger NUE and
GY in a breeding program [108]. Seven QTLs for the glutamine synthetase (GS1)
protein content and six QTLs for the NADH-GOGAT protein content were detected
using backcross inbred lines between Nipponbare and Kasalath. Some of these
QTLs were fined mapped to get a structural gene for GS1 from chromosome 2 and
chromosome 1 [109]. A QTL on chromosome 2 activates cytosolic GS1 for protein
synthesis in older leaves, resulting in more active tillers during the vegetative stage
and a more panicle number and total panicle weight [110]. Using 166 RIL popula-
tions, 22 single QTLs and 58 pairs of epistatic QTLs associated with physiological
NUE in rice have been identified [111]. With the same mapping population, 28
main effect QTLs and 23 pairs of epistatic QTLs were detected [112]. It is reported
that [113], using 38 chromosome segment substitution lines derived from a cross
between “Koshihikari,” a japonica variety, and “Kasalath,” an indica variety, identi-
fied a major QTL gRL6.1 on the long arm of chromosome 6 associated with root
elongation under deficient and sufficient NH4" condition. The “Kasalath” allele
at this QTL region promoted significant root elongation. The marker interval was
C11635-P3A2 and phenotypic variance explained by this QTL was 76.4%.

A set of RILs grown in four different seasons in two locations with three nitrogen
fertilization treatments was analyzed for QTL for grain yield components and two
main effect QTLs were detected viz., grain yield per panicle on chromosome 4 and
grain number per panicle on chromosome 12 under N zero level [114]. Four QTLs
for trait differences of plant height and heading date between two N levels have been
mapped on chromosomes 2 and 8 co-locating with reported QTLs for NUE [111]. In
response to low nitrogen application for two years, 33 QTL have been identified in
RIL population, out of which only ten QTLs were consistent under low N [115]. QTL
mapping for NUE and nitrogen deficiency tolerance traits in RIL population for two
years resulted in four common QTL on chromosomes 1, 3, 4 and 7 [116].

From a recombinant inbred population, 20 single QTLs (S-QTLs) and 58 pairs
of epistatic loci (E-QTLs) were detected for the nitrogen concentration of grain,
nitrogen concentration of straw, the nitrogen content of shoot, harvest index,
grain yield, straw yield and physiological nitrogen use efficiency (PNUE) [117].
Researchers [118] identified seven chromosomal regions using 40 introgression
lines (ILs) derived from a cross between “Ilpumbyeo,” a temperate japonica variety,
and “Moroberekan,” a tropical japonica accession from seedlings grown in 0, 250
and 500 uM NH,". Among them, the gRW6 QTL was detected on the long arm of
chromosome 6 associated with root weight in temperate japonica.

Recently, a group of scientists reported [119] about a main effect QTL gRD-
WN6XB (Table 2) on the long arm of chromosome 6, which positively confers
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tolerance to N deficiency in the Indica rice variety XieqingzaoB, was identified
using a chromosomal segment substitution line population using Zhonghui9308
and XieqingzaoB. Nine candidate genes were found in this region through fine
mapping. Out of these genes, Os06g15910 was seemed to be a strong candidate gene
associated with root system improvement under low N status. However, putative

QTLs/genes Special traits Chr. No Reference
ARE1 High-yield under N limiting condition 8 [108]
qRL6.1 Root elongation under deficient and sufficient NH," condition 6 [113]
qRW6 Enhance root traits and yield potential 6 [118]
qRDWN6XB Confers tolerance to N deficiency 6 [119]
qGYLN7 Increases grain yield under low N 7 [106]
qGYPP-4b Increases grain yield per plant under low N 4 [114]
qGNPP-12 Increases grain number per panicle under low N 12 [114]
Table 2.

Major QTLs/genes associated with nitrogen use efficiency under abiotic stresses.
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Figure 2.
Holistic breeding approach for multiple abiotic stress tolerance in rice. F = flooding, D = drought, S = salinity,
QTLs = quantitative trait loci.
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QTLs/genes needed for multiple abiotic stress tolerance, NUE and associated novel
traits in rice could be discovered through a holistic breeding approach (Figure 2).

4. Hybrid rice production under abiotic stress

Adverse environmental conditions like abiotic factors, triggering abiotic
stresses, run a key role in determining the productivity of rice yields. Biologically,
abiotic stress is considered as a substantial deviation from the model environments
in which plants are grown, inhibiting them from expressing their complete genetic
potential regarding growth, development and reproduction [120]. Agriculture pro-
duction in Bangladesh is dwindled mainly due to biotic and abiotic stresses. Abiotic
stress ubiquitously affects the crop growth and development process worldwide.
Hence, these are one of major areas of concern to fulfill the required food demand
[121, 122]. The major abiotic stresses, drought, flooding, salinity are making the
risks to food and nutritional security from tropics to temperate regions worldwide.
Drought affects plants in numerous ways like it affects plant growth, yield, mem-
brane integrity, pigment content, osmotic adjustments, water relations and photo-
synthetic activity [123]. Over the last three decades, the temperature of the country
has increased significantly. It is estimated that by 2030, 2050 and 2100, the tem-
perature may increase around 1, 1.4 and 2.4°C, respectively [124]. This is significant
as an increased temperature reduces the yield of rice. Therefore, the countryisina
risky situation in meeting future challenges concerning food security.

Bangladesh is facing salinity intrusion into the arable agricultural lands. The
decline in rice yield under judiciously salt-affected soils is anticipated to be 68
percent [126]. Due to global warming, the rise in sea levels, surplus irrigation
without appropriate drainage in the inland area under salt stress is growing.
Flash flood and cold injury also cause rice production loss almost every year in
Bangladesh. Rainfed conditions in Bangladesh are quite complex, where multiple
stresses frequently prevail and even follow in quick succession within a single
cropping season. Two or more abiotic stresses often coexist in many rainfed low-
land and saline areas of Bangladesh. Most of the rainfed areas in Bangladesh are
often occurred by multiple abiotic stresses such as flooding, drought and salinity
even within the same cropping season near the coastal areas. Therefore, we need
to breed new hybrid rice varieties that could tolerate more than one abiotic stress
and yield high under normal favorable rainfed conditions as well.

Northern districts of Bangladesh are cold prone areas of the country. Usually,
Boro (winter) rice is seriously affected by cold during the seedling and flowering
stage. Seedling mortality sometimes goes up to 90%, especially in the northern part
of the country. In recent years, more than 2.0 million hectares of rice crops in the
cold prune area of Bangladesh have been seriously affected by extreme cold stress,

Years Salinity class and salt affected area (000’ha) Total
S1(2.0-4.0 S2(4.1.0-8.0 S3 + 54 (8.1-16.0 S5(>16.0 (000°ha)
dS/m) dS/m) dS/m) dS/m)
1973 28737 42643 7975 399 83345
2000 289.76 30720 336.58 8714 1020.75
2009 32843 274.22 351.69 101.92 1056.26

Source: Soil Resources Development Institute (2010).

Table 3.
Extent of soil salinity during the last four decades (1973-2009) in coastal areas of Bangladesh.
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causing partial to total yield loss, especially in the northern part of the country.

In the haor areas of Bangladesh, early planted Boro rice has to face cold stress at
the reproductive stages (Panicle initiation to flowering). If the mean temperature
goes down below 20°C for more than 5-6 days during the reproductive stage of the
hybrid rice plant associated with spikelet sterility, cause serious yield damage.

In particular, abiotic stresses significantly constrain rice production in
Bangladesh and the frequency of these stresses is, unfortunately, likely to increase
with climate change. Hybrid rice breeding programs around the world have pre-
emptively responded by breeding stress-tolerant rice varieties. By manipulating the
heritable variation present in the germplasm, we can develop abiotic stress-tolerant
cultivars through breeding techniques, but it is a cumbersome and time-consuming
process. The slow progress is due to the complexity of the problem involving envi-
ronmental conditions and the genetic system. The development of stress-tolerant
hybrid rice varieties has gained momentum among the breeders in the recent past.
The development of hybrid rice with inbuilt stress tolerance is most desirable to
increase the production capacity of rice under saline conditions.

Climate change has affected Bangladeshi agriculture a lot. The most pronounced
effects of climate change are the heat stress, periodic drought conditions, and
salinity intrusion in coastal belts due to sudden flood and flash flood in major rice-
growing areas of Bangladesh. In the last couple of decades, the salinity affected area
increased drastically in Bangladesh (Table 3). Due to periodic drought and saline
water intrusion in the coastal belt, the already existing problem of high amounts
of salts in the upper surface soil has intensified. In the future, efforts should be
directed to develop climate-smart hybrid rice, which can perform stably under
diverse environmental conditions. Nonetheless, China is now feeding 20 percent
of the world’s population from only 10 percent of the world’s arable land where
hybrid rice covers around 57 percent of the total cultivated rice area [125]. They
have achieved this success by adopting research on region-based and stress-tolerant
hybrid rice development. Their way of success was not so smooth, but eventu-
ally, they overcome all the obstacles. On the other hand, rice is called “the life of
the people of Bangladesh.” No obvious alternative crop can replace rice presently.
Initially, after the introduction of hybrid rice in Bangladesh in 1998, the area under
hybrid rice cultivation significantly increased, but not up to the mark. Currently,
only 748 percent of the total rice area is under hybrid rice cultivation in Bangladesh
[126]. We have released hybrid rice for a favorable environment. It is now world-
wide accepted that hybrid rice can give 15-20% more yield compared to inbred high
yielding rice cultivars. Therefore, the development of abiotic stress tolerant hybrid
rice is the demand of the time to sustain food security.

5. Future outlook and conclusions

Among the essential nutrient elements, nitrogen has a paramount importance
for rice growth and development in natural ecosystems. To promote optimum N
nutrition for the higher rice yield, it is important to explore the possible variability
in NUE in rice genotypes. Understanding the molecular mechanisms of variable
NUE in rice genotypes would help to develop NUE in the elite rice variety under
abiotic stressful conditions using traditional and molecular plant breeding methods,
including genome editing. Global climate change plunges world rice production
toward various abiotic stress. Flooding, drought and salinity are correlated to cause
problems in rice production. If rice seedlings experience flooding during the vegeta-
tive stage, they may suffer from terminal drought during the reproductive stage,
depending on the ecosystems. Likewise, periodic drought conditions may upregulate
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the existing salinity stress through intensification of a high amount of salt layer on
the upper surface soil. Therefore, there is a dire need to adopt a holistic approach

to address the problems of abiotic stresses for future rice breeding. Genomics and
post-genomics approaches have high potentials for dissecting underlying molecular
mechanisms in differential NUE in rice genotypes. With the help of molecular
mapping, fine-tuning of target QTLs, genome editing of a number of major and
minor QTLs associated with abiotic stress tolerance in rice have been detected in
recent years. Further enhanced research endeavors are now underway toward the
development of more tolerant rice varieties to abiotic stresses. The identified QTLs
are valuable resources for marker-assisted selection (MAS) to develop elite rice
genotypes tolerant to flood, drought and salinity. Novel approaches are needed to
apply for accelerating the mitigation of the problems of abiotic stresses in rice such
as marker-assisted breeding (MAB), rapid generation advance (RGA), gene editing
and transgenic technology. Attempts should be taken to develop abiotic stress-
tolerant rice varieties, which can perform in a sustainable manner in a wide range of
environmental conditions. Identified QTLs and rice germplasms tolerant to abiotic
stresses could be explored to understand the molecular genetics of flooding, drought
and salt tolerance in rice. New genes involved in abiotic stress tolerance are needed
to be identified. There is a need for strategic research on molecular breeding and
agronomic aspects to enhance the resilience of global rice production. To achieve
these goals, capacity building of rice scientists, farmers and other stakeholders
involved in developing abiotic stress-tolerant rice variety might help to increase the
desired NUE in rice.

Author details

Satyen Mondal™, Jamil Hasan', Priya Lal Biswas!, Emam Ahmed!, Tuhin Halder!,
Md. Panna Ali!, Amina Khatun!, Muhammad Nasim®, Tofazzal Islam?,
Evangelina S. Ella® and Endang M. Septiningsih*

1 Bangladesh Rice Research Institute, Gazipur, Bangladesh

2 Institute of Biotechnology and Genetic Engineering, Bangabandhu Sheikh
Mujibur Rahman Agricultural University, Gazipur, Bangladesh

3 International Rice Research Institute, Manila, Philippines
4 Texas A&M University, College Station, TX, USA

*Address all correspondence to: satyen1981@gmail.com

IntechOpen

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

150



Nitrogen Use Efficiency in Rice under Abiotic Stress: Plant Breeding Approach

DOI: http://dx.doi.org/10.5772/intechopen.94038

References

[1] Murtaza G, Azooz MM,

Murtaza B, Usman Y, Saqib M. Nitrogen-
use-efficiency (NUE) in plants under NaCl
stress. Salt Stress in Plants: Signalling,
Omics and Adaptations. 2014.p. 415-437.
DOI:10.1007/978-1-4614-6108-116.

[2] De Datta SK, Gomez KA. Interpretive
analysis of the international trials on
nitrogen fertilizer efficiency in wetland
rice. In: Fertilizer International (May
issue). British Sulphur Corp., London,
U.K. 1981. pp. 1-5.

[3] Yoshida S. Fundamental of Rice
Crop Science. International Rice
Research Institute, Los Bafios, Laguna,
Philippines, 269.1981.

[4] Moe K , Mg K, Win K, Yamakawa T.
Combined Effect of Organic Manures
and Inorganic Fertilizers on the Growth
and Yield of Hybrid Rice (Palethwe-1).
American Journal of Plant Sciences.
2017; 8:1022-1042. DOI: 10.4236/
2jps.2017.85068.

(5] Lal B, Gautama P, Nayaka AK,

Rajaa R, Shahida M, Tripathi R, Singh S,
Septiningsih EM, Ismail AM. Agronomic
manipulations can enhance the
productivity of anaerobic tolerant rice
sown in flooded soils in rainfed areas.
Field Crops Research.2018; 220: 105-116.
DOI:0rg/10.1016/j.fcr.2016.08.026.

[6] Mondal, S, Khan, MIR., Dixit S,
Cruz PCS, Ismail AM. Growth,
productivity and grain quality of AG1
and AG2 QTLs introgression lines under
flooding in direct-seeded rice system.
Field Crops Research. 2020; 248: 1-12.

[7] Ismail AM, Ella ES, Vergara GV,
Mackill DJ. Mechanisms associated
with tolerance for flooding during
germination and early seedling growth
in rice (Oryza sativa). Annals of Botany.
2009; 103: 197-209.

[8] Mondal S, Khan MIR, Entila F,
Dxit S, Cruz PCS, Ali MP, Pittendrigh B,

151

Septiningsih EM, Ismail AM. Responses
AG1 and AG2 QTL introgression lines
and seed pre-treatment on growth

and physiological processes during
anaerobic germination of rice under
flooding. Scientific Reports. 2020; 10:
10214.

[9] Ismail AM, Platten JD and Miro B.
Physiological bases of tolerance of
abiotic stresses in rice and mechanisms
of adaptation. ORYZA-An International
journal on Rice. 2013; 50 (2): 91-99.

[10] Lafitte RH, Ismail AM, Bennett J.
Abiotic stress tolerance in tropical rice:
progress and the future. Oryza. 2006;
43:171-186.

[11] Singh A, Septiningsih EM,

Balyan HS, Singh NK, Rai V. Genetics,
physiological mechanisms and breeding
of flood-tolerant rice (Oryza sativa L.).
Plant and Cell Physiology. 2017;
58(2):185-97.

[12] Septiningsih EM, Mackill DJ.
Genetics and breeding of flooding
tolerance in rice. In: Sasaki T,
Ashikari M, editors. Rice Genomics,
Genetics and Breeding. Springer
Nature Singapore; 2018. p. 275-295.
DOI:10.1007/978-981-10-7461-5_15.

[13] Sandhu N, K. Raman KA,
Torres RO, Audebert A, Dardou A,
Kumar A, Henry A. Rice Root
Architectural Plasticity Traits and
Genetic Regions for Adaptability
to Variable Cultivation and Stress
Conditions. 2016. DOI: https://doi.
org/10.1104/pp.16.00705.

[14] Niones JM, Inukai Y, Suralta RR,
Yamauchi A. QTL associated with
lateral root plasticity in response to soil
moisture fluctuation stress in rice. Plant
Soil. 2015; 391: 63-75

[15] Dixit S, Huang BE, Sta Cruz MT,
Maturan PT, Ontoy JCE. QTLs for



Recent Advances in Rice Research

Tolerance of Drought and Breeding for
Tolerance of Abiotic and Biotic Stress:
An Integrated Approach. PLoS ONE.
2014; 9(10): e109574. doi:10.1371/
journal.pone.0109574

[16] Barua R, De Ocampo M, Egdane]J,
Ismail AM, Mondal S. Phenotyping

rice (Oryza sativa L.) genotypes for
physiological traits associated with
tolerance of salinity at seedling stage.
Scientia Agriculturae. 2015; 12:156-162

[17] Mo W, Tang W, Du, Jing Y,

Bu O, Lina RV. PHYTOCHROME-
INTERACTING FACTOR-LIKE14 and
SLENDER RICE1 interaction Vcontrols
seedling growth under salt stress.

Plant Physiology. 2020. DOI:10.1104/
Pp-20.00024.

[18] Singh BD. Plant breeding, 4th edn.
Kalyani Publishers, Banaras. 2004.

[19] Park HJ, Ki, WY, Yun DJ. A new
insight of salt stress signaling in Plant.
Molecular. Cells. 2016; 39: 447-459.

[20] Munns R, Tester M. Mechanisms
of salinity tolerance. Annual Review of
Plant Biology. 2008; 59:651- 681

[21] Ashraf M, Athar HR, Harris PJC,
Kwon TR. Some prospective strategies
for improving crop salt tolerance. Adv
Agron. 2008; 97:45-110

[22] Moradi F, Ismail AM. Responses
of photosynthesis, chlorophyll
fluorescence and ROS Scavenging
systems to salt stress during seedling
and reproductive stages in rice. Annals
of Botany. 2007; 99:1161-1173

[23] Chaudhry MR, Khokhar IA,

Shah MA. Rice growth and nutrient
uptake (NP) as affected bydifferent
salinity types. Pakistan Journal of
Agricultural Sciences. 1989; 26:348-354

[24] Mackill DJ, Ismail AM, Singh US,

Labios RV, Paris TR, Development and
rapid adoption of submergence-tolerant

152

(Subl) rice varieties. Advances in.
Agronomy. 2012; 115,299-352.

[25] Ella ES, Dionisio-Sese ML,

Ismail A M. Proper management
improves seedling survival and growth
during early flooding in contrasting
rice genotypes. Crop Sci. 2010;
50(5):1997-2008

[26] Pandey S, Velasco L. Economics
of direct seeding in Asia: patterns

of adoption and research priorities.
In: Pandey S, Mortimer M, Wade L,
Tuong T, Lopez K, Hardy B. Direct
seeding: Research Issues and
Opportunities. Proceedings of the
International Workshop on Direct
Seeding in Asian Rice System: Strategic
Research Issues and Opportunities,
International Rice Research Institute
Bangkok, Thailand/Los Bafios, the
Philippines. 2002; 3-14.

[27] Mondal S, Hasan J, Ahamed T,
Miah MG, Cruz PCS, Ismail AM. Effect
of AG1, AG2 QTLs on nonstructural
carbohydrate and seed management
options for rice seedling growth and
establishment under flooding stress.
Rice Science. 2020; 27(6): 515-528.

[28] Singh R, Gajri PR, Gill KS, and
Khera R. Puddling intensity and
nitrogen-use efficiency of rice (Oryza
sativa) on a sandy-loam soil of Punjab.
Indian Journal of Agricultural Science.

1995; 65:749-751.

[29] Rao AN, Johnson D, Sivaprasad B,
Ladha JK, Mortimer AM. Weed
management in direct-seeded rice.
Advances in Agronomy. 2007; 93: 153-255.

[30] Ismail AM, Johnson DE, Ella ES,
Vergara GV, Baltazar AM. Adaptation
to flooding during emergence and
seedling growth in rice and weeds, and

implications for crop establishment.
AoB Plants, 2012; pls019.

[31] Kumar V and Ladha JK. Direct-
seeding of rice: recent developments



Nitrogen Use Efficiency in Rice under Abiotic Stress: Plant Breeding Approach

DOI: http://dx.doi.org/10.5772/intechopen.94038

and future research needs. Advances in
Agronomy. 2011; 111: 297-413.

[32] Yan ], Yu ], Tao GC, Vos],

Bouman BAM, Xie GH, Meinke H. Yield
formation and tillering dynamics of
direct-seeded rice in flooded and non-
flooded soils in the Huai River Basin of
China. Field Crops Research. 2010; 116:
252-259.

[33] Malik RK, Yadav A. Direct-seeded
rice in the Indo-Gangetic Plain:
progress, problems and opportunities.
In: Humphreys, E., Roth, C.USD.,
(Eds.), Proceedings of permanent

beds and rice residue management for
rice-wheat systems in the Indo-Gangetic
Plains. ACIAR Workshop Proceedings
No. 127, ACIAR. Canberra, Australia.
2008; pp. 124-132.

[34] Beecher G, Dunn B, Mathews S,
Thompson J, Singh RP, Humphreys L,
Timsina J, Okeefe K, Johnston D.
Permanent beds for sustainable
cropping. IREC Farmers’ Newsletter No.
171. Summer 2006.

[35] Chauhan BS, Awan TH,

Abugho SB, Evengelista G, Yadav S.
Effect of crop establishment methods
and weed control treatments on weed

management, and rice yield. Field Crops
Research. 2015;172, 72-84.

[36] Ahmed S, Humphreys E,

Chauhan BS. Optimum sowing date and
cultivar duration of dry-seeded boro

on the High Ganges River Floodplain of
Bangladesh. Field Crops Research. 2016;
190: 91-102.

[37] Khade VN, Patil BD, Khanvilkar SA,
Chavan LS. Effect of seeding rates and
level of N on yield of direct-seeded
(Rahu) summer rice in Konkan. Jornal
of Maharastra Agricultural University.

1993; 18: 32-35.
[38] Malik R, Kamboj B, Jat M,

Sidhu H, Bana A, Singh V, Sharawat H,
Pundir A, Sahnawaz R, AnuradhaT,

153

Kumaran N, Gupta R. No-till and
Unpuddled Mechanical Transplanting
of Rice. Cereal Systems Initiative for
South Asia, New Delhi, India. 2011.
http://repository.cimmyt.org/xmlui/
handle/10883/1296.

[39] Boling A, Tuong TP, Singh AK,
Wopereis MCS. Comparative root
growth and soil water extraction of dry-
seeded, wet-seeded, and transplanted
rice in a greenhouse experiment.

Philippines Journal of Crop Science.
1998; 23: 45-52.

[40] Yadav S, Evangelista G, Faronilo J,
Humphreys E, Henry A, Fernandez L.
Establishment method effects on crop
performance and water productivity of
irrigated rice in the tropics. Field Crops
Research. 2014; 166: 112-127.

[41] Kallis G, Droughts. Annual Review
of Environment and Resources. 2008;
33, 85-118.

[42] Zhao T, Dai A. The Magnitude and
Causes of Global Drought Changes in
the Twenty-First Century under a Low—
Moderate Emissions Scenario. Journal of
Climate. 2015; 28, 4490-4512.

[43] Naumann G, Alfieri L, Wyser K,
Mentaschi L, Betts RA, Carrao H,
Spinoni J, Vogt ], Feyen L. Global
Changes in Drought Conditions
Under Di_erent Levels of Warming.
Geophysical Research. Letters. 2018;
45,3285-3296.

[44] Wang, Z.; Li, ].; Lai, C.; Zeng,

Z.; Zhong, R.; Chen, X.; Zhou, X.;
Wang, M. Does drought in China show
a significant decreasing trend from
1961 to 2009? Science of the Total
Environment. 2017, 579, 314-324.

[45] Masih, I.; Maskey, S.; Mussa,

F.E.F.; Trambauer, P. A review of
droughts on the African continent: A
geospatialand long-term perspective.
Hydrol. Earth System Science. 2014, 18,
3635-3649.



Recent Advances in Rice Research

[46] Barnabas B, Jager K, Feher A.

The e_ect of drought and heat stress on
reproductive processes in cereals. Plant
Cell Environment. 2008; 31, 11-38.

[47] Cairns ], Impa S, O’Toole ],
Jagadish S. Price, A. Influence of the
soil physical environment on rice
(Oryza sativa L.) response to drought
stress and its implications for drought
research. Field Crops Research. 2011.
121,303-310.

[48] Ahmadi N, Audebert A,

Bennett MJ, Bishopp A de Oliveira AC,
Courtois B, Diedhiou A, Diévart A,
Gantet P, Ghesquiére A. The roots of
future rice harvests. Rice. 2014; 7, 29.

[49] Fukai S, Cooper M. Development
of drought-resistant cultivars using
physiomorphological traits in rice. Field
Crops Research. 1995; 40, 67-86.

[50] Tripathy J, Zhang J, Robin S,
Nguyen TT, Nguyen H. QTLs for cell-
membrane stability mapped in rice
(Oryza sativa L.) under drought stress.
Theoretical and Applied Genetics.
2000; 100, 1197-1202.

[51] Yoshida S, Hasegawa S. The rice root
system: Its development and function.
In Drought Resistance in Crops with
Emphasis on Rice; Paddyfield: Manila,
Philippines. 1982; Volume 10, pp.
97-134.

[52] Tahere AS, Yamauchi A,

Kamoshita A, Wade LJ. Genotypic
variation in response of rainfed lowland
rice to drought and rewatering: II. Root

growth. Plant Production Science.
2000; 3, 180-188.

[53] XuW, Cui K, Xu A, Nie L. Huang,
J.; Peng, S. Drought stress condition
increases root to shoot ratio via
alteration of carbohydrate partitioning
and enzymatic activity in rice seedlings.
Acta Physiologia. Plantarum. 2015. 37,
1760.

154

[54] Wopereis M, Krop M, Maligaya A,
Tuong T. Drought-stress responses of
two lowland rice cultivars to soil water
status. Field Crops Research. 1996; 46,
21-39.

[55] Ghosh D, Xu J. Abiotic stress
responses in plant roots: A proteomics
perspective. Frontiers Plant Science.
2014; 5,6.

[56] Nardini A, Salleo S, Tyree MT.
Ecological aspects of water permeability
of roots. In Plant Roots; CRC Press: Boca
Raton, FL, USA. 2002; pp. 1069-1093.

[57] Comas LH, Becker SR, Cruz VM,
Byrne PF, Dierig, D.A. Root traits
contributing to plant productivity under
drought. Frontiers Plant Science. 2013;
4, 442.

[58] Fitter A. Characteristics and
functions of root systems. In Plant
Roots; CRC Press: Boca Raton, FL, USA.
2002;pp. 49-78.

[59] Maseda PH, Fernandez R]. Stay
wet or else: Three ways in which
plants can adjust hydraulically to their
environment. Journal of Experimental

Botany. 2006; 57, 3963-3977.

[60] Bloom A]J, Chapin FS, Mooney HA.
Resource limitation in plants-an
economic analogy. Annual Review of
Ecology, Evolution and Systemetics.

1985; 16, 363-392.

[61] Shipley B, Meziane D. The
balanced-growth hypothesis and the
allometry of leaf and root biomass

allocation. Functional Ecology. 2002;
16, 326-331.

[62] Comas LH, Mueller KE,

Taylor LL, Midford PE, Callahan HS,
Beerling DJ. Evolutionary Patterns
and Biogeochemical Significance of
Angiosperm Root Traits. International
Journal of Plant Science. 2012; 173,
584-595.



Nitrogen Use Efficiency in Rice under Abiotic Stress: Plant Breeding Approach

DOI: http://dx.doi.org/10.5772/intechopen.94038

[63] Hernandez E, Vilagrosa A,
Pausas J, Bellot J. Morphological traits
and water use strategies in seedlings of

Mediterranean coexisting species. Plant
Ecology. 2010; 207, 233-244.

[64] Wasson AP, Richards RA,
Chatrath R, Misra SC, Prasad SV,
Rebetzke GJ, Kirkegaard JA,
Christopher J, Watt M. Traits and
selection strategies to improve root
systems and water uptake in water-
limited wheat crops. Journal of
Experimental Botany. 2012; 63,
3485-3498.

[65] Ho MD, McCannon BC, Lynch
JP (2004) Optimization modeling of
plant root architecture for water and

phosphorus acquisition. Journal of
Theoretical Biology 226:331-340

[66] Swamy BPM, Ahmed HU,

Henry A, Mauleon R, Dixit S,

VikramP, TilattoR, VerulkarSB, PerrajuP,
Mandal NP. Genetic, physiological,

and gene expression analyses reveal

that multiple QTL enhance yield of rice
mega-variety IR64 under drought. 2013;
PLoS ONE 8:e62795

[67] Vikram P, Swamy BP, Dixit S,

Singh R, Singh BP, Miro B, Kohli A,
Henry A, Singh NK, Kumar A. Drought
susceptibility of modern rice varieties:
an effect of linkage of drought tolerance
with undesirable traits. Scientific
Reports. 2015; 5: 14799

[68] Sandhu N, Raman KA,

Torres RO, Audebert A, Dardou A,
Kumar A, Henry A. Rice Root
Architectural Plasticity Traits and
Genetic Regions for Adaptability

to Variable Cultivation and Stress
Conditions. Plant Physiology. 2016. p
2562-2576. DOI: https://doi.org/10.1104/
pp.16.00705

[69] Fort F, Cruz P, Catrice O, Delbrut A,

Luzarreta M, Stroia C, Jouany C. Root
functional trait syndromes and

155

plasticity drive the ability of grassland
Fabaceae to tolerate water and
phosphorus shortage. Environmental
and Experimental Botany. 2015; 110:
62-72

[70] Sadras VO, Reynolds MP,

de la Vega ], Petrie PR, Robinson R.
Phenotypic plasticity of yield and
phenology in wheat, sunflower and
grapevine. Field Crops Research. 2009;
110: 242-250.

[71] Kenney AM, McKay JK,
Richards JH, Juenger TE. Direct and
indirect selection on flowering time,
water-use efficiency (WUE, d (13)
C), and WUE plasticity to drought
in Avabidopsis thaliana. Ecology and
Evolution. 2014; 4: 4505-4521.

[72] Flowers, TJ, and Yeo AR. Variability
in the resistance of sodium chloride
salinity within rice (Oryza sativa L.)
varieties. New Phytologist. 1981; 88:
363-373.

[73] Arunroj DS, Supapoj N, Toojinda T,
and Vanavichit A. Relative leaf water
content as an efficient method for
evaluating rice cultivars for tolerance to
salt stress. Science Asia. 2004; 30: 411-415.

[74] Khan MA, Weber DJ. Ecophysiology
of high salinity tolerant plants. (Tasks
for Vegetation Science). Series. Springer,
Amsterdam. 2008.

[75] Aslam M, Ahmad K, Akhtar MA,
Magbool MA. Salinity Stress in Crop
Plants: Effects of stress, Tolerance
Mechanisms and Breeding Strategies for

Improvement. Journal of Agriculture
and Basic sciences. 2017; 2(1): 70-85

[76] Rasheed R. Salinity and extreme
temperature effects on sprouting buds
of sugarcane (Saccharum officinarum
L.). Some histological and biochemical
studies. Ph.D. thesis Dept. of Botany.
Univ. of Agriculture. Faisalabad,
Pakistan. 20009.



Recent Advances in Rice Research

[77]1 Murillo-Amador B, Aguilar RL,
Kaya C, Mayoral JL and Hernapdez AF.
Comparative effects of NaCI and
polyethylene glycol on germination,
emergence and seedling growth of

cowpea. Journal of Agronomy and Crop
Science. 2002;188:235-247.

[78] Khan MA and Ungar IA.
Germination responses to salinity
stress in Atriplex triangularis. The Ohio
Journal of Science. 1984; 84:13.

[79] Ditommaso A. Germination
behavior of common ragweed
(Ambrosia artemisiifolia) populations
across a range of salinities. Weed
Science. 2004; 52:1002-10009.

[80] Kaya M, Kaya G. Kaya MD, Atak M.
Saglarn S. Khawar KM, Ciftci CY.
Interaction between seed size and NaCl
on germination and early seedling
growth of some Turkish cultivars of
chickpea (Cicer arietinum L.). Journal
of Zhejiang University-Science. 2008;
9:371-377.

[81] Bordi A. The influence of salt stress
on seed germination, growth and yield
of canola cultivars. Notulae Botanicae
Horti Agrobotanici Cluj-Napoca. 2010;
38:128-133.

[82] Ologundudu AF, Adelusi AA,
Akinwale RO. Effect of Salt Stress on
Germination and Growth Parameters of
Rice (Oryza sativa L.). Notulae Scientia
Biologicae. 2014; 6(2). 237-243.

(83] Epstein E, Norlyn JD,

Rush DW, Kingsbury RW, Kelly DB,
Cunningham GA, Wrona AF. Saline
culture of crops: A genetic approach.
Science. 1980; 210:399-404.

[84] Munns R. Comprative physiology
of salt and water stress. Plant Cell
Environment. 2002; 25:239-250.

[85] Gupta IK, Meena SK, Gupta S,

Khandelwal SK. Gas exchange,
membrane permeability, and ion uptake

156

in two species of Indian jajuba differing
in salt tolerance. Photosynthetica,
40:535-53.

[86] Sayed OH. Chlorophyll fluorescence
as a tool in cereal crop research.
Photosynthetica. 2003; 41:321-330.

[87] Saravanavel R, Ranganathan R
and Anantharaman P. Effect of sodium
chloride on photosynthetic pigments
and photosynthetic characteristics of
Avicennia officinalis seedlings. Recent
Research on .Science and Technology.
2011; 3:177-80.

[88] Hayat S, Hasan SA, Yusuf M,

Hayat Q and Ahmad A. Effect of
28-homobrassinolide on photosynthesis,
fluorescence and antioxidant system

in the presence or absence of salinity
and temperature in Vigna radiata.
Environmental and Experimental
Botany. 2010; 69:105-112.

[89] Perez-Perez JG, Robles JM, Tovar
JC and Botia P. Response to drought and
salt stress of lemon ‘Fino 49’ under field
conditions: water relations, osmotic

adjustment and gas exchange. Scientia
Horticulturae. 2009; 122:83-90.

[90] Waisel Y. Adaptation to salinity. In:
Physiology of trees. Willey, New York
1991; pp. 359-383.

[91] Zekri M. Effects of NaCl on growth
and physiology of sour orange and
Cleopatra mandarin seedlings. Scientia
Horticulturae. 1991; 47:305-315.

[92] Munns R, Termaat A. Whole plant
responses to salinity. Australian journal
of Plant Physiology. 1986; 13: 143-160.

[93] Raafat A, Habib SA, El-Shami IZ,
El-Antably HM. The effect of salinity
on the anatomical features of tomato
plants. Annals of Agricultural Science.

1991;36:307-321.

[94] Hussein MM, Abo-Leila BH,
Metwally SA, Leithy SZ. Anatomical



Nitrogen Use Efficiency in Rice under Abiotic Stress: Plant Breeding Approach

DOI: http://dx.doi.org/10.5772/intechopen.94038

structure of jatropha leaves affected by
proline and salinity conditions. Journal
of Applied Sciences Research. 2012;
8:491-496.

[95] Cavisoglu KS, Kilic S, Kabar K.
Some morphological and anatomical
observations during alleviation

of salinity (NaClI) stress on seed
germination and seedling growth of
barley by polyamines. Acta Physiologiae
Plantarum. 2007. 29:551-557.

[96] Walker CD, Graham RD,

Madison JT, Cary EE and Welch RM.
Effects of Ni deficiency on some
nitrogen metabolites in cowpea (Vigna
unguiculata L. Walp). Plant Physiolgy.
1985; 79:474-479.

[97] Pimmongkol A, TerapongtanakhonS,
Udonsirichakhon K. Anatomy of
salt-and non-salt-tolerant rice treated
with NaCl. In: 28th Congr. On Science
and Technology of Thailand, Publisher
Bangkok, Thailand. 2002.

[98] Javed IH, Wahid A,

Rasul E. Selection of pear] millet lines
for tolerance to increased salinity.
Journal of Agriculture and Plant
Science. 2001; 11:18-23.

[99] Gomes MP, de SA e Melo

Marques TCLL, de Oliveira Goncalves
Nogueira M, de Castro EM, Soares AM.
Ecophysiological and anatomical
changes due to uptake and accumulation
of heavy metal in Brachiaria

decumbens. Scientia Agriculturae. 2011;

68(5):566-573.

[100] Ziska LH, Seemann JR,

DeJong TM.. Salinity induced limitation
on photosynthesis in Prunus salica, a
deciduous tree species. Plant PhysiolOgy.
1990, 93:864-870.

[101] Ashraf MY, Bhatti AS. Effect of
salinity on growth and chlorophyll
content in rice. Pakistan Journal of
Scientific and Industrial Research.
2000; 43:130-131.

157

[102] Nguyen HTT, Dang DT, Van

Pham C. and Bertin P. QTL mapping

for nitrogen use efficiency and related
physiological and agronomical traits
during the vegetative phase in rice under
hydroponics. Euphytica. 2016; 212(3),
pp. 473-500.

[103] Fang P, Wu P. QTL 9 N-level
interaction for plant height in rice
(Oryza Sativa L.). Plant Soil. 2001.
236:237-242

[104] Lian X, Xing Y, Yan H. QTLs for
low nitrogen tolerance at seedling stage
identified using a recombinant inbred
line population derived from an elite
rice hybrid. Theoretical and Applied
Genetics. 2005; 112, 85-96.

[105] Senthilvel S, Vinod K K,
Malarvizhi P, & Maheswaran M. QTL
and QTL 9 environment effects on
agronomic and nitrogen acquisition

traits in rice. Journal of Integrative Plant
Biology. 2008; 50, 1108-1117.

[106] Rao IS, Neeraja CN, Srikanth B,
SubrahmanyamD., Swamy KN, Rajesh K,
Vijayalakshmi P, Kiran TV, Sailaja N,
Revathi P, Rao PR. Identification of rice
landraces with promising yield and the
associated genomic regions under low
nitrogen. Scientific reports. 2018; 8(1),
pp. 1-13.

[107] Wei D, Cui K, Pan]J, Ye G, Xiang ],
Nie L. Huang J. Genetic dissection of
grain nitrogen use efficiency and grain
yield and their relationship in rice.
Field Crops Research. 2011; 124(3),
pp. 340-346.

[108] Wang Q, Nian J, Xie X, Yu H,
Zhang ], Bai ], Dong G, HuJ, Bai B,
Chen L, Xie Q. Genetic variations in
ARE1 mediate grain yield by modulating
nitrogen utilization in rice. Nature
communications. 2018;9(1):1-10.

[109] Yamaya T, Obara M, Nakajima H,
Sasaki S, Hayakawa T, Sato T. Genetic
manipulation and quantitative-trait loci



Recent Advances in Rice Research

mapping for nitrogen recycling in rice.
Journal of Experimental Botany. 2002;
53, 917-925.

[110] Obara M, Sato T, Sasaki S,
Kashiba K, Nagano A, Nakamura I.
Identification and characterization of
a QTL on chromosome 2 for cytosolic
glutamine synthetase content and

panicle number in rice. Theoretical and
Applied Genetics. 2004; 110, 1-11.

[111] Feng Y, Cao LY, Wu WM, Shen XH,
Zhan XD, Zhai RR, Wang RC, Chen DB,
Cheng SH. Mapping QTLs for nitrogen-
deficiency tolerance at seedling stage in
rice (Oryza sativa L.). Plant Breeding.
2010; 129:652-656

[112] Piao Z, Li M, Li P. Bayesian
dissection for genetic architecture
of traits associated with nitrogen

utilization efficiency in rice. Journal of
Biotechnology. 2009; 8, 6834-6839.

[113] Obara M, Tamura W, Ebitani T,
Yano M, Sato T, Yamaya T. Fine-
mapping of qRL6. 1, a major QTL
for root length of rice seedlings
grown under a wide range of NH

4+ concentrations in hydroponic
conditions. Theoretical and Applied
Genetics. 2010; 121(3), pp. 535-547.

[114] Tong H, Chen L, Li W,

Mei H, Xing Y, Yu X. Identification and
characterization of quantitative trait
loci for grain yield and its components
under different nitrogen fertilization

levels in rice (Oryza sativa L.).
Molecular Breeding. 2011; 28, 495-509.

[115] Wei D, Cui K, Pan ], Wang Q,
Wang K, Zhang X. Identification of
quantitative trait loci for grain yield
and its components in response to low
nitrogen application in rice. Ausstralian
Journal of Crop Science. 2012; 6(6),
986-994.

[116] Wei D, Cui K, Ye G, Pan ], XiangJ,
Huang J. QTL mapping for nitrogen-use

158

efficiency and nitrogen-deficiency
tolerance traits in rice. Plant and Soil.
2012; 359, 281-295.

[117] Cho Y1, Jiang W, Chin JH,

Piao Z, Cho YG, McCouch SR, Koh HJ.
Identification of QTLs associated with
physiological nitrogen use efficiency
in rice. Molecules & Cells (Springer
Science & Business Media BV). 2007;
23(1).

[118] Kim PS, Kim DM, Kang JW,

Lee HS, Ahn SN. QTL mapping of Rice
root traits at different NH4+ levels in
hydroponic condition. Plant Breeding
and Biotechnology. 2015; 3(3):244-252.

[119] Anis GB, Zhang Y, Islam A,
Zhangy, CaoY, Wu'W, Cao L, Cheng S.
RDWNG6 XB, a major quantitative trait
locus positively enhances root system
architecture under nitrogen deficiency
in rice. BMC plant biology. 2019; 19(1),
p. 12.

[120] Rehman MS, Harris PJ, Ashraf M.
Stress environments and their impact
on crop production. In: Ashraf, M.,
Harris, PJ. (Eds.), Abiotic Stress—Plant
Resistance through Breeding and
Molecular Approaches. Food Products
Press, New York, NY. 2005.

[121] Shanker A, Venkateswarlu B.
Abiotic stress Response in Plants-
Physiological, Biochemical and Genetic
perspectives. Intech Publishers. 2011.

[122] Wani SH, Singh NB,

Haribhushan A, Mir JI. Compatible
solute engineering in plants for abiotic
stress tolerance - role of glycine betaine.
Current Genomics. 2013; 14: 157-165.

[123] Benjamin JG, Nielsen DC. Water
deficit effects on root distribution of
soybean, field pea and chickpea. Field
Crops Research. 2006; 97:248-253.

[124] Amin MR, Zhang J, Yang M. Effects
of climate change on the yield and



Nitrogen Use Efficiency in Rice under Abiotic Stress: Plant Breeding Approach
DOI: http://dx.doi.org/10.5772/intechopen.94038

cropping area of major food crops: A
case of Bangladesh. Sustainability. 2015;
7:898-915. DOI: 10.3390/su7010898

[125] Yuan LP. Development of hybrid
rice to ensure food security. Rice Sci.
2014; 21(1):1-2.

[126] Krishi Dairy. Dhaka: Agriculture
Information Services (AIS), Ministry
of agriculture, the government of the
people’s republic of Bangladesh; 2016.

159






Chapter 9

Adaptive Mechanisms of Root
System of Rice for Withstanding
Osmotic Stress

Afsana Hannan, Md. Najmol Hoque, Lutful Hassan
and Arif Hasan Khan Robin

Abstract

Being one of the major cereal crops, rice has a great effect on food security of
the world population. But worldwide rice production faces severe threat due to
a combination of factors like uncontrolled human rise, limited agricultural land
and increasing environmental stresses. Coping with this situation is an urgent call
for meeting the challenge. For overwhelming rice production by battling with this
condition, scientists and researchers try their best to develop such rice varieties
which can adapt to adverse climatic conditions. But, the majority of the research
efforts are given on above ground parts of rice to make it stress tolerant. Root, one
of the major parts of plant, remains unnoticed although it has immense possibility
of adaptation under stress conditions. Fruitful and efficient utilization of limited
resources are possible through healthier and competent root systems. Selection
and breeding of rice genotypes with extensive root systems may contribute to
more efficient use of soil nutrient resources and this ultimately influences the yield
stability of rice.

Keywords: Oryza sativa L., root system, osmotic stress, adaptive mechanisms,
lateral roots

1. Introduction

Rice is such an agricultural commodity that covers the third-highest worldwide
production making it one of the most important cereal crops [1]. With its wide
geographic distribution extending from 50°N to 35°S, rice is expected to be the most
vulnerable cultivated crop to changing climates in future [2, 3]. Rice production
is dwindled mainly because of biotic and abiotic stresses due to the complexity of
interaction between the stress factors and various molecular, biochemical and physi-
ological phenomena affecting plant growth and development [4, 5]. To battle with
these situations, development of adaptive rice varieties is one of the best strategies.
Since aboveground parts are often taken into consideration for making stress tolerant
varieties, root study remains backward in this aspect. Roots, the hidden portion
of the plant have not yet been much focused. Because exploring the root traits of
the plant are much more difficult compared to its above-ground traits. But when
it comes to the fact of studying the optimal developmental plasticity system and
characteristic features of plant growth, the root system is given the first priority [6].
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Root system is the site of water and nutrient uptake from the soil, a sensor of abiotic
and biotic stresses, and a structural anchor to support the shoot. The root system com-
municates with the shoot, and the shoot in turn sends signals to the roots [7]. Soil type,
moisture and nutrients all strongly influence the architecture of the root system [8-10].
Recently it has been emphasized that root architectural traits play a decent role for the
adaptation of crop varieties under different abiotic stresses [11, 12]. Root interaction
with changing environment is a complex phenomenon that differs with genotypes
and intensity of stress [13-17]. For that, different species and also genotypes under
the same species may respond contrarily under stress conditions and show dif-
ferent magnitudes of tolerance or susceptibility to stress. These diversities can be
exploited by plant breeders to improve stress tolerance in plants. Scientists assume
that selection for yield will indirectly select for varieties with the optimum root
system. But the fact is, more directed selection for specific root architectural traits
could enhance yields for different soil environments [18]. As by 2035, a predicted
26% increase in rice production will be essential to feed the rising population [19],
it is imperative to develop high yielding rice cultivars with efficient root systems for
better exploitation of natural resources under stressed conditions.

2. Progress in root study of rice under osmotic stress
2.1 Reasons why root study has become the topic of interest

Being the hidden half of the plants, the root system performs several functions
like water and nutrient acquisition, mechanical support to the plant and storage
of reserve assimilates [7]. In plant, roots are the first organ for sensing the water
limitation and the roots are also the signal transmitter to other plant parts through
xylem sap and phytohormone which is known as one of the most important root-
shoot stress signal mechanism [20-23]. Development of the root system is a major
agronomic trait and proper architecture in a given environment permits plants
to survive in water and nutrient deficit conditions and gives the ability to utilize
minimum resources efficiently [6].

Crop loss in rice production has become severe now-a-days due to abiotic
stresses. Therefore, having a clear knowledge about the architecture and develop-
ment of roots of rice toward optimizing water and nutrient uptake has become
crucial for exploitation and manipulation of root characteristics for enhancing yield
under unfavorable conditions [24, 25]. In general, root study comprises the study
of the entire root system or a large portion of the plant’s root system [26, 27]. To
understand the functional characteristic of root system and the necessity to exploit
heterogeneous environment, root architecture study has become crucial in plant
productivity as root system architecture is strongly linked with plasticity to the
plant through which plant can alter its root structure according to its heterogeneous
environment [26].

2.2 Root system architecture of rice

Elongation and branching are the mode of plant root growth. Local environ-
mental conditions, physiological status of the plants and the type of root determine
the magnitude and direction of root elongation [6]. Root system architecture (RSA)
is thus the three-dimensional geometry of the root system including the primary
root, branch roots, and root hairs [6, 26, 28, 29]. Topological, distributional and
morphological features combine to form the root system architecture [8, 26, 30].
Topology denotes the branching pattern of individual roots including features like
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lengths and diameters, number of roots originating from a node, root insertion
angles, magnitude and the altitude of root [31, 32]. Measures of the spatial distribu-
tion of roots simplify the dissection of root systems [26]. Root morphology refers

to the external features of a root axis and may include properties of roots hairs,

root diameter and trend of secondary root emergence. Acceleration or inhibition of
primary root growth, increment of lateral roots (LRs) and a rise in root hairs and
also the formation of adventitious roots are the ways of modification of root system
architecture. The primary root is formed during embryogenesis. This primary root
produces secondary roots those in turn produce tertiary roots [6, 33]. Root system
architecture has proved to be a critical factor in plant survival, contributing to
water and nutrient acquisition efficiency and competitive fitness in a given environ-
ment [34]. Composition of soil specially water and mineral nutrients availability
and plant species have impact on root architecture [6].

Monocot cereals have a complex fibrous root system consisting of an adventi-
tious root (ARs) bunch. Adventitious roots originate from the shoot or subterranean
stem. This type of root is sometimes referred to as a nodal or crown root [35]. Root
systems of rice plants (Oryza sativa L.) comprise numerous nodal roots of relatively
short length: a mature rice plant usually has several hundreds of nodal roots, most
of which are less than 40 cm in length [36]. Rice (Oryza sativa L.) is a model cereal
crop with seminal roots that die during the growing period [36]. Thus, lateral roots
and adventitious roots are the key determinants of nutrient and water use efficiency
in rice [37].

Several embryonic and postembryonic roots including the radicle, the embry-
onic crown roots, the postembryonic crown roots, the large lateral roots (L-type),
and the small lateral roots (S-type) [38] form the rice root systems (see Figure1).
Lateral rice roots can appear on any primary root, including embryonic and crown
roots, and can be classified into two main anatomical types [39]. Numerous small
lateral roots (S-type) are thin with determinate growth that can be formed from
large lateral roots (L-type) and they never bear any lateral roots. Whereas large
lateral (L-type) roots are few in number, thinner compared to primary roots that
show indeterminate growth. Additionally, lateral elongation of small lateral roots
and downward elongation of large lateral roots indicate non-responsiveness of the
small lateral roots to gravity. Higher orders of branching can also be observed in
the large lateral roots of the crown roots that emerge at later growth stages [40].

\—\\‘ Phytomer

/ g
S-type
#————— First order laterals
e
Second order laterals
Main root axis
Figure 1.

A typical root system architecture at the tiller axis of Oryza sativa L. Black disks indicate individual root
bearing phytomer with progressive development chronologically from top to downward. Root hairs form on
main axis and all the lateral voots [41].

Tiller axis
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These small and large lateral roots exhibit differential growth and lateral root
bearing pattern signifying unlike purposes for these two types of lateral roots [37].

2.2.1 Phytomer concept

The concept of a phytomer was established around 6-7 decades ago [40, 42].
Clear knowledge about phytomer is required for better understanding of plant
development and architecture. Many higher plants, including rice, are composed of
successive stem segments called phytomer [43-45]. Each phytomer consists of an
internode of the stem with one leaf, one tiller bud and several adventitious (nodal)
roots [36]. The phytomer concept has long been recognized among grass scientists
[46, 47]. The coordinated development of stem, tiller bud, and adventitious roots
in each phytomer corresponds to the phyllochronic time in rice [43, 44, 48]. This
indicates that genotypic variation in root-and-shoot growth can be ascribed to the
variation of stem and adventitious root development at the phytomer level [49].

Detailed study of root morphology and architecture at the phytomer level
become more obvious with the attainment of new knowledge about segmental
architecture of poaceous crops [50-53]. As the higher plant structure is formed by
the repetitive unit of plant growth called phytomer [54], so phytomer formation,
its growth and senescence ultimately determine development of plant canopy [47].
Therefore the phytomer components have become the interest of the plant breeder.

2.2.2 Lateral roots

Root axes of rice plants serve functions of anchorage and typically establish
overall root system architecture [55]. The lateral roots are the functionally active
part of the root system involved in nutrient acquisition and water uptake. The
size, type and distribution of lateral roots eventually decide the ultimate length
and surface area of an individual root and finally of a whole tiller. Understanding
morphology of the lateral roots is therefore important to develop rice cultivars with
an efficient root system [11, 56].

In rice, there are two types of lateral roots; long and thick roots, and short and
slender roots [57-59]. It has been designated that the first type as L-type and the
latter as S-type [60]. The L-type lateral roots are usually long and thick and are
capable of producing higher-order lateral roots, whereas S-type ones are short, slen-
der, and non-branching. In rice plants, these two types of lateral roots are visually
distinguishable. The L-type lateral roots show basically identical tissue arrangement
with seminal and nodal roots, whereas S-types are anatomically different wherein
their vascular systems are simplified [35].

In rice plants, the observed average diameter of S-type lateral roots (first-order)
that were produced on mature nodal roots of a one-month-old plant was 80 um,
whereas that of L-type roots was almost double that, i.e., 159 um. Average length
was 7.6 mm for S-type and about 30 mm for L-type. The S-type laterals were almost
similar in length, and only very few S-type laterals exceeded 10 mm in length. The
L-type laterals varied greatly in length and some of them elongated to more than
300 mm [60]. The small laterals are less effective in water and nutrient uptake than
even root hairs [61].

The changes in lateral root development were triggered by changes in water
status in the root zone, and these developmental changes were induced by genetic
[62, 63] and environmental factors. With regard to the environmental factors, it
is shown that phenotypic plasticity promoted lateral root development and that
nodal root production was the key trait that ensured stable growth of rice plants
grown under changing soil moisture levels [64]. As far as the literature explored,
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developmental morphology of the individual roots with special reference to different
lateral root branches was not studied in detail, probably due to lack of the most
appropriate tools and methods [11].

2.2.3 Root hairs

Root hairs are tubular-shaped cells that arise from root epidermal cells called
trichoblast; they are thought to increase the absorptive capacity of the root by
increasing the surface area [65]. Root hairs contribute as much as 77% of the root
surface area of the cultivated crops, forming the major point of contact between the
plant and the rhizosphere. Root hair is a long and narrow tube like structure origi-
nating from a single cell through tip growth (the deposition of new membrane and
cell wall material at a growing tip). For being the major water and nutrient uptake
site of plants, root hairs form a progressively significant model system for develop-
ment studies and cell biology of higher plants [66]. Root hairs had the highest
contribution toward total length and surface area of an individual root whereas main
axis and first order laterals mostly contributed root volume [11].

Root hairs are localized for many water channels [67], phosphate [68], nitrogen
[69], potassium [70], calcium [70], and sulfate transporters [71], all of which are
beneficial to water and nutrient uptake by plants [72]. There is significant inter-
and intra-specific variation exists for root hair traits, and this has been linked to
P uptake. Plants with longer, denser root hairs exhibit greater P uptake and plant
growth in P-deficient soils [73-75]. So, the root hair traits, especially root hair length
can be exploited in breeding for improved nutrient uptake and increased fertilizer
use efficiency [76]. Considerable researches support an important role for root hairs
in P attainment [73-75, 77, 78]. Root hair length and root hair density (which is
usually correlated with root hair length) have clear value for the acquisition of P and
probably other diffusion-limited nutrients such as K and ammonium [79].

Usually root hair traits have a low heritability and their expression is influenced
by soil type resulting in lack of research in this field [6, 80, 81]. It has been proposed
that plasticity in root epidermis development as a response to a variety of environ-
mental conditions might reflect a function of root hairs in sensing environmental
signals, after which plants adjust themselves to the stress conditions, such as by
increasing nutrient acquisition and water uptake or by helping to anchor the plant
to the soil [82-87]. Root hair elongation increases root surface area. Root surface
area increment is a common phenomenon when the plants are subjected to the
stress condition like salinity, drought or other abiotic stresses [79, 88-91].

2.3 Research progress of rice root study till date under osmotic stress

Plants recurrently face several stresses like salinity, drought, submergence, low
temperature, heat, oxidative stress and heavy metal toxicity while exposed to the
nature. Growth and grain production in cereals is often limited by these stresses
under field conditions. All these stresses either directly or indirectly impose osmotic
stress to plants that ultimately affect the final yield of rice. Root is the first part
which can sense these stresses better than other plant parts. So researchers prioritize
the fact of understanding the root adaptive responses of plants upon osmotic stress.
In the last 30 years, comprehensive studies have been performed focusing on archi-
tecture and developmental morphology of roots and their genetic and molecular
basis [11]. Morphological and anatomical development of the rice root system was
thoroughly reviewed [92] whereas the mystery of root length was also reviewed [93].
A recent study highlighting the growth, development and genetic reasons of root
morphology and function of crop plants was provided by [94]. An outstanding study
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on root system architecture and its molecular and genetic background also greatly
contributed to the relevant literature recently [37]. The physiological background

of root branching was also studied [7, 33]. The root parameters that are focused by
the studies comprising root anatomy, plant height, root-shoot ratio, length, diam-
eter, density, surface area and volume of root, root elongation rate, root branching,
expansion of root regarding tiller development, maximum root depth, distribution
pattern of root in soil column, root hydraulic conductivity, hardpan penetrability, all
of which possess innumerable functional implication [95]. Roots of large diameter
show greater penetration ability [96-98] and branching [8, 99] because of having
larger radii of xylem vessel and poorer axial resistance to water flux [100].

2.3.1 Plasticity of root traits under drought

Water is essential for survival and plant growth. As a sessile organism, plants con-
stantly encounter water deficit, which is the most severe environmental stress limiting
plant growth and productivity in natural and agricultural systems [101, 102]. Thus,
water stress tolerance has been a fundamental scientific question in plant biology.

Plants have evolved complex adaptive mechanisms that enable them to survive
drought conditions. Over more than five decades, researchers have identified
osmotic adjustment, antioxidant protection, and stomatal movement as key adap-
tive mechanisms for survival where both osmotic adjustment and reactive oxygen
species (ROS) are involved in this plastic development process [103]. To cope with
the changing water status in the growing environment, plants have evolved various
adaptive mechanisms by which plants can modify root allocation and root system
architecture to obtain more water [104].

Numerous studies have provided evidence to show that when plants are sub-
jected to water stress, root growth is strongly inhibited, although root development
is less sensitive to water stress than that of shoots [105-107].

Root system architecture is regulated by osmotica [108]. The osmotic potential
of the soil alters the depth of the root system, its overall mass, the rate of root
elongation and the number of lateral roots in many plants, including Arabidopsis
(8,9, 107, 109, 110].

Root length, root dry weight, and root production are limited by drought stress
[111, 112]. Roots are the significant plant part which increase plant adaptability
power to soil water deficits by maintaining water uptake under dry conditions
[113]. Root and other root components such as root hair, root-shoot ratio, and root
length are found to be decreased in drought sensitive varieties. But the resistant
varieties which possess tolerance capacity against drought showed increase in root
hair, high root to shoot ratio and root length [114]. Roots are considered as the most
efficient plant organ which helps plant to uptake water and minerals from the soil
and during drought stress. Root proliferation and changes in root parts occurs to
take more water from deeper regions of the soil [25]. Different types of changes
are observed in root growth of drought resistant rice varieties such as a deeper
and highly branched root system than drought- sensitive varieties [115]. Plant also
extends its roots for more nutrients (such as phosphorus) and water uptake which
results in more root to shoot ratio [116]. In recent years breeding for developing
larger and more efficient root systems has become the hotspot in research in some
crops such asrice, as there is a relation between root system size and tolerance to
water stress [81, 117].

The change in lateral root development, i.e. in the plasticity of the root system,
exhibited under water deficit conditions may play an important role in drought
stress tolerance [35]. From an agronomical view, the knowledge about lateral root
development is useful for breeding varieties with drought stress tolerance [118].
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2.3.2 Modification of root system components under submergence stress

The importance of root system structure is particularly recognizable when its
significance in relation to its function is clearly identified. The significance of root
system structure in nutrient and water uptake was stressed in previous study [119].

Under waterlogged conditions, the plant roots have to function in anaerobic soil,
and there are at least two morphological adaptations that roots exhibit in response
to anaerobiosis, i.e., development of new adventitious roots [120, 121] and super-
ficial rooting (i.e., the concentration of new root growth in the upper layers of the
soil) [122]. Nodal root production (increase in number) continued to take place,
however, in the sense that when adventitious roots in the lower nodal position of
the plant’s stem die due to waterlogging injury, new adventitious roots appear at the
next highest nodal position. There appears to be a direct relationship between the
death of older adventitious roots and the development of new ones. Progressively
waterlogged plants generally show smaller root system size than those grown in
awell-drained condition. It is considered that the turgor pressure affects the cell
elongation and growth of plants [123, 124]. Aerobic cultivars of rice have greater
ability for plastic lateral root production than irrigated lowland cultivars under
transient moisture stresses [125].

2.3.3 Plasticity of root traits under salinity stress

We have a little understanding of the responses of roots and root hairs to salin-
ity stress and their function in stress tolerance. The efficient root system can either
avoid or lessen the osmotic stress. Usually, growth, morphology, and physiology
of the roots alter first under salinity stress and the whole plant is then affected.
Therefore, the responses and characteristics of the roots under saline conditions
are of primary importance for plant salt-tolerance [126]. It is supposed that root
morphology affects salt accumulation around the roots impeding uptake of water
from saline areas. Modification of root morphology has a big potential to develop
crop salt tolerance [127]. Root hairs have higher sensitivity to salt than other root
traits and shoots [128]. Environmental factors also regulate the root hair develop-
ment [128]. The development of root epidermal cells has great plasticity where
the differentiation programs can be switched from one to another in response to
external factors [17]. Plasticity in development of root epidermis as a response
to a variety of environmental conditions might reflect a function of root hairs in
sensing environmental signals, after which plants adjust themselves to the stress
conditions [82, 84-87, 129].

Root hair growth and development and their physiological role in response
to salt stress are largely unknown [128]. The development of root epidermis cells
has great plasticity where the differentiation programs can be switched from one
to another in response to external factors [17]. Root hairs have higher sensitivity
to salinity than do roots and shoots [128]. Systematic study on root hair plasticity
induced by salt stress and the possible role in plant adaptation/tolerance to salinity
is still lacking [128]. Usually root hair traits have a low heritability and their expres-
sion is influenced by soil type resulting in lack of research in this field [6, 80, 81].

2.4 Varietal differences in rice root morphological characteristics
Earlier many scientists had reported root morphology and its distribution were
greatly varied based on genotypes of plant species [13-16]. There is widespread

evidence that root architecture and different root characteristics of many crop species
varies among genotypes [14, 130-133]. In a few quite recent studies, the importance
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of studying root architectural traits has been emphasized for the adaptation of the
crop varieties to various abiotic stress conditions. Genotypic variation has a signifi-
cant role in adapting the adverse environmental and edaphic effects [14]. Inter- and
intra-species variations in root architectural traits are very useful to breed the crops
for root features optimum for diverse environmental conditions [134-136].

Root anatomical and morphological traits have been well studied in rice
[92]. Varietal differences in root morphological characteristics such as length
and thickness have been reported in cultivated rice (Oryza sativa L.) in various
studies [11, 14, 41, 137]. In general, the roots of upland rice cultivars are thicker
and penetrate more deeply into the soil than those of lowland cultivars [14]. Root
distribution has also been quantitatively characterized by using several traits,
including root length, volume, and density in the soil at different depths, and
these characteristics differed among cultivars [92, 138-140].

3. Future prospects of rice root study

Understanding and improvement of root system and its genetics plays a pivotal
role to become self-sufficient and to achieve sustainability in rice production.
Actually more yields from the limited input rely on our capability to unambiguously
manipulate the plants. And exploring the diversity of root architecture both in
genetic and phenotypic basis will directly connect to this concern. Although great
strides have been made to understand the root morphology but in future, more
intense investigations to elucidate the functional implication of root morphological
variation may aid in selection of root system with anticipated characteristics.

Future exploration of stress responses regulated by roots at cellular or tissue level
will open the door of further breeding research. Besides the modern gene pools,
exploration of genes and alleles in wild relatives and landraces will also provide inter-
esting features that will be easier to transfer to cultivated rice. Further it is important
to have a better understanding on the epigenetic regulation of roots and root develop-
ment under stressful conditions. There will be a need for high throughput phenotyp-
ing systems coupled with automated data analysis for accelerating the development.
Endorsement of approaches including both root ideotype-based screening and
selection for grain yield may establish a fruitful screening system. Alongside design-
ing new genetic screening methods based on a better knowledge of the integrated
stress responses will be also appreciated. Dynamic root/soil interaction modeling will
aid in integrating different functional parameters (e.g. water uptake per length of
root) under a variety of environmental conditions. Overall the root system being less
accessible and more complex than other agronomic traits, achieving the ambitious
goal of future rice root research, coordinated effort and joint resources are required.
The sensible and appropriate efforts will have a crucial role to play in future crop
production in vulnerable climate and resource scarcity prioritizing the objective of
serving food to 9 billion world populations by the year 2050.
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Chapter 10

Does the Incidence of COVID-19
Pandemic Affect Rice Yield?
Lessons from Southeast Nigeria

Nnaemeka Success Esiobu

Abstract

Across Nigeria, while rice farmers are still battling the negative impact of
climate change, the COVID-19 pandemic has brought a new risk that threatens not
only farmers’ livelihoods but also the most important global food security crop
“rice”. Every farming season, rice farmers face risks such as low rainfall, price
volatility, and poor government policies. But the present risks from the COVID-19
pandemic are putting new challenges in front of rice value-chain that is already
under serious threat. As a matter of urgency, farmers must respond to this new
threat by choosing measures that increase their yield. Incidentally, empirical studies
that documented the effect of COVID-19 pandemic on rice yield cannot be found as
at the time of this study. These create emptiness in research. With this present
threat, Nigeria is likely to experience a reversal in the development gains already
achieved and will be unlikely to achieve the Agenda 2030 Goals.

Keywords: rice, perceived effect of COVID-19 pandemic, barriers,
recommendations, Southeast Nigeria

1. Introduction

The first human cases of COVID-19, the disease caused by the novel coronavirus
causing COVID-19, subsequently named SARS-CoV-2 were first reported by offi-
cials in Wuhan City, China, in December 2019 [1]. Retrospective investigations by
Chinese authorities have identified human cases with onset of symptoms in early
December 2019 [2]. While some of the earliest known cases had a link to a whole-
sale food market in Wuhan, some did not. Many of the initial patients were stall
owners, market employees, or regular visitors to this market. Environmental sam-
ples taken from this market in December 2019 tested positive for SARS-CoV-2,
further suggesting that the market in Wuhan City was the source of this outbreak or
played a role in the initial amplification of the outbreak [3]. The market was closed
on 1 January 2020. The World Health Organization declared COVID-19 a global
pandemic on 11 March 2020 [4]. Since 31 December 2019 and as of 17 August 2020,
21,852,364 cases of COVID-19 (under the applied case definitions and testing
strategies in the affected countries) have been reported, including 773,586 deaths
globally and 1,123,493 cases across sub-Saharan African (SSA) [1].

The first confirmed case in Nigeria was announced on 27 February 2020, when
an Italian citizen in Lagos tested positive for the virus [5]. Specifically, across
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sub-Saharan African (SSA) and as at 17th August 2020 the five countries reporting
most cases are South Africa (587,345), Egypt (96,475), Nigeria (49,068), Ghana
(42,653) and Algeria (38,583) [6]. The African continent is already grappling with
food security challenges. Locust swarms in the Horn of Africa, regional insecurity
and conflict, climate-change-related droughts and flooding are destroying crops and
the livelihoods of millions of African smallholder farmers [7]. Furthermore, the
COVID-19 pandemic potentially undermines the capacity of both short-term pro-
duction and distribution. With its far-reaching geographical spread, the pandemic is
projected to have devastating effects on the global economy, as attested by the
projection of the International Monetary Fund (IMF) in April 2020 that the world
economy would contract sharply by 3%, and that the economy of sub-Saharan
Africa would contract by 1.60% in 2020 [8, 9]. Furthermore, Economic Commis-
sion for Africa (ECA) has projected that, in a worst-case scenario, economic activity
for Africa as a whole would contract by 2.60%, with negative impacts on the
employment rate, and that estimated that four out of five businesses in Africa
would be significantly affected by the COVID-19 pandemic [10]. The African
Development Bank (AfDB) predicted an economic contraction for the continent of
3.40% [11].

In Nigeria, the pandemic has already precipitated rice crises by disrupting rice
value-chain system, thereby posing a great threat to actors of the rice value chain
system livelihoods as well as national food and nutritional security. The Nigerian
government had initiated an early coordinated response to minimize the impact by
developing strategies to facilitate free movement of rice seedlings and agricultural
inputs exempted from lockdown. Although agricultural value chain area exempted
from lockdown, limits on the mobility of farmhands are contributing to labor
shortages for rice sectors as it is characterized by periods of peak seasonal labor
demand and labor-intensive production. Additionally, harvesting and distribution
season is imminent in rice values-chain, and a shortage of labor is leading to
production losses and shortages in the market. In Nigeria, this comes on one of the
top existing difficulties in sourcing seasonal and harvesting labor for rice. There-
fore, rice (Oryza spp.), which is the second-largest most consumed cereal (after
wheat), shapes the lives of millions of households globally [12]. More than half of
the worlds’ population depends on rice for about 80% of its food calorie require-
ments [13]. It has become a staple food in Nigeria such that every household, both
the rich and the poor, consumes a great quantity [14]. A combination of various
factors seems to have triggered the structural increase in rice consumption over the
years with consumption broadening across all socioeconomic classes, including the
poor [15]. The rising demand could be as a result of increasing population growth
and income level coupled with the ease of its preparation and storage [14]. In
Nigeria, while rice farmers are still battling the negative impact of climate change
and greenhouse gases (GHGs) emissions, the COVID-19 pandemic has brought a
new risk that not only threatens farmers livelihoods but also the most important
global food security crop “Rice”. Every farming season in Nigeria, rice farmers face
risks such as low rainfall, price volatility, methane emissions, rising debts and poor
government policies. But the present risks from the COVID-19 pandemic are put-
ting new challenges in front of rice value-chain that is already under serious threat.
Additionally, the growing demand for rice across s sub-Saharan African (SSA) and
particularly in Nigeria exceeds supply, resulting in a rice deficit. Currently, due to
the present government objective on diversification of the economy, rice is grown
in almost 36 states in Nigeria including Federal Capital Territory (FCT) under
diverse production systems and agroclimatic conditions [14].

To the farmers across Southeast Nigeria, the effect of COVID-19 pandemic on
agriculture, especially rice production, is very important. This is because the
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majority of the inhabitants depend on rice production for their livelihood. Rice is
highly susceptible to seasonal shock, greenhouse gases and climate vagaries because
of its sensitivity to changing climatic conditions [14]. The COVID-19 pandemic is
already affecting the livelihoods of rural communities across Southeast Nigeria,
which is predominately rice-based, and increasing their vulnerability as well. The
increasing variability, greenhouse gases, intensity and erratic nature of rainfall,
rising incidence of flood and soil erosion, and serious decline in agricultural yields
are among the obvious climate change hazards ravaging communities across South-
east Nigeria [14, 16, 17]. To overcome this challenge, rice production/yield should
be increased particularly now there is new threat for farmers. As a matter of
urgency, farmers must respond to this new threat (COVID-19) by choosing
measures that increase their yield.

Incidentally, empirical studies that documented the effect of COVID-19
pandemic on rice yield cannot be found as at the time of this study. These create
emptiness in research and make it extremely difficult if not impossible for the
government/interest group to know the method they can use in helping farmers
mitigate the negative impact of COVID-19 pandemic in rice production. Southeast

f ,,.lluHhHH ||| |”H

Figure 1.
Epi-curve of confirmed COVID-19 cases in Nigeria as at 15th August 2020 [5].

Coronavirus: The first six months in Africa 13137
The continent now reports about 100,000 cases weekly rm

It took almost 100 days for Africa to report the first 100,000 infections
but since July the time has shortened to about a week

1100000

North America [4%] and
Europe [6%)

Updated August 15, 2020
‘Sources: WHO. Johns Hopkins

Figure 2.
Confirmed COVID-19 cases in Africa overtime as at 14th August 2020 [6].
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Nigeria has an estimated land mass of 32,610 km? and a population of 22,583,076
persons [18, 19]. On average, the poverty level in South East is about 43.00% which
means that about 43.00% of South East citizens are classified as very poor [20]. Also
it is estimated that the number of people living below the poverty line in developing
countries of which Nigeria is included will rise by 29 million [21]. Therefore, this
demonstrates how vulnerable farmers in the States and Nigeria in general are to
COVID-19 pandemic (Figures 1 and 2).

2. Specific objectives of the study
The study was logically and specifically guided by
i. describing the socio-economic characteristics of the rice farmers;

ii. developing and describing the conceptual framework linking the effect of
COVID-19 pandemic in rice farming;

iii. determining the awareness of COVID-19 pandemic among rice farmers;
iv. identifying farmers sources of information on COVID-19 pandemic;

v. identifying the COVID-19 pandemic precautionary measures farmers are
practicing;

vi. ascertaining the perceived effect of COVID-19 pandemic on rice yield and

vii. identifying the barriers in mitigating COVID-19 pandemic in rice farming.

3. Methodology

The study was carried-out in South-East agricultural zone of Nigeria. The zone is
made up of five states, namely, Abia, Anambra, Ebonyi, Enugu and Imo. It has an
estimated land mass of 32,610 km? and a population of 22,583,076 [18, 19]. The area
lies between longitude 2°61" and 6°32" East and latitudes 6°74" and 8°15" North of
Equator with the mean annual temperature ranges from 21.6 to 32.4°C while the
annual rainfall ranges from 720 to 1440 mm in the rainforest region [22]. South-
East Nigeria has two distinct ecological zones - the tropical rainforest to the South
and derived guinea savanna to the North [23]. South-East Nigeria has fertile and
well-drained soil and a good proportion of the population are essentially farmers.
The sample for the study was drawn from rice farmers in the study area.

3.1 Sampling technique

A multi-stage random sampling procedure was adopted in the selection of
respondents for the study. Secondly, three Local Government Areas (LGAs) were
purposively selected from each of selected States giving a total of nine (9) local
government areas for the study. Firstly three (3) States was randomly selected from
the five (5) geopolitical zone of South-East, Zone of Nigeria. Secondly, three Local
Government Areas (LGAs) was purposively selected from each of selected States
giving a total of nine (9) local government areas for the study. Thirdly, three (3)
communities were purposively selected from each of the nine (9) selected LGAs
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based on the concentration of rice farmers to give a total of twenty-seven (27)
communities.

Finally, stratified random sampling techniques was used to select 14 crop rice
farmers from each of the 27 selected communities to give a total sample size of 504
respondents for the study. The list of farmers in the communities, which forms the
sample frame, was obtained from the zonal extension agents of each of the State
Agricultural Development Programme in the selected States.

3.2 Data collection and data analysis

Primary data was used for the study. Primary data was collected through the use
of structured questionnaire and it was supplemented with interview schedule in
places where the respondents could neither read nor write. The author developed
and used a COVID-19 risk and effectiveness questionnaire to elicit data from the
respondents. The questionnaire was contained both open and closed ended form of
questions. Similarly, the questionnaire was properly subjected to content validity
with the help of the research supervisors before administrating it to the respon-
dents. The questionnaire was divided into five sections. Section one covered the
socio-economic characteristics of the farmers. Section two dealt identifying the
awareness to COVID-19 and sources of information on COVID-19 pandemic; Sec-
tion three focused on determining COVID-19 pandemic precautionary measures
use among farmers; section four measure the perceived effect of COVID-19 pan-
demic on rice yield and while section five identified the constraints in mitigating
COVID-19 pandemic in rice farming. The survey was conducted at the onset of
discovering of the index case of COVID-19 in Nigeria (27 February 2020) that is,
from March to July 2020 with the help of two-hundred (200) enumerators i.e. forty
(40) for each State.

This study used descriptive statistical tools in analyzing the data. Descriptive
statistics such as frequency distribution, percentages, mean, flow charts and 4-point
likert scale type was used to analyze the data so as to realize objectives. The 4-point
likert scale type was given as follows; 4 = Very High effectiveness; 3 = Highly
effective; 2 = Moderately effective and 1 = Not effective.

44+3+2+1=10/4 (1)

= 2.50 cut-off point (2)

4. Conceptual framework for the effect of COVID-19 in rice farming

The conceptual framework that guided this study was developed by the authors
based on literature review and field work is presented in Figure 4, it provides a
clear links between independent or explanatory variables and dependent variables
as well as summarizes the mechanisms through which COVID-19 pandemic affects
rice farmers livelihood, farm resources, labor, rice production, health status, access
to market, food security. To examine the effects of COVID-19 on rice farming, the
author developed a concept to link the important variables as shown in Figure 4.
Microeconomic explanation of individual and household poverty revolves around
the understanding that an individual’s labor (health and energy), human capital
(education and skills), and physical and social assets (such as land and access to a
social network) determine the individual’s ability to generate income both today
and in the future [24-26].
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Figure 3.
Map of Nigeria showing the Study Area [14].
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Figure 4.

Conceptual framework for the effect of COVID-19 in rice farming (Researcher’s own construct, 2020).
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From Figure 3, Illness results in morbidity and sometimes mortality. These
reduce labor availability through absenteeism or death of agricultural producers/
worker. Through morbidity the quantity and quality of labor to the household is
also affected because the sick may abstain completely or partially from work during
the period of illness. Additionally, from Figure 4, labor availability is also indirectly
affected when labor of productive members of the household is diverted from the
farm to caring for the sick. When sick persons die, the knowledge that they
acquired through learning and experience is no longer available for others to use
and considerable rice agricultural knowledge is lost. However, it must be pointed
out that although chronic illness (COVID-19) results in a net decrease in household
labor (the ill and the caretaker), the death of a chronically ill person who had a full-
time caretaker can result in increased household labor when the caretaker returns to
the workforce. This is true as production, adaptation to climate change and
mitigation GHGs emissions in rice field are costly [14, 16, 27].

Moving forward, from Figure 3, the cost of healthcare for sick persons from
COVID-19, and its protocols and of funerals drive many households into debt, and
they resort to using their savings and remittances they receive or even sell house-
hold and farm assets to defray the costs. For instance, due to costs of treatment, cost
of COVID-19 protocol and other expenses as well as lower incomes from loss of
labor, COVID-19 affected households usually draw on assets from the farm. After
the onset of COVID-19, savings and financial assets are usually the first to be
depleted. Then, non-productive assets, such as furniture, cooking utensils and
clothes follow. Ultimately, households may have to sell off productive assets such as
equipment, draught animals, and land.

The outcomes of these effects include reduction of farm sizes, cultivation of less-
intensive improved rice varieties, reduction in the variety of rice field planted, and the
increase in climate change impact and greenhouse gases emission. The study of [14, 28]
found that rice field is a significant anthropogenic source of methane (CH,) and nitrous
oxide (N,0), two important greenhouse gases (GHGs). These outcomes affect liveli-
hoods in terms of reduction in rice farm outputs and income, a decline in income from
wage labor, rice yield, market access, off-farm activities, and food insecurity.

5. Results and discussion
5.1 Socio-economic characteristics of rice farmers

Table 1 revealed that majority (58.53%) fell within the age range of 41-50 years.
The mean age was 45.00 years. This shows that farmers in the area are vibrant,
young and still within the active age. Rice farming is so strenuous. The implication
is that younger farmers are more likely to practice more and modern farming
method in reducing the effect of COVID-19 faster than the older ones. Young
farmers are more likely to know about new strategies to avert COVID-19 effect with
the willingness to bear risk. Table 1 also reveals that majority (61.30%) of the
farmers were males. The finding implies that both sexes are involved in rice farming
but male are more in number in the area. This is true as male farmers has been
found to be more relatively efficient that women farmers [29].

Entries in Table 1 also show that greater proportion (57.73%) had secondary
school education. The mean educational level is 12 years which is equivalent to
secondary school education. The finding implies that approximately 96.83% of the
farmers had formal education which is expected to increase their level of under-
standing on the effect of COVID-19 in rice farms and various strategies to practice
in thwarting these new threats.
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Age (years) Frequency Percentage (%) Mean (X)

21-30 8 1.58

31-40 49 9.72

41-50 295 58.53

51-60 108 21.42

61-70 32 6.34

71-80 12 2.38

Total 504 100.0 45.00 years

Sex Frequency Percentage (%)

Male 309 61.30

Female 195 38.69

Total 504 100.0

Educational level Frequency Percentage (%)

No formal education 16 3.17

Primary 161 31.94

Secondary 291 57.73

Tertiary 36 7.14

Total 504 100.0 12 years equivalent to
secondary education

Marital status Frequency Percentage (%)

Married 270 53.57

Single 157 31.15

Widowed 54 10.71

Divorced 23 4.56

Total 504 100.0

Farming experience Frequency Percentage (%)

(years)

01-10 15 2.97

10-19 34 6.74

20-30 284 56.34

31-40 101 20.03

41-50 59 11.70

51-60 11 2.18

Total 504 100.0 21 years

Household size Frequency Percentage (%)

(number of persons)

1-2 3 0.59

3-4 14 2.78

5-6 29 5.78

7-8 124 24.60

9-10 222 44.04

11-12 101 20.03
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13-14 1 2.18 9 persons
Total 504 100.00
Extension contact Frequency Percentage (%)
Not at all 430 85.32
Once in a fortnight 47 9.32
Once in a month 23 4.56
Once in a year 4 0.79
Total 504 100.0
Access to credit Frequency Percentage (%)
Access 401 79.56
No-access 103 20.44
Total 504 100.0
Total 504 100.0
Farm size (Ha) Frequency Percentage (%)
0.1-1.0 52 10.32
1.1-2.0 89 17.66
2.1-3.0 263 52.18
3.1-4.0 100 19.84 3.10 ha
Total 504 100.0
Annual farm income (N) Frequency Percentage (%)
100,000-200,000 13 2.58
200,001-300,000 36 7.14
300,001-400,000 28 5.56
400,001-500,000 23 4.56
600,001-700,000 74 14.70
700,001-800,000 96 19.05
800,001-900,000 223 44.25
900,001-1,000,000 11 2.18
Total 504 100.0 N880,200.00

(2267.62USD)

Source: Field Survey Data, 2020.

Table 1.
Socio-economic characteristics of rice farmers.

Result in Table 1 shows that majority (53.57%) were married. The finding

implies that rice farming is an enterprise of married individual who are expected to
be responsible according to societal standard [14]. Married farmers have likelihood
of adapting to the effect of COVID-19 pandemic easily than their unmarried coun-
terpart since they have access to labor. During this period of COVID-19 pandemic,
non-availability of labor is interrupting some harvesting and distribution activities

of rice.

There are disruptions in supply chains for purchase of inputs because of poor
transportation system and partial ease of lockdown. Therefore, married farmers
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have increased chance of adapting easily to COVID-19 than their counterpart since
they have access to household size. Result of farming experience is shown in Table 1
and it shows that about 56.34% of the farmers had a farming experience ranging
from 20 to 30 years. The mean year of experience in farming was 21.00 years. This
shows that the farmers were quite experienced in rice farming and have started
been practicing several COVID-19 pandemic strategies to increase their farm yield
and income in the area. It is expected that farmers with more experience are more
likely to accept innovations and new COVID-19 pandemic strategies to increase
their farm yield and income than inexperienced farmer. The number of years of
farming helps to cushion the effects of COVID-19 pandemic, since the incidence of
diseases and infection is a recurring decimal globally such as the Spanish flu, 1918;
AIDS pandemic and epidemic, 1981; HIN1 Swine Flu pandemic, 2009-2010; West
African Ebola epidemic, 2014 and Zika Virus epidemic, 2015 among others.

Result in Table 1 also show that majority (85.32%) of the farmers had no contact
with extension agents. The COVID-19 procotol such as the restriction of movement
have made it very difficult for extension agents to visit various farm families.
Although, the use of video conferences have been identified as a way to bridge the
gap. Regrettably, rural farmers lack access, fund and technical-know-how to use it.
The implication is that majority of the farmers may not have the opportunity of
learning new COVID-19 farming strategies and consequently exposing their rice
farming to incidence COVID-19 pandemic impact in the area. It becomes clear that
there is need for the government to strengthen the Agricultural Development
programme (ADP) of the various Southeast State with modern ICTs gadgets and
skills for personnel to facilitate timely extension contacts with farmers in the area.
Entries in Table 1 revealed that about 44.04% had a household size ranging from 9
to 10. The mean household size was found to be 9.00 persons. The result shows that
farmers had large households.

The lockdown created both a shortage of farm labor. The implication is that they
could draw farm labor from their households during this period of COVID-19 to
increase their farm yield and income. Table 1 revealed that majority (52.18%) of the
farmers had farm size of between 2.10 and 3.00 hectares. The average farm size is
3.10 ha. The finding implies that the farmers in the area are mainly smallholder farmers
operating on less than or equal to 3.50 hectares of farmland. This could be as a result of
land tenure system or increasing population prevalent in the area. Additionally, the
small farm size is not even contiguous plot but rather small plots scattered in different
areas of the community. It is expected that farmers with large farm size will practice
more and better COVID-19 strategies than those with lesser farmland in the area.

Finally, Table 1 indicates that majority (54.14%) had an average annual farm
income of between N800,001 and N900,000. The mean annual farm income was
N880,200.00 (2267.62USD) while monthly farm income was estimated to be
N73,350.00 (188.97USD). The finding implies that the farmers have a relatively low
farm income despite the larger household size which they recorded. The implication
of the findings is that farmers may not have the much needed financial capacity to
mitigate to the negative effect of COVID-19 pandemic in their rice farming. This is
true as some mitigation strategies to COVID-19 pandemic strategies are costly.
Hence, farmers may have several COVID-19 pandemic strategies they want to
practice but limited fund may continue to hinder them.

6. Rice farmers’ awareness of COVID-19 pandemic

The result in Figure 5, shows farmers’ awareness of COVID-19 Pandemic in the
area. It shows that larger percentages (97.92%) of the farmers are aware of COVID-19
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Not Aware

Figure 5.
Rice farmers’ awareness of COVID-19 pandemic.

Pandemic while approximately 2.08% are not aware of COVID-19 Pandemic in the
area. The finding shows greater proportion of that farmers are aware of COVID-19
Pandemic and may have been witnessing the negative effect. Additionally, farmers
may have also developed sustainable COVID-19 pandemic strategies to thwart the
negative effect of COVID-19 Pandemic to improve their farm yield, income and
standard of living. The high awareness could be attributed to the massive publicity
about the virus by various Nigeria news agencies, and agricultural extension agents.
The extension agents have been called to help bridge gap in information for farmers.
The COVID-19 pandemic is not the first time extension agents have been called to
action in an unfolding disaster. As an institution with trained technical staff who are
trusted by communities, and with local reach and communication skills, extension
agents has supported efforts and educated communities during crises such as HIV/
AIDS, Ebola, avian influenza, natural disasters, and pest infestations. In the same
way, even though, awareness does not really signify development and use/practice of
modern COVID-19 pandemic strategies, however, it could serve as an essential deter-
minate. Ultimately, quick action from the governments coupled with credible, regular
information is critical in dealing with emergencies such as COVID-19. As a critical
actor in providing such information to rural areas, extension agents can do several
things globally to help mitigate the economic and health impacts of COVID-19.

7. Farmers’ sources of information of COVID-19 pandemic

The result in Figure 6, shows farmers’sources of information of COVID-19
pandemic in the area. It reveals that about 99.50 and 93.02% of the farmers source
of information was radio and mobile phone (Bulk Text messages) respectively. The
merging and use of technology particularly during this period of COVID-19
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Figure 6.
Farmers’ sources of information of COVID-19 pandemic.
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pandemic, that is, telephone (Bulk SMS) and radio has made it more accessible to
many. Farmers are able to go everywhere with their radios, including to their farms.
Every home had a radio while others had more than one radio. Radio is one of
powerful communication tool and has proved to be the most effective media in
promoting agriculture and development in rural areas, particularly as a tool for the
delivery of quick information.

The result is strengthened by the finding of [30] who found that radio leads in
overall media consumption followed by the mobile phone (Bulk Text messages)
with the wake of many vernacular radios which are able to effectively communicate
to the targeted groups. The result also shows that simple majority (48.73 and
12.62%) of the farmers identified extension agents and television as one of the
sources of information on COVID-19 pandemic. Therefore, it should be a call for
serious concern. For poor extension service delivery, it could be attributed to poor
extension contact observed earlier from the socio-economic variable of the farmers
in the study. Agricultural extension agents can offer great support to farmers during
uncertainty and sudden changes that come with the pandemic, and strategies to
bounce back from shocks and enhance resilience. Television is one of the possible
mechanisms to activate already existing mental skills in the farmers. Television
combines multiple symbol systems, such as visual images, sounds, music, spoken
and written language, and presents them simultaneously. Regrettably, poor power
supply and high cost of television-set have made it difficult for farmers to assess
COVID-19 information thorough it.

8. Farmers’ health precautionary measures in face of COVID-19
pandemic

The result in Figure 7, shows farmers health precautionary measures in face of
COVID-19 pandemic in the area. It reveals that about 99.99, 99.78, 98.00 and
95.72% of the farmers have started hand washing, wearing a face mask, practising
no-shake and physical/social distancing, respectively. The [1] reported that masks
can help prevent the spread of the virus from the person wearing the mask to
others. The report when further to state that masks alone do not protect against
COVID-19, and should be combined with physical distancing and hand hygiene. It
is important to note that farmers who say to have started using a face mask were
because of the local force abuse of the process. Most farmers said they wear a mask
to avoid Nigerian police, taskforce and other health agency harassment and not for
the fear of contracting the virus. In addition, [3] washing of hands is one of the most
important steps one can take to avoid getting sick and spreading germs to others.

Figure 7.
Farmers’ health measuves in COVID-19 pandemic.
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Many diseases and conditions are spread by not washing hands with soap and clean,
running water. The [1] recommends cleaning hands in a specific way to avoid
getting sick and spreading germs to others. The guidance for effective hand-
washing and use of hand sanitizer was developed based on data from a number of
studies [8, 9]. About 76.83% have started heavy consumption of fruits and vegeta-
bles while a smaller proportion (33.72%) said that Blood of Jesus Christ protects
them and they do not and will not practice any measure. The report of [8, 9] has
advised people to Use fresh ingredients and those that have a shorter shelf life first.

The study of [1, 8, 9] further states that if fresh products, especially fruits,
vegetables and reduced-fat dairy products continue to be available, prioritize these
over non-perishables. Frozen fruits and vegetables can also conveniently be used
over longer periods of time and often have a similar nutrient profile to fresh foods.
The author founds out that most farmers do not trust the government and think
that COVID-19 is a hoax and means the Nigerian Government and other world
leaders want to use and embezzle public fund. This situation, therefore, calls for
urgent concern for the global and Nigerian Government to show great sincere and
accountable leadership to its citizens at all time.

9. Farmers’ perceived effect of COVID-19 pandemic in rice farming

The result of the farmers’ distribution based on perceived effect of COVID-19
pandemic in rice farming is compiled in Table 2. The various attributes of were rated
in a 4- point likert scale type of questions of Strongly Agreed (4); Agreed (3);
Disagreed (2) and Strongly Disagreed (1). Using the method of mean score analysis, a
discriminatory mean of 2.50 was produced which divided the distribution into four
scale was produced. The mean value of each attribute equal to or above (X = >2.50)
was regarded as being an accepted decision while attributes with mean value less than
(X = <2.50) was regarded as a rejected decision. The values of standard deviation
(SD) denote the degree of variation in the responses of the farmers. Standard devia-
tion with values equal or above one indicates high variances in farmers a response
regarding level of knowledge of organic farming practices. The standard deviation
value which ranged from 0.10 to 0.40 indicated that farmers were in agreement in
their perceived effective of organic farming practices on poverty alleviation in the
area. Additionally, all the items were rated high and had an acceptable overall dis-
criminatory score (X = >2.50). This result strongly confirmed that COVID-19 pan-
demic is seriously affecting rice farmers in the area. A very salient finding was that
COVID-19 pandemic is disrupting activities in rice value-chains (x = >3.11).

The result also showed that the COVID-19 pandemic has led to the partial
restriction of all agricultural institutions in the country since March 2020 and
disrupted rice activities, like harvesting of 2019/2020 season’s rice produce that was
ongoing and land preparations and planting for 2020/2021 season. Result show that
the non-availability of labor is interrupting planting, harvesting and distribution
activities of rice (X = >3.32). There are disruptions in supply chains for purchase of
inputs because of poor transportation system and partial lockdown ( = >3.12). Rice
farmers are also paying more on inputs (X = >3.43). Result also shows that extension
visits to farmers have been seriously and market access limited (% = >3.44) due to
the COVID-19 pandemic. With its far-reaching geographical spread, the findings
confirmed the study of [8, 9] which reported that the pandemic is projected to have
devastating effects on the global economy, as attested by the projection of the
International Monetary Fund (IMF) in April 2020 that the world economy would
contract sharply by 3.00%, and that the economy of sub-Saharan Africa would
contract by 1.60% in 2020.
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S/No Items Strongly Agreed Disagreed Strongly Mean SD Decision
agreed disagreed (%)
(>2.50)
1 COVID-19 pandemic 298 139 65 (12.90) 2(0.40) 3.22 0.85 Accepted
has brought a new (59.12)  (27.58)
threat to our rice
farming
2 COVID-19 pandemic 261 155 83 (16.47) 5(0.10) 311 0.72  Accepted
is disrupting planting ~ (51.79)  (30.75)
0f 2020/2021 season
seedling, harvesting
of 2019/2020 season
produce and
distribution activities
in rice farming.
3 COVID-19 pandemic 327 132 42 (8.33) 3 (0.60) 3.32 0.56 Accepted
has led to a shortage (64.88) (26.19)
of farm labor
4 COVID-19 pandemic 281 128 84 (16.67) 11 (2.18) 3.12 0.52  Accepted
has decreased supply ~ (55.75)  (25.40)
chains for purchase of
inputs because of the
poor transportation
system and partial
lockdown
5 COVID-19 pandemic 301 103 98 (19.44) 2 (0.40) 3.17  0.81 Accepted
has led to a decrease (59.72)  (20.45)
in the provision of
basics food for our
children
6 COVID-19 pandemic 375 97 31 (6.15) 1(0.20) 3.43 0.87 Accepted
has led to an increase  (74.40)  (19.25)
in the cost of input
and machinery
7 COVID-19 pandemic 293 144 58 (11.51) 9 (1.79) 320 0.83 Accepted
has decreased my rice  (58.13)  (28.57)
production/yield and
aggregate farm
income
8 COVID-19 pandemic 382 112 7 (1.39) 3 (0.60) 3.48 0.68 Accepted
has made us unable to  (75.79)  (22.22)
provide the
recommended health
precautionary
measures for our
family
9 COVID-19 pandemic 317 146 33 (6.55) 8 (1.59) 330 0.75 Accepted
have negatively (62.90) (28.97)
affected our different
rice value chain
10 COVID-19 pandemic 303 101 88 (17.46) 12 (2.38) 315  0.78 Accepted
have greatly increased  (60.12)  (20.04)
our farm production,
harvesting and
distribution cost
11 COVID-19 pandemic 297 120 61 (12.10) 26 (5.16) 314 0.80 Accepted
have negatively drew  (58.93)  (23.81)
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S/No Items Strongly Agreed Disagreed Strongly Mean SD Decision
agreed disagreed (%)
(>2.50)

us back in adapting
and mitigating to
climate change

12 COVID-19 pandemic 308 105 87 (17.26) 4 (0.79) 3.20 0.79 Accepted
have negatively drew  (61.11)  (20.83)
us back in mitigating
to greenhouse gases
emission in our rice

field
13 COVID-19 pandemic 134 101 12 (4.76)  5(1.98) 3.44  0.81 Accepted
have negatively (53.17)  (40.08)

affected our access to
market and
agricultural extension
services

SD; standard deviation; discriminatory index: cut off point X > 2.50 accepted;
*Figures in parenthesis are percentage; Field Survey Data, 2020.

Table 2.
Farmers’ perceived effect of COVID-19 pandemic in rice farming.

Furthermore, Economic Commission for Africa (ECA) has projected that, in a
worst-case scenario, economic activity for Africa as a whole would contract by
2.60%, with negative impacts on the employment rate, agriculture and that esti-
mated that four out of five businesses in Africa would be significantly affected by
the COVID-19 pandemic [10]. Going forward, the African Development Bank
(AfDB) predicted an economic contraction for the continent of 3.40% [11]. The
study of [31] asserted that in order to mitigate the shock of the pandemic and its
related effects on smallholder farmers building capacities and providing financial
and marketing support for farmers would be essential. Similarly, food security is
fragile under normal circumstances for smallholder farm families and other vulner-
able populations across Southeast, Nigeria. As noted in an impact analysis from
International Food Policy Research Institute (IFPRI), projections for increased
poverty levels and food insecurity are dire as a result of the pandemic [32].

With this present threat, African countries and particularly Nigeria are likely to
experience a reversal in the development gains already achieved and will be
unlikely to achieve the United Nations 2030 Sustainable Development Goals and
the aspirations of African Agenda 2063. The study therefore identified the need for
governments at all levels in the country to design a sustainable policy in such a way
that farmers should have access to affordable farm credit as well as subsidized
agricultural inputs in order to increase their ability and flexibility to change in
production strategies in response to COVID-19 pandemic.

10. Farmers’ barriers in mitigating the effect of COVID-19 pandemic in
rice farming

The finding in Figure 8 shows farmers’ barriers in mitigating the effect of
COVID-19 pandemic in rice farming in the area. The finding reveals that about
99.82% of the farmers identified inadequate information. This could be attributed
to the dearth in research on COVID-19 pandemic mitigation strategies for rice

197



Recent Advances in Rice Research

# [nadequate Information

® Inadequate fund

® Poor extension contact

® High cost of labour

® Poor access to farm credit

= No-COVID-19 pandemic palliative

= Lack of trust of the Government

Figure 8.
Farmers’ barriers in mitigating the effect of COVID-19 pandemic in vice farming.

farmers as well as lack of information on clarity on the actionable guidance and
precautionary measures by World Health Organization (WHO), Centre for Disease
Control and Prevention (CDC), Nigeria Centre for Disease Control (NCDC) and
local health authority. This constraint left the farmers unable to get the much-
needed information on COVID-19 pandemic and sustainable rice farming. In the
present information age, inadequate information could pose serious challenges to
the farmers’ coping strategies as they may not be aware of recent developments
regarding COVID-19 pandemic, mitigation strategies and the necessary re-
adjustments needed. Meanwhile, crop farmers have been badly hit due to
misinformation, particularly on social media, that crops and animals are the carriers
of COVID-19. Also, poor/inadequate information on COVID-19 pandemic and sus-
tainable strategies for rice farming may rise the food insecurity situation and lead to
unsustainable rice production overtime.

Approximately 97.85% complained of the inadequate fund. The inadequate fund
left most of the rice farmers unable to get necessary productive resources in miti-
gating the effect of COVID-19 pandemic in the area. This could be attributed to the
sudden rise of rice productive resources due to lockdown and food shortage. Inad-
equate fund hinders farmers from getting the necessary resources and technologies
which assist to mitigate efficiently to the effect of COVID-19 pandemic. The
COVID-19 pandemic mitigation options are costly because of restrictions and input
factory closure hence, farmers need adequate fund to adapt. Going forward, poor
extension contact, high cost of labor, poor access to farm credit and no-COVID-19
pandemic palliative by the government were complained by 95.20, 93.98, 89.90 and
85.70% respectively of the rice farmers. The high cost of farm inputs could also be
attributed to inadequate fund. With the limited fund, the acquisition of necessary
production equipment will be difficult. They may not only be costly but may also
appear scarce for poor farmers particularly ducting the period of the pandemic.
Besides, the farmers may not also have the necessary facilities for information like
radio and television to obtain COVID-19 report.

Poor access of credit could be linked to lack of information or awareness of the
presence of loan facilities, high collateral and location of banks in urban which is far
from the rural areas where farmers live. In the same way, the COVID-19 pandemic
related transport restrictions make it particularly difficult for suppliers to get inputs
like seeds, fertilizers, crop protection products and equipment to rice farmers in
time for planting season, disrupting production of rice. Restrictions are also trig-
gering additional higher labor cost, post-harvest losses, as unsold and rotting food
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accumulates on farms. Similarly, planting and harvesting season is imminent for
rice farming and a shortage of labor and poor access to farm credit is leading to
production losses and shortages in the market. In Nigeria, this comes on top of as
one of the existing difficulties in sourcing rice production labor and finance. Most
Nigerian were left unhappy with government selective provision of palliative. Some
reports claimed that South-East Nigeria was the study was conducted never receive
any form of palliative from the government. This situation left most of the farmers
unable to mitigate the effect of COVID-19 pandemic in their rice farms.

About 78.28% identified lack of trust. Trust is the foundation upon which the
legitimacy of public institutions is built and is crucial for maintaining social cohesion
[33]. Most farmers do not trust the government and this leads to the farmers believ-
ing that the COVID-19 is real. Some believed that the government wants to use the
media to embezzle public fund. Similarly, many farmers gloat that COVID-19 is
mainly targeting the politicians, despite warnings that the life-threatening respiratory
illness could hit the poor farmers as well. Some farmers also hoped that the “selec-
tiveness” of the virus might be God’s way of bringing about changes leadership of
Nigerian government. During this current COVID-19 pandemic, including contain-
ment, mitigation and recovery, trust in public institutions is vital for governments’
ability to respond rapidly and to secure citizen support. Government’s ability to
harness public trust as a force out of the crisis will be crucial for planning and
implementing an inclusive recovery from the COVID-19 emergency. It is important
for the government to show great transparent and accountable leadership for the
people to trust. Curbing this barrier will be vital in promoting not just local COVID-19
mitigation strategies in increasing rice yield, farmers’ livelihood, farmers’ income and
standard of living but global strategies in area and perhaps beyond.

11. Conclusion

The COVID-19 pandemic is having a great effect on the entire rice value chain,
confirming in the most terrible way that we are all part of a rice value-chain system
that is interconnected and fragile and that solutions must be developed together.
Rice farming has been recognized almost worldwide as an essential activity, and
farmers were asked to keep on working, even harder, to cope up with this new
challenge. Nevertheless, each component of the rice value-chain system has an
impact on farming activities, so each bottleneck occurring somewhere on the rice
value-chain system is having an impact on farmers livelihood, farm yield, and farm
income. Countries lock-down and borders’ closures are strongly impacting rice
farmers’ access to input like seeds, fertilizers, and agrochemicals. In Nigeria, while
rice farmers are still battling the negative impact of climate change and greenhouse
gases (GHGs) emissions, the COVID-19 pandemic has brought a new risk that not
only threatens farmers livelihoods but also the most important global food security
crop “Rice”. Every farming season in Nigeria, rice farmers face risks such as low
rainfall, price volatility, methane emissions, rising debts, and poor government
policies. But the present risks from the COVID-19 pandemic are putting new
challenges in front of rice value-chain that is already under serious threat.

Additionally, the growing demand for rice across SSA and particularly in Nigeria
exceeds supply, resulting in a rice deficit. To overcome this challenge, rice yield
should be increased particularly now there is new threat for farmers. As a matter of
urgency, farmers must respond to this new threat (COVID-19) by choosing mea-
sures that increase their yield. Incidentally, empirical studies that documented the
effect of COVID-19 pandemic on rice yield cannot be found as at the time of this
study. These create emptiness in research and make it extremely difficult if not
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impossible for the government/interest group to know the method they can use in
helping farmers mitigate the negative impact of COVID-19 pandemic in rice pro-
duction. The study was logically guided by describing the socio-economic charac-
teristics of the rice farmers; determining the awareness of COVID-19 pandemic
among rice farmers; identifying farmers sources of information on COVID-19 pan-
demic; identifying the COVID-19 pandemic precautionary measures farmers are
using; ascertaining the perceived effect of COVID-19 pandemic on rice yield and
constraints in mitigating COVID-19 pandemic in rice farming.

The survey was conducted at the onset of discovering of the index case of COVID-
19 in Nigeria (27 February 2020) that is, from March to July 2020 with the help of
two-hundred (200) enumerators, that is, forty (40) for each State. A cross-sectional
data was elicited from 504 rice farmers selected from Abia, Anambra, Ebonyi, Enugu,
and Imo State. Data collected were analyzed using descriptive statistical tools such as
means, flow-chart, percentage and Likert scale-type. Result show that the mean age
was 45.00 years. Greater proportions (61.30%) were male. Majority (53.57%) were
married with an average household size of 8 persons. Average educational level,
farming experience and annual farm income were 12.00 years (equivalent to second-
ary education), 21.00 years and N880,200.00 (2267.62USD), respectively. Addition-
ally, farmers may have also developed sustainable COVID-19 pandemic strategies to
thwart the negative effect of COVID-19 Pandemic to improve their farm yield,
income, and standard of living. The high awareness could be attributed to the massive
publicity about the virus by various Nigeria news agencies, and agricultural extension
agents. The extension agents have been called to help bridge gap in information for
farmers. The finding reveals that about 99.82% of the farmers identified inadequate
information. This could be attributed to the dearth in research on COVID-19 pan-
demic mitigation strategies for rice farmers as well as lack of information and clarity
on the actionable guidance and precautionary measures by World Health Organiza-
tion (WHO), Centre for Disease Control and Prevention (CDC), Nigeria Centre for
Disease Control (NCDC) and local health authority. This constraint left the farmers
unable to get the much-needed information on COVID-19 pandemic and sustainable
rice farming. In the present information age, inadequate information could pose
serious challenges to the farmers’ coping strategies as they may not be aware of recent
developments regarding COVID-19 pandemic, mitigation strategies, and the neces-
sary re-adjustments needed.

12. Recommendations

The following recommendations were made based on the major research obser-
vations and findings of the study.

i. The study identified inadequate and misinformation as one of the barriers
farmers complained about, therefore, it is important that the government
should intensify mass mobilization campaign against COVID-19 pandemic
alongside the community leaders and extension agents to reduce, if not
eliminate the spread of the deadly virus.

ii. The study authenticated the importance of linking education to the
mitigation of COVID-19 pandemic in improving understanding, farm yield,
farm income, the standard of living of the rice farmers. Therefore, it is
necessary for the rice farmers on their owe should enroll for adult
education to increase their ability and flexibility to change in production
strategies in response to COVID-19 pandemic.
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iii. Rice production-related constraints such as labor and other inputs mainly
hindered farmers from mitigating the effect of COVID-19 effectively.
Labor and input are in high demand and cost now due to restrictions.
Therefore, the government must also design policy in such a way that
farmers’ should have access to affordable credit, farm labor as well as
subsidized input to increase their rice production, the standard of living as
well as encourage more farmers to go into rice farming.

iv. Effective agricultural policies and programmes should focus on how to
intensify awareness on COVID-19 pandemic in rice farm as well as its
mitigation strategies. This should be done through strengthened
agricultural extension service delivery.

v. Agricultural extension agents can offer support during uncertainty and
sudden changes that come with the pandemic, and strategies to bounce
back from shocks and enhance resilience. Therefore, capacity
strengthening, the right tools and channels are necessary to provide tailored
effective agricultural extension agents messages. The government should
strengthen agricultural extension agents’service delivery.

vi. It is important to protect the community where these rice farmers are
domiciled from exposure to the infection, all residents in the potential risk
areas should be encouraged to stay at home, which is one of the most
effective ways of blocking the transmission routes. Local community health
workers and volunteers, after the specific training, should be encouraged to
proactively participate in screening the suspicious infections and help in
implementing proper quarantine measures by providing support services,
such as driving patients to the mobile hospitals. All those activities should
logistically be managed at the community level.

vii. The finding observed that there is distrust between the government and
farmers. Farmers do not trust the government on the issue of COVID-19
pandemic. Some farmers still do not believe that there is even COVID-19.
Therefore, it is important that the government should show transparent
and accountable leadership so as to get full farmers to support in
implementing strategies.

Drawbacks and areas for further study

Constraints on restrictions of movement due to COVID-19 pandemic, the poor
transportation network in rural areas, time and limited resources of the researcher
forced to select only 504 rural-based rice farmers for the study across the Southeast
States. Hence results are largely applicable to other areas of Nigeria not selected.
Additionally, the questionnaire and personal interview method of data collection
require the respondents to recall from their memories about their socio-economic
variables, income, government support, COVID-19 precautionary measures and
perceived effect of COVID-19 pandemic in rice farming among others. Most rural
farmers do not keep farm records hence, the findings may be subject to memory
lapses of the respondents.

Therefore, the author and further studies may attempt to rigorously and sys-
tematically link farmers perceived effect of COVID-19 pandemic in rice farming
with the quantitative measurement of farm harvest, farm output per hectare, farm
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sales, farm income and other associated production variables. This is to evaluate the
actual impact (before and after) of the pandemic in rice farming with a view of
checking if farmers’ perception were right. For instance, farmers may perceive
there is a significant decrease in yield per hectare due to COVID-19 pandemic, but
the actual measurement may say otherwise and vice versa. This further study
(impact) may require monitoring one or more rice farming seasons for systematic
and logical evaluation.
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Abstract

Paddy production in African is increasing at a significantly impressive rate due
to increased public and private sector investment, the introduction of high yielding
varieties and improved production practices. But about 40% or more of this quan-
tity does not reach the table of consumers largely due to post-harvest losses. These
losses are subdivided into physical grain loss (PGL) and grain quality loss (GQL).
Efforts towards reducing these losses through valorisation of low quality rice and
processing by-products has received attention over the last few years. Innovative
development and out scaling of simple, cost effective, adoptable and well-defined
practical technology to convert low grade milled rice to nutrient dense value-added
products that could be used for family meals or weaning purposes and utilization
of rice husk for energy is the new way to go. This paper reviews major advance
made especially by the Africa-Wide Taskforce on rice processing and value addition
and its partners in developing strategies for minimizing postharvest loss in Africa
through the development of technologies for utilization of broken rice fractions and
rice husk to reduce postharvest losses. Major challenges mitigating the adoption of
this technologies and possible opportunities in the rice postharvest value chain that
can attract investment for the improvement of rice production and reduction in rice
postharvest losses are also outlined. This synthesis we believe will help in providing
future direction for research and support for sustainable rice postharvest system
in Africa.

Keywords: rice, Africa, postharvest losses, broken rice value addition,
husk gasification, innovation

1. Introduction

Rice (Oryza sativa L.) is one of the most important crop in the world in terms
of total developing world production (480 x 10° tonnes of rough rice in 2012) and
the number of consumers (3.5 billion) dependent on it as their staple food and is
cultivated in over 100 countries in every continent (except Antarctica), from 53°N
to 40°S and from the sea level to an altitude of 3 kilometres high [1]. In 2019, the
total world rice production amounted to approximately 738.75 million metric tons
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(MMT) from total harvested area of approximately 162.71 million ha, making rice
the world’s third most-produced cereal crop after maize (1.12 billion metric tons)
and wheat (731.45 MMT) [2]. On the African continent, especially in sub-Saharan
Africa (SSA), rice has become a staple food crop and constitutes major part of the
human diet [3]. Over the last three decades, African countries has experienced a
consistent increase in rice production and consumption demand making rice the
fastest growing staple food especially among low income earners [4]. In countries
such Tanzania, Niger and Nigeria transformational changes in the production
practices and shift of consumer preference from other coarse grain such as corn,
sorghum and millet towards rice is particularly glaring and fuelling increased local
production and consumption demand. Available statistics indicated that Africa pro-
duce an estimated 20.5 million tonnes of paddy rice annually [5], and West Africa is
the continent’s rice powerhouse, producing about 66% of the total paddy in Africa,
mostly by smallholder farmers [4].

The growth in rice production, processing and consumption in many Africa
countries has been shown to have direct correlation with growing income, rapid
urbanization, population growth, and change in the occupational structure of
African families. It is believed that as more and more women and young girls in
Africa join the workforce, and more men live and work in urban area, there isa
shift toward food that is more convenient and cooks fast such as rice. Although
the per capita consumption of rice is declining in many parts of Asia, in Africa,
especially the SSA region, the demand for rice is increasing and at a faster rate than
in any part of the world [6]. However, rice production in Africa has not kept pace
with the increasing demand, resulting in huge volume of rice imported to fill the
gap at a significantly high cost to Africa external reserves. Rice farmers in Africa,
especially in Nigeria, Niger and Tanzania, have responded to the increasing demand
for rice, as reflected in upward trends in total production in recent years [7]. But,
when compared with population increases, the rice production trends are much less
impressive and many of the countries are becoming increasingly dependent on rice
imports, fuelled by growing production-to-consumption gaps [8].

Geographically, according to International Rice Research Institute (IRRI), Africa
has the highest reserves of untapped natural resources for food production globally,
especially water and land (130 million ha of inland valley) which are essential for
rice production [5]. In spite of these sizeable land and favourable agro-ecological
conditions, the Food and Agriculture Organization [7] and The World Bank, [9]
states that significant number of population are undernourished while poverty and
unemployment levels in country such as Nigeria is significantly high (69%). Added
to the high level of unemployment, food insecurity and under nutrition, there
is huge food losses and waste along the entire food value chain. It has therefore
become imperative to make concerted efforts to reduce losses especially postharvest
losses to improve food and nutrition security in Africa [10]. Huge volume of rice
produced in Africa for instant like in most developing countries does not reach the
table of the final consumers due to significant post-harvest losses in terms of physi-
cal grain loss (PGL) and grain quality loss (GQL) [11].

Research for development (R4D) in Africa have developed technologies and
innovations and made recommendations for increasing rice productivity through
the use of high yielding varieties, expansion of area under cultivation and reducing
postharvest losses through good production practices and adoption of improved
technologies [10, 11]. However, in most African countries, where tropical weather
and poorly developed infrastructure contribute to the problem of food loss, wastage
can regularly be as high as 40-50% and has been one of the key encumbrances to
farmers’ income and sustainable food security in this region [12, 13]. Postharvest
losses have therefore contributed significantly to African’s inability to attain
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self-sufficiency in local food production and also a huge drain to local production
and food security, as colossal quantities of food, including rice are lost, year after
year [13]. Globally, Gustavsson et al., [14] noted that about 1.3 billion tons of food
are wasted or lost annually, while in the local context such as Nigeria, the country’s
agricultural productivity has been generally low, mostly due to post harvest losses of
farm produce (20% for grains such as rice and over 40% for fruits and vegetables),
and attributed these to poor post-harvest handling, inadequate agro-processing
development among other critical factors.

The adoption of good agronomic practices, favourable government policies
and shift in consumer preference from other staple coarse grains toward rice have
fuelled increased production and yield per hectare of rice across Africa. However,
postharvest losses that have been relatively small in absolute terms have increased
proportionally with increased yield per ha. Therefore, integrated management of
postharvest operations such as threshing, cleaning, drying, parboiling, milling,
grading and branding and storage have now been adopted in many rice producing
clusters to reduce losses at each stage of the chain [13].

Ndindeng et al, [11] observed that resolving the critical issues along the rice
value chain in many SSA countries is also impeded by the lack of a simple, adoptable
and well- defined practical methodology on how to estimate PGL and GQL after
harvest. This makes it impossible to have credible data during the various opera-
tions along the rice value-chain. Secondly, there is also wide quality gap between
imported milled rice and domestically processed rice. The locally processed rice in
Africa including Nigeria tend to be of poor quality due to high level of impurities
(stones, weed seeds, sand and insect residues), high level of broken fractions, vari-
ability in grain size and colour and off-flavour perceived when cooked. However,
many cost effective and efficient postharvest handling machines and practices
developed and recommended by R4D organizations are not available for farmers,
probably due to poor extension and funding challenges. In postharvest operation
such as parboiling, the use of rudimentary technologies has resulted in high losses
estimated at 15-20% with high energy and water demand which contributes to
the final cost of the final product and environmentally unsustainable practices
because of dependent of wood fuel [10]. They recommended the valorisation of rice
processing by products to enhance income for the rice value chain actors and also
improve food security and sustainable environment.

Broken rice fractions, bran and husk are major by-products of rice processing
operations. They account for about 25-50% by weight of milled rice depending
on variety and technology of milling. In many rice producing communities in
Africa, rice processing by-products such as husk and bran are generally dispose and
dumped as hips of wastes in many rice processing sites with little or no environmen-
tally friendly ways of disposal. This has resulted in dusk related health challenges
for people living nearby and methane emission during its natural decomposition
[15]. But research in many parts of the world including Africa has indicated that
rice husk if properly harnessed can serve as good raw materials for fuel [16, 17] and
low grade broken fractions could be used for the production of other value added
products [10] that may increase farmer’s income, safe guide the environment and
improve food and nutrition security. Broken rice fractions can be converted to high
quality flour and used for the production of value added products that can enhance
nutrition and food security and livelihood of smallholder farmers and profitability
of small-scale food processing industries [18]. It can also employ huge number of
youths and women and serve as sources of employment and reduce restiveness.

This chapter will cover selected innovative techniques and technology advance-
ment made especially by the Africa-Wide Taskforce on Rice Processing and Value
Addition and its partners in developing strategies for minimizing postharvest loss
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in Africa through the development of technologies for utilization of broken rice
fractions and rice husk to reduce rice postharvest losses in Africa. Major challenges
mitigating the adoption of this technologies and possible opportunities in the rice
postharvest value chain that can attract investment for the improvement of rice
production and reduction in rice postharvest losses are also outlined. This synthesis
we believe will help in providing future direction for research and support for
sustainable rice postharvest system in Africa.

2. Understanding the rice postharvest value-chain in Africa

Rice postharvest value chain is a set of unit operations in which well matured
harvested paddy rice pass through from the point of harvest to consumption.
Efficient and sustainable rice postharvest value chain therefore, aimed at mini-
mizing losses and maximizes quality of the harvested grains until it reaches the
consumer [10]. At each level of the value chain, several actors are involved and
different values of losses are recorded. In Africa, especially in West Africa, several
actors using diverse kinds of equipment and techniques are involved in primary,
secondary and tertiary postharvest operations of the rice value chain (Figure1).

Losses particularly along the value chain [1-18] has been highlighted as a major
source of lost in revenue and productivity among value chain actors as both quanti-
tative and qualitative losses occur during any of the stages [19]. This is an indication
that critical attention need to be given to the postharvest value chain to reduce loss
in productivity and make rice production a sustainable venture. Technically, when
paddy is harvested, it passes through the first routes (A), before storage, but may
also be traded directly by farmers to middle men or collected together by farm-
ers’ cooperative groups where this exists before marketing at a favourable period.
Currently in Africa, especially SSA, little or no value addition is carried out at the
primary postharvest level. At the second level (B), some levels of value addition are
made where the paddy is either milled after parboiling or directly after winnowing
to produce white rice which is traded as milled rice and used for the preparation
of traditional whole kernel rice-based foods [20]. At this point where appropriate
technologies are used, grain quality is improved which translate into improved
economic value and competitiveness of milled rice.

Over the last few years, in Nigeria and other African countries, several large scale
integrated mills have been installed which combined parboiling and milling opera-
tions and coupled with grading and packaging system. In these mills, parboiling and
drying energy are generated by combusting the husks, while milling uses electricity
from national grid or private generators. Recently, a third level have been added to
the chain, where low grade broken fractions, a by-product of rice milling is converted
to rice flour and used for the production of diverse rice-based products (C) or other
by-products such as husk are used for energy for artisanal rice parboiling and house-
hold cooking [16, 17, 21]. The tertiary postharvest level is built on broken rice, bran

Primary Postharvest Operations (A)

| Harvesting (1) | | Threshing(2) | | Winnowing(3) | | Drying (4) | | Transportation (5) | | Storage (6) |

Secondary Postharvest Operations (B)

| Paddy cleaning(7) | | Soakingin water (8) | | Steaming (9) | | Drying (10) | | Milling (11) | | Marketing (12) |

Tertiary Postharvest Operations (C)

| Broken rice (13) | | Soaking (14) | | Wet milling (15) | | Sedimentation (16) | | Drying (17) | | Pulverization (18) |

Figure 1.
Unit operations at different levels of vice postharvest system in Africa.
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and husk utilization where low quality rice is converted into flour and used for the
production of flour-based products, while bran is used in combination of legumes
for the production of animal feeds and sold to animal husbandry firms and husk for
energy sources. It is important to note that rice postharvest operations in SSA consist
mainly of manual operations resulting in high crop losses and contamination.

3. Postharvest losses situation in Africa

Postharvest losses in food production including rice not only have effects on
social and economic scales, but also represent a waste of resources used in produc-
tion such as land, water, energy and other inputs. Report by Africa Postharvest Loss
Information System [22] indicated that losses occurs hugely at all levels of the rice
postharvest operations. Harvesting operations including harvesting, threshing,
winnowing and drying resulted in an average of 11.2% loss due to grain spillage and
poor threshing where grains are left on panicles. Transportation resulted in 2.3%
(to farm and market) and storage 3.4% indicating an approximately 15.91% aver-
age postharvest loss across the continent. Report by Sallah, [23] on the postharvest
losses of rice and its implication on livelihood and food security in Africa taking
a case of Cameroon and The Gambia indicated that losses at threshing operation
were 19 and 17%, drying 9.3 and 7.0%, storage 4.2 and 6.0%, milling 1.3 and 1.0%
and transportation 1.33 and 0.8% respectively for Cameroon and The Gambia. This
results in reduced income and employability of the people in the study area. Loss
was aggravated by lack of or poor processing equipment, poor storage facilities,
poor knowledge and skills on postharvest reduction strategies.

It has been estimated in Nigeria by Oguntade et al., [24] that rice post-harvest
losses may be as high as 20 to 40%, implying conservatively between 10 and 40%
of rice that grown in the country never reaches the market or consumers table or are
traded at a discounted price due to loss of quality resulting from poor postharvest
management. The high postharvest losses slowdown the marginal increase in rice
production recorded over the last few years in many African countries and also
threatened food and nutrition security. Because of the adoption of improved tech-
nology in rice production in developed countries, postharvest losses occur primarily
at the consumer level, with minimal losses at the field or after harvesting or at the
other stages of the value chain [10, 25]. In contrast, postharvest losses in Africa
occur mainly during harvesting through to market stages, with slightest share of
losses occurring at the consumption level [25, 26].

According to Oguntade et al. [24], huge losses totalling about 11.39% is recorded
during rice postharvest level in Nigeria, with harvesting accounting for 4.43%,
threshing and cleaning (4.97%), transporting paddy from field to homes (0.34%),
paddy drying and storage (1.53%) and transporting of paddy to local markets
(0.12%). At secondary postharvest levels (Figure 1), rice parboiling process, an
essential pre-treatment given to paddy rice before milling accounted for 5.19%
paddy loss, while milling at the village level and milled rice transportation, market-
ing and storage results in 4.40% and 7.54% losses respectively. Danbaba et al., [10]
correlated the data with rice production statistics of 17.5 MMT of paddy produced in
Nigeria in 2016 [27], considering postharvest losses of 11.39% paddy from harvest
to market and 135 Naira per Kg market price of paddy (as at November, 2018),
Nigeria losses about 1.99 MMT of paddy representing 269.09 billion naira annually.
These losses are huge and unsustainable if added up to the estimated 123 billion
naira losses during the parboiling and milling processes. Situations from the three
African countries classically indicates the unfavourable postharvest loss situation
on the continent which calls for urgent action and intervention.
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4. Constraints and need for innovative loss reduction strategies

The continues increase in rice consumption together with minimal increase in
domestic production coupled with high postharvest losses, high rice import cost and
glaring impacts of climate change and conflicts in Africa, research and development
organizations are working together under a coordinated strategy lead by Africa Rice
Centre (AfricaRice) to provide innovative approach for improving productivity and
food and nutrition security through postharvest loss reduction. The rapid advances
in small and intermediate technology development, formulation and production of
new value added products from low grade broken rice fractions and other rice pro-
cessing by-products demonstrated the ability to improve food and nutrition security
in Africa through novel postharvest loss reduction strategies [10, 16, 21, 28]. Until
recently, rice research for development has focused on yield improvement without
much emphasis on postharvest practices especially as it relates to loss reduction,
quality improvement and marketability. But Nguyen and Ferrero [29] opined that in
near future, the possibility of expanding rice production area will remain limited in
SSA due to high cost of developing new land suitable for rice production combined
with water scarcity for rice production and urban and industrial expansion, imply-
ing that loss at any point of the value chain need to minimized to save food and
nutrition security in SSA.

In 2008, the SSA countries were faced with significant hike in food price [30].
Milled rice in the international market grow by almost 400% and combined with
about 40% rice deficit in SSA, it become highly vulnerable to global rice prize
shock and probably was the major cause of ‘food riot’ in 2008 in countries such as
Burkina Faso, Cameroon, Cote d’Ivoire, Mauritania and Senegal [31, 32]. The riot
of 2007-2008 [32] triggered renewed focus and investments in rice production
together with postharvest operations in many African countries. Nigeria, Ghana,
Togo, Cote d’Ivoire, The Gambia, Senegal and Burkina Faso developed a national
strategic plan to attain rice self-sufficiency in medium and long time by increasing
public and private sector investment into rice sub-sector of their economy, but
quality and postharvest losses are least emphasised [33]. In 2011, AfricaRice lead a
consortium of research organizations in major rice producing countries of Africa
to implement and innovative postharvest loss reduction model ‘enhancing food
security in Africa through the improvement of rice postharvest handling, marketing
and development of new rice-based products’ The project emphases the utilization
of flour from low grade broken rice fractions to prepare value added food products
such as snacks, biscuits, and porridges. This innovative uses of rice can catalyse
rural enterprises and raise income, especially for women farmers and processors in
Africa [33]. The project also developed innovative technology to utilize rice husk
for energy as a strategy to add value to rice husks which are hitherto stockpiled and
dumped near mills where they rot and produces methane (a potential greenhouse
gas) or burned in the open fields, thus causing pollution.

By improving harvest and postharvest system of rice value chain in Africa,
small holder farmer’s income will be enhanced through time saving on processing,
reduction in qualitative and quantitative postharvest losses which will translate to
higher income and better quality of locally milled rice which may compete favour-
ably with imported brands and fetch better price, thereby enhancing the incomes
of various actors along the value chain. New rice products containing high nutrients
will improve nutrition security and provide employment for women and youths
and the overall industrial development of rural communities. The utilization of rice
husks for energy will certainly reduce deforestation which is currently threatening
significant number of countries of Africa, especially the Sahel region.
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5. Innovative strategies for rice postharvest loss reduction in Africa

Innovative production is a concept that describes an on-going re-engineering
process with the major aims of evolving products and production engineering
from prevalent trends based on advances in research for development [34].
Innovative rice postharvest loss reduction trends in Africa is being re-engineered
by evolving new value added products based on prevalent research trends. Since
production innovation strengthens the productivity and resource use efficiency
of production system, recent trends in Africa in the field of rice postharvest
system development is the innovative approach to the utilization of rice process-
ing by-products as a strategy to strengthen the productivity of rice and resource
use efficiency. The following sections describes the innovative strategies cur-
rently used in Africa to reduce postharvest through efficient postharvest system
management.

5.1 Utilization of broken rice fractions for rice flour production

Fissuring cause by poor postharvest handling of paddy results in broken kernels
upon milling, and consequently lost in quality and economic values of milled rice
[35]. However, recent increase in the use of rice flour has promoted interest in
broken rice fractions utilization as raw materials in many foods especially snacks,
porridges and others [36]. Rice flour has been used traditionally for the production
of traditional stiff dough (tuwo) in Nigeria and many West African countries [20].
Its application in the production of high quality flour that could be used in baking
has been hampered by lack of improved rice flour production process that pro-
duces flour of particles sizes that could be considered suitable as baking flour and
improved functionality [21].

Chiang and Yeh [37] proposed wet milling of rice kernels to produce flour of
desirable functionality. As a strategy to valorised broken rice fractions resulting
from poor milling processes and rice of low grain quality characteristics, broken
rice fractions are processed through wet milling process to produce high quality rice
flour that has appreciably acceptable baking quality [21]. The innovative technique
which is being commercialized in Africa, involves repeated wet grinding of soaked
broken rice fractions and sieving through a fine cloth mesh until virtually all the
slurries are made to pass through the sieve. The filtrate is allowed to stand for
3-4 hours depending on the variety and water temperature and decanted to obtain
smooth sediment at the bottom. The solid sediment is broken into pieces and dried
in an oven before pulverizing and sieving (200 pm) to obtain rice flour (Figure 2).
The United States Code of Federal Regulation (CFR) state that for a product of mill-
ing of grains to be considered as flour, not less than 98% of the particles of the mill-
ing process must pass through a sieve having opening not larger than 212 pm [38].
Flour of this particle size characteristics has been demonstrated to impact positively
on the end-use application [21, 38-40] studied the physicochemical and functional
properties of flours from some common Nigerian rice varieties and concluded that
these properties are promising for their application in food systems.

Production of flour from broken rice fraction has been shown to improve the
economic value of broken rice kernels by 38% and significant consumer preference
for snacks and other baked products. This has significantly reduced qualitative
losses incurred during rice processing and improved income of smallholder food
processors. The high quality rice flour is also blended with legume based flour
(Figure 3) to improve protein content and quality to enhance nutrition and product
specifications [21] which is an innovative production system.
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Low grade broken rice fractions
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Soaking in water (1rice:3water, 4h)
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High quality rice flour

Figure 2.
Flow chart for the production of high quality rice flour from broken rice fractions. Danbaba et al. [21].

Figure 3.
High quality rice flour from broken rice fractions (left), branded rice flour (centre) and rice flour blended with
cowpea flour for the production of high protein baked products [21].
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5.2 Development of ready-to-eat (RTE) high protein extruded snacks and
porridges from broken rice fractions

Recent changes in social life of many population across the world and the devel-
opment of middle class worker in developing countries of Africa has resulted in
high population of people who are inclined to eat ‘ready-to-eat’ food, because of its
convenience, easy to consume, low to moderate price with minimal need for further
processing. Extruded snacks are example of such products and their consumption is
growing by day. Extrusion cooking technology is a continuous mixing, cooking and
shaping process carried out at high temperatures over short times [41]. Itis a very
versatile, low-cost and highly energy efficient technology for snack or expanded
foods production. Extrusion of cereal-based flours or other starchy raw materials
is widely used in the food industry in developed countries to produce snack foods
[42]. Little of extrusion cooking is being practiced in Africa especially as it relates
to value added rice processing, but recent advances in rice postharvest science
has introduce the use of low grade broken rice fractions as raw material for the
production of extruded snack foods [10, 43].

However, when starchy raw materials such as rice are subjected to extrusion
cooking, there is a chemical and structural transformation such as starch gelatini-
zation, protein denaturation, complex formation between amylose, lipids and/or
proteins, and degradation of pigments and vitamins [44]. Under the Africa-Wide
Taskforce on Rice Processing and Value Addition of Africa Rice Centre and its
national partners, low grade broken rice fractions from different milling operations
have been tested and validated for the production of snacks that are high in protein
and acceptable to consumers [21, 43]. Through process modelling and optimiza-
tion, optimum moisture content, barrel temperature and level of legume flour for
extrusion have been established for the blends of broken rice fractions with cowpea,
bambara groundnut and soybean, keeping other extrusion parameters within range
[21, 28, 43]. This optimized process conditions produces extruded snacks with
smooth outer-surface (Figure 4) and uniform air spaces with regular shape, this
according Ryu et al., [45] are features of good quality extrudates.

Because extrusion cooking process allows for the production of low-fat snacks
and induces the formation of resistant starch, which makes no caloric contribution

Figure 4.
Photographic images (longitudinal section) of the physical state of rice-cowpea blend extruded snacks.
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and behaves physiologically like dietary fibre [46], rice-based extruded snacks in
Africa have received satisfactory acceptability among consumers that are concerned
with nutritional quality of food they eat. As a result, therefore, the application of
extrusion cooking is increasingly becoming popular for snack production in Africa
using raw materials such as rice [28, 43], sorghum [47], and millet [48] containing
protein, starch and dietary fibre in an effort to create novel food products such as
snacks with a more adequate nutritional value. This new product is expected to
improve rice postharvest system through qualitative loss reduction and improve
overall food and nutrition security of the populace.

In some instance, it has been demonstrated that when crushed and pulverized,
extruded broken rice fractions could be used as porridge or weaning foods. Danbaba
et al [21, 28] introduced extruded ready-to-eat rice porridge (Figure 5) as part of
valorisation of low quality broken rice fractions after blending with appropriate
amount of legume flour. Protein-energy malnutrition (PEM) and micronutrient
deficiency is a severe problem facing developing countries and particularly children

Low grade broken rice fractions Legume seeds (Cowpea)
Cleaningand sorting Cleaningand sorting
Grinding

Soakingin water (10 min)

! !

Sieving Decortication
Rice Flour Grinding

!

Cowpea flour

Rice flour + Cowpea flour (73%:27%)

}

Extrusion process

}

Drying of extrudates

}

Crushing & Pulverizing

Instant porridge powder

!

Mixed with water or milk

Figures.
Production of extruded high protein-energy weaning porridge from blends of broken rice and cowpea.
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under the age of 5 years. This has resulted in more than 50% of childhood death in
developing countries including Africa [49, 50]. Blending cereals with legumes in the
production of complementary foods has been shown to improve childhood nutrition
and significantly reduce mortality [21, 28, 43]. Several authors including Stojceska

et al., [51]; Obradovic et al., [52]; Panak Balentié et al., [53, 54] have also shown in
other parts of the world that it is possible to enrich extruded cereal-based snacks
with nutritionally valuable ingredients such as protein from ingredients like legumes.
The utilization and application of extrusion cooking in Africa provides an alternative
for producing high protein-energy weaning porridges from the blends of low grade
broken rice and legumes. This process according to Pathania, et al., [55] credible
alternative from the traditional practices for the manufacturing of re-constitutable
foods for blended flours (Figure 5). Extrusion cooking therefore is expected to
impact positively on the rice postharvest system in Africa in the years to come.

5.3 Development of third-generation snacks

The increased demand by more consumers for gluten-free products has over the
few decades necessitated the quest for suitable alternative raw materials to wheat
for the production of third-generation snacks, and the use of rice flour is gaining
greater interest because of its favourable attributes of negligible gluten content,
good expansion during extrusion and bland taste [56]. Third-generation snacks
(3G), also called semi or half products, during production undergo cooking after
extrusion and are dried to a stable moisture content (approximately 12%) and then
expanded by frying in hot oil, puffing in hot air or microwaving and infrared heat-
ing as new variants [57]. In developed world or where extrusion cooking technology
has gained popularity, 3G snacks are common. After expansion products are spiced
with various types of spices and then packaged and sold as ready-to-eat (RTE)
snacks [57]. The products can also be flavoured before expansion and sold as pellets,
for preparation at home [58]. In Nigeria, under a strategy to improve postharvest
quality of rice, especially poor quality rice varieties having poor parboiling charac-
teristics, kernels are converted to high quality flour of specific particle size and used
innovatively for the production of 3G snacks (Figure 6) that are current popular
among snack producers in many African countries [21].

Figure 6.
Some rice-based 3G snacks produced from low grade broken rice flour.
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Cold forming extrusion (40-70°C, 60-90 bar) of pre-gelatinized rice flour
blended legume flour is used for the production of rice-based 3G snacks. Adjusting
extrusion temperature, residence time and initial ingredient moisture facilitate
complete gelatinization of starch component of the ingredients before frying
[57, 59, 60]. Extruded snacks from rice will significantly take some market share as
more and more countries in Africa are increasingly improving their rice production
and more consumers are becoming more interested in non-gluten baked snacks.
Badau et al. [61] state that the addition of 30% cowpea to rice flour for the produc-
tion of traditional Nigeria snack (Garabia) significantly improves protein content,
metabolizable energy and vitamin B,, while consumer rating based on 9-point
hedonic scales was above 6.0 indicating that with the addition of cowpea, the
snacks are well-liked by consumers.

6. Utilization of rice husk for energy

In 2014, it was estimated that Sub-Saharan Africa produces about 22.1 million
tonnes of paddy, which represent about 4.6% of the total global production [5].
Structurally, paddy consists of about 72% kernel, 5-8% bran and 20-22% husk [62].
Therefore, when 22.1 million tonnes of paddy are subjected to milling, it produces
about 4.8 million tonnes of husk [11]. With the increased production of paddy in
Africa over the last 2 decades, the annual production of rice husk has also propor-
tionally increased. The utilization of rice husk for economic purposes hitherto in
Africa especially SSA is very low even though by-products such as rice husk is suit-
able raw material for energy generation and bran is a nutritive ingredient for food
formulation [11, 63]. The high amount of silica in rice husk even when mixed with
bran as obtained from village mills (Engelberg type mill) is not suitable for animal
feeding purposes. In SSA, significant proportion of rice husk produced is disposed
of by burning in open fields or abandoned around rice milling facilities [11]. These
practices have resulted in the pollution of air, land and water through the genera-
tion of greenhouses gases and particles in water and air [64]. This situation calls for
urgent and innovative technique to economically utilize the husk and improve rice
postharvest handling for sustainable environment.

Rice husk, a by-product of rice milling is about 20% by weight of paddy and
chemically contains about 20% SiO,. Gasification technique for rice husk as energy
for rice parboiling and household cooking has been recently developed and is being
commercialized across the continent of Africa [65]. Five different rice husk top-lit
updraft (TLUD) gasifier household cooking stoves for use in rice processing clusters
of Africa has been evaluated under a study to select technically feasible rice husk
stove for rural and semi urban household cooking and artisanal rice processing
in Africa. Ndindeng, et al. [65] study demonstrated that fan-assisted cook stoves
especially PO150 recorded better thermal and emission indices and are safer to use
than the natural draft gasifiers stove and is therefore recommended for household
cooking in rice processing communities of Africa.

Gasification is the process of converting biomass such as rice husk into a com-
bustible gas through thermo-chemical reaction of oxygen in the air and carbon
available in the biomass during combustion. In other to gasify rice husk therefore,
about 4.7 kg of air per kg of rice is needed [66, 67] and has resulted in the develop-
ment of several models of fan-assisted rice husk gasifier [65]. The energy obtained
are environmentally friendly and the technology easy to use by rural households.
Using biomass such as rice husk in Africa for energy generation offers several
advantages, including the mitigation of gaseous emissions such as CO,, SOy, and
NOx [68]. This is probably due to low amount of sulphur and nitrogen present in
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agricultural residues as well as minimal chlorine content [69]. But the question
arises as to whether some components of emitted gasses by the stove during burn-
ing can contaminate the food being processed and exert toxic effects on consumers.
Germaine et al. [70] evaluated in vivo toxicity of rice husk used as fuel for house-
hold cooking and indicated significantly non toxicity of water boiled with rice husk
gasifier. The results obtained by Germaine et al. [70] suggested that rice husk used
as fuel in household cooking using a fan-assisted rice husk stove is not toxic at 0.5,
1.0 and 2 m1/100100 g body weight and did not produce any evident symptoms in
the acute and sub-chronic oral toxicity studies. Even though no evident symptom
of toxicity was observed, Quispe et al., [69] suggested that the use of agricultural
residues such as rice husk for energy purpose require the performance of integral
assessment considering all stage of its life cycle and comparing same with the use
of fossil fuels as a means of identifying the conditions and scenarios for a lower
environmental impact. Ndindeng, et al., [65], McKendry, et al., [71, 72] illustrated
the following as the main advantages of the innovative rice husk gasification cook-
ing stove introduced in Africa:

1. Newly introduced rice husk stove had better performance metrics than
that of existing brands in the region.

2.Rice husk mixed with palm kernel shell or other biomass significantly increase
burning time but not flame temperature.

3.Data from end-user evaluation were in conformation with stove performance
metrics determined instrumentally.

4.If the rice husks are completely burned, the amount of CO, produced is
equal to the amount taken from the environment during the growing stage,
making it husk gasification and environmentally sustainable practice.

5. Another advantage is the diversification of energy supply avoiding non-
renewable resources depletion which is challenging African forest and
farming lands.

7. Conclusion

Significant improvement has been made in Africa in terms of rice production
mainly as a results of the development of new improved varieties, expansion of
area under rice cultivation and huge public and private sector investments. This
increased production has resulted in increased by-products such as broken rice
fractions and husk. Poor utilization of the broken fractions resulted in reduction
of productivity of rice and the husks have become of huge environmental and
health changes. The high postharvest losses recorded in Africa has become of great
concern to research and development experts, and new innovative methodologies
were developed to use broken rice fractions for the production of high quality rice
flour that could be used to produce high nutrients and consumer acceptable value
added products that improve income and food security of smallholder rice value
chain actors. The utilization of rice husk for energy generation has also become
a fast moving technology where fan-assisted cooking stoves are developed and
provide efficient alternative to fossil fuel. Both qualitative and quantitative post-
harvest losses in rice are being aggressively managed as a strategy to improve food
and nutrition security, environmental sustainability and overall productivity of rice
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production system. Stakeholder including policy-makers, environmental experts,
among others, should as a matter of urgency priority consider the use of biomass as
sources of energy for home cooking to reduce over dependence on forest woods and
popularize the fan-assisted cooking stove among rural dwellers especially among
populations in the Sahel region of Africa where desert is moving fast. Utilization

of broken rice fraction as raw materials for flour, snacks, porridges and other foods
should be encouraged as means of improving food and nutrition security as well as
the socioeconomic development of rural areas.
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Abstract

Climate change (CC) increases the frequency of flood and drought and isa
significant threat to smallholder rice farming in Indonesia. Adapting to these changes
is crucial to minimize the damages to the Indonesian food system. Accordingly,
the Indonesian government has formulated National Adaptation Plans (NAPs) to
mitigate the effect of climate change on priority sectors, including rice farming. To
this end, the Indonesian government included climate change adaptation into the
National Development Plan (2019-2024). Selecting the appropriate beneficiaries of
this program is crucial to improve the efficacy of Indonesian climate policy. In the
case of rice farming, farmers with a high probability to adapt are the appropriate
beneficiaries of this program. Thus, this chapter aimed to identify the characteristics
of Indonesian smallholder rice farmers with a high probability to adapt to climate
change. To this end, this chapter used the findings of the study on 87,330 rice farmers
in Indonesia. Education, gender, land tenure security, presence of irrigation infra-
structure, application of chemical fertilizer, cropping system, access to extension
services, and participation in farmer group are significant determinants of adapta-
tion practices. The finding suggests that prioritizing farmers based on these charac-
teristics are crucial to improve the efficacy of climate policy.

Keywords: climate policy, smallholder rice farming, climate change perceived-impact,
national adaptation plans, the efficacy of public policy

1. Introduction

It is estimated that the Indonesian economy will suffer a loss of at least IDR
100 trillion (~USD 6.7 billion) annually in the period of 2019-2024 due to climate
change (CC). The estimation comes only from four economic sectors that are
heavily impacted by CC: agriculture, marine and fisheries, water resources, and
health. Among others, agriculture (rice sector) is the hardest hit with a total loss

227 IntechOpen



Recent Advances in Rice Research

amounted to IDR 30 trillion per year, and more than 10 million farmers suffer a
production loss of 30-60%. Furthermore, the production loss in the rice sector will
impact national food security since rice is the staple food in Indonesia. Adaptation
to climate change both at the macro and micro level are required to minimize and
even reverse the negative impact of climate change.

Adaptation strategy, both at the national and farm level, are needed to moderate
the negative impact of climate change [1]. Adaptation to climate change is grouped
into two categories: autonomous and planned adaptation [2]. Autonomous adapta-
tion is adaptation practices taken by farmers using their resources. In contrast, the
planned adaptation requires government roles to conceptualize, formulate, and
implement the adaptation practices using government resources. The former imple-
mented at the micro/farm-level while the latter conducted at the macro/national
level. Several studies have reported that farmers in developing countries have
adjusted their farming practices in response to CC and found that the adaptation
has a positive effect on crop yield [3, 4]. However, several barriers limit adaptation
practices, such as financial barriers (lack of financial resources and lack of sup-
porting institutions, whether public or private, to finance adaptation), social and
cultural barriers (individuals and group perspectives, values, and beliefs toward
CC), and informational and cognitive barriers (individual perceptions, values,
and opinions about the risk of CC) [5]. This study focuses on the third barrier and
specifically individual climate risk perception.

A farmer’s perception of climate risk is essential because it represents the degree
of perceived impact (P-I)—a measure of how a farmer personally feels about the
impact of a particular occurrence [6, 7]. Past exposure to climate-related disaster
increases the degree of P-I, which in turn drives farmers to undertake adaptation
actions [8, 9]. Although some studies stressed the benefits of autonomous adapta-
tion, other studies reported that it ultimately results in unintended maladaptive
outcomes, such as increasing the farmer’s vulnerability to CC, shifting the vulner-
ability to other stakeholders or sectors, and decreasing the quality of common
pooled resources [10, 11]. Thus, assessing a farmer’s P-I toward CC is essential in
two aspects: first, it provides valuable information about the efforts to encourage
autonomous adaptation; second, it provides crucial insight into the effort to avoid
maladaptation practices. As most developing countries have a national adaptation
policy [12], this study contributes to addressing the question of which farmers
should be prioritized and through what channel the content of a policy should be
delivered. Figure 1 shows how climate risk perception is related to autonomous
adaptation and adaptation outcome.

The role of climate risk perception in CC adaptation has received considerable
attention. A study in Bangladesh showed that farmer perceptions of CC are mostly
aligned with observed meteorological data and are correlated positively with the
rate of adopted adaptation practices [9]. Similarly, a study in French coastal popula-
tions showed that they perceive the local changes in climate, weather, coral, and
beaches. Still, they only regard it as a problem instead of a danger [13]. In contrast
to the result from France, a study on the peri-urban community in Mexico that
experiences a risk of drought indicated that the community perceives CC and treats
it as a threat because their livelihood as brick producers is severely impacted by
climate change [14]. A study on Canadian bivalve aquaculture indicated the impor-
tance of stakeholder perceptions of CC in adapting to these changes and further
expanding the industry [15]. A cross-country analysis in Europe indicated that the
perception of CC is affected by individual-level factors such as gender, age, political
orientation, and education. Still, the size of the effects of each variable varies across
countries [16].
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Figure 1.
Perceived-impact of climate change increase autonomous adaptation and affect adaptation outcome (source:
Authors work).

This chapter focuses on identifying Indonesian rice farmer’ characteristics that
affect the perceived-impact of climate change. Understanding these characteristics
is crucial to improve the effectiveness of climate policy since the probability of a
farmer to adopt adaptation practices increase with the degree of their perceived-
impact of climate change. Furthermore, understanding these characteristics assists
the policy implementation-body to locate policy beneficiaries. This chapter is
structured as follows; the next section provides an overview of Indonesian small-
holder rice farming. The third section discusses Indonesia national framework of
climate change adaptation, the RAN-API. The fourth section reviews the findings
of our study on factors affecting the degree of perceived-impact of climate change
on Indonesian smallholder rice farming. The fifth section explains the policy
instruments to improve the effectiveness of Indonesian climate action. And the last
section concludes the chapter.

2. Overview of Indonesian rice farming

Rice is the most important food crop in Indonesia. The harvested area for
Indonesian rice in 2019 reached 10.68 million hectares, with the highest harvest
occurring in March of 1.72 million hectares. Indonesia’s rice production in 2019
reached 54.60 million tons, with the highest amount of rice production occurring in
March at 9.17 million tons. Rice is cultivated throughout Indonesia, but the majority
of farmers are on the island of Java. The percentage of rice farmers in Java Island
is 55%, followed by Sumatra Island at 9%, Kalimantan Island at 7%, and Sulawesi
Island at 6%, while the remaining 20% is spread across other islands. 46% of paddy
land is on the island of Java, 14% on the island of Sulawesi, 12% on the island of
Sumatra, 8% on the island of Kalimantan, and the remaining 20% is spread over
other islands. In 2019, rice production in Indonesia decreased by 4.60 million tons
compared to the previous year. Climate change is the leading cause of this decline in
production [17].

Climate change is the main factor causing a decrease in rice production in
Indonesia. Changes in the intensity and frequency of rainfall, as well as an increase
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in air temperature, have a significant effect on decreasing rice production in
Indonesia. For example, during El Nino, rainfed lowland rice production in Maluku
decreased by 2.9% [18]. Then, an increase in temperature of 10°C increases the
rainfall by 5% and decreases rice production in North Sulawesi from 6.86 tons/ha

to 6.33 tons/ha [19]. An increase in air temperature of 0.4-0.6°C and a decrease in
rainfall of 0-197 mm reduce rice productivity in South Sumatra by 0.59% annually.
Similarly, Rice productivity in Malang Raya also decreased by 1.59% per year

due to an increase in air temperature of 0.7-0.8°C and a decrease in rainfall of
0-550 mm [20].

At the farm level, climate change increases the risk of farming and decreases
farmers’ income. For example, climate change increases the risk of pest and disease
attacks in Subak Penebel District, Tabanan Regency [21]. Then, the flood that
occurred in Rawang Panca Arga District, Asahan Regency reduced rice production
by 0.60% and caused a total farm loss of IDR 1,256,036 [22]. Furthermore, the
floods that occurred during 2006-2010 reduced rice production in West and Central
Java by 2.5 tons/hectare and 3.0 tons/hectare; as a result, farmers suffered losses of
Rp. 6.5-7.0 million/hectare [23]. These studies show that climate change harms the
agricultural sector, especially rice farming, in Indonesia. Government policies to
mitigate the impacts of climate change on the agricultural sector are required.

Government policies to mitigate the impacts of climate change are crucial to
minimizing losses due to climate change [24]. To overcome the risk of crop failure
and decreased productivity due to climate change and pest outbreaks, the govern-
ment issued a rice farming insurance program (AUTP). The AUTP has a premium
price of IDR 36,000/hectare/season and provides benefits for farmers of IDR
6,000,000/ha/season if damage to farming reaches >75% [25]. Farmers well receive
this program because it helps them provide farming capital for the next planting
season when they experience failure in farming [26]. However, farmer participa-
tion in this program is low, even though the government subsidized the premium
by 80% [27]. It shows that a more comprehensive policy framework and a careful
implementation of that policy are required to mitigate the impact of climate change
on rice farming in Indonesia.

3. Indonesian National Action Plan for climate change adaptation

Indonesia is one of the agricultural countries most vulnerable to the impacts
of climate change. Data from the study conducted by the Indonesian Ministry of
Environment shows a trend of increasing temperatures of 1°C during the 20th century
[28]. Climate change has a significant negative impact on various development
sectors in Indonesia, such as food security, health, infrastructure and settlements,
and ecosystems. Efforts and strategies to mitigate the impacts of climate change in
the short and long term are essential to reduce higher economic losses in the future.
For this purpose, the Government of Indonesia has formulated a strategy to deal with
the negative impacts of climate change in the form of a national policy framework to
address the impacts of climate change, namely the National Adaptation Plan and the
National Action Plan for Adaptation to Climate Change Indonesia [29].

Indonesia’s National Action Plan for Adaptation to Climate Change (RAN-API)
is a national policy framework for dealing with and adapting to climate change.
The RAN-API program is an integrated policy concept and involves all relevant
parties from the government, society, community organizations, and industry. The
purpose of RAN-API is to ensure the achievement of the national development plan
and to increase the physical, economic, social, and environmental resiliency of the
community against the impacts of climate change. The inclusion of climate change
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adaptation in national development plans was aimed to reduce the risk of climate
change to national development. The targets and policy directions of the RAN-API are
in the form of adaptation strategies, policy adjustments, management, technology,
and attitudes to minimize the negative impacts of climate change. The strategic targets
of RAN-API cover several areas, namely economic resiliency, livelihood resiliency,
ecosystem resiliency, and special region resiliency. Figure 2 shows the schematic
representation of the strategic goals and targets of RAN-APL

One of the strategic targets of the national action plan for climate change adapta-
tion (RAN-API) is economic resilience. Climate change harms economic stability
and economic development efforts. The emphasis of the RAN-API strategy in the
field of economic resilience is divided into two aspects, namely food and energy
security. The RAN-API has three priorities to achieve food security. First, reducing
the climate-change-related loss rate of food and fisheries production. Second,
establish new sources for food production and inland fisheries in areas with low
climate risk and minimum environmental impact. Third, develop a food security
system for farmers, fishers, and the community with a healthy, nutritionally bal-
anced diet and food diversification.

The primary targets of RAN-API in the field of food security are realized by several
means. These are adapting and developing farming systems that are resistant to climate
change, developing and applying technologies that are adaptive to climate change,
as well as developing and optimizing land, water, and environmental ecosystem
resources. The existence of seven main programs supports these strategies—these pro-
grams are (1) Adapting the food production system to climate change; (2) Expanding
the area of food production; (3) Improvement and development of climate-proof
agricultural infrastructure; (4) Food diversification; (5) Development of innovative
and adaptive technologies; (6) Development of information and communication
system (for climate and technology); and (7) Establishing supporting programs.

To achieve these targets, the Indonesian government established a coordinating
body specialized in managing the impact of climate change. This coordinating body

SUSTAINABLE DEVELOPMENT AND ADAPTIVE TO CHANGE

Knowledge Ecosystem Planning and
Management Resiliency Budgeting
Economic Livelihood
Resiliency Resiliency
Capacity Support System Momtor;:g
S Evaluation

Figure 2.
The strategic goals and targets of RAN-API (source: BAPPENAS [29]).
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Minister of National Development
Planning/Head of Bappenas
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WG 2: Foresiry and Peatland
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WG 4: Waste ¥

WG 5: Support & Intersectoral Linkages DIRECTOR

WG 6: Adaptation Chairmen & Secretary

W

WORKGROUP 1 WORKGROUP 2 WORKGROUP 3 WORKGROUF 4 WORKGROUP 5 WORKGROUP 6

Figure 3.
The organizational structure of the CCCT (source: Authors works).

is under the Ministry of National Development Planning/National Development
Planning Agency and was named Tim Koordinasi Perubahan Iklim (Climate
Change Coordination Team/CCCT). The primary task of CCCT is to coordinate
the national government bodies (ministries and institutions) and regional govern-
ment (province and regency) in the preparation and implementation of climate
policy both at the national and regional levels. Structurally, the CCCT is directed
by a chairman and secretary who are under the responsibility of the Minister of
National Development Planning/Head of Bappenas. The CCCT has six workgroups
which specialized in agriculture; forestry and peatland; Energy, Transportation,
and Industry; Waste; Support and Intersectoral Linkages; and Adaptation. Figure 3
shows the organizational structure of the CCCT.

Currently, the CCCT’s primary task is to coordinate the adaptation efforts con-
ducted by both national and regional governments. However, the government has
no specific budget for the adaptation program. The current budget for the climate
change adaptation program comes from the national and regional government
budgets as a part of a general development budget. Besides, the fund for financing
climate change adaptation programs comes from government debt, private invest-
ment, and corporate social responsibility.

4. Improving the efficacy of climate policy using perceived-impact of
climate change

The key to improving the efficacy of climate policy in the Indonesian rice
sector is to target farmers who are highly likely to adopt the suggested adaptation
practices. Increasing the number of farmers who implement adaptation practices
would reduce production loss due to climate change at the national level. The prob-
lem remains on selecting which farmers to target. The probability of farmers imple-
menting the suggested adaptation practices depends mostly on how much farmers
perceive the severity of climate change impact on their farming. The higher
farmer perceived the severity of CC impact, the more likely they are to implement
adaptation practices. And vice versa. Thus, an understanding of factors that affect
the degree of farmer’s perceived-impact of CC is of paramount importance. This
section will review factors that affect the degree of farmer’ perceived-impact
of CC based on the finding of the study of 87,330 smallholder rice farmers in
Indonesia [30].

This section grouped these factors into the driving and inhibiting factors
to adaptation practices. In doing so, the perceived-impact measure was used
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to determine the category of each factor. A factor that increases the degree of
perceived-impact of climate change was categorized into the driving factors

of adaptation practice, and those that decrease the degree of perceived-impact
were categorized into the inhibiting factors of adaptation. Figure 4 shows the
distribution of driving and inhibiting factors of climate adaptation. The driving
factors are those with a positive probability to adapt. In contrast, the inhibiting
factors are those with a negative probability of adopting the suggested adaptation
practices.

This study suggests that targeting farmers with a high probability of adopt-
ing the suggested adaptation practices will improve the efficacy of Indonesian
climate policy. Below we describe each variable and its spatial distribution across
Indonesian territory.

4.1 Education

The first variable is the farmer’s education. Education decreases the degree of
perceived-impact of climate change. Thus, farmers with a high formal education
reported a low degree of climate change impact while those with a low formal educa-
tion perceived a high degree of climate change impact. Consequently, the latter group
has a higher probability of adopting the suggested adaptation practices. Farmer
education has received considerable attention in the previous studies. A study on
farmers in Pakistan shows that the higher the education of the farmers, the better the
adaptation will be. The form of adaptation taken is planting drought-tolerant crops,
crop diversification, and these adaptations have a positive impact on food security
[31]. Other similar studies on farmers in Ethiopia show that education has a positive
impact on climate change adaptation through land conservation and changes in plant-
ing time [32]. In general, education plays a crucial role in farm decisions making in
Indonesia. Farmer’ education significantly affects participation in contract farming
for tobacco [33], sugarcane [34], and broiler farmers [35, 36]. Furthermore, educa-
tion also significantly affects the adoption of certified seed plants for Indonesian
sugarcane farmers [37].

Mit

Mon

]
5]

]
o

04 03 0.2 0.1 0 0l 02 03 04
Probability to Adopt

Variable Descriptions.

1. Education: Low formal education (L), High formal education (H) 5. Cropping system: Monoculture (Mon), Multiculture (MIt)
2. Sex: Female (F). Male (M) 6. Chemical fertilizer: Not applied (NAF). Apj
3. Land tenure: Owned land (0), Lease/Sharecropping (L/S) 7. Farmer group: Member (M), Non-member (NM)

4. lrrigation infrastructure: Absence (A), Presence (P) 8. Extension services: Have aceess (HA), Have no access (HNA)

Figure 4.
The driving and inhibiting factors of farmer adoption of the suggested adaptation practices (source: Authors
works).
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The majority of Indonesian rice farmers have low-level formal education. 70%
of Indonesian rice farmers fall in the category of low education farmers having
attended only elementary or never attended formal education. Then, 27.6% of
Indonesian rice farmers have a middle-level formal education, both junior (SMP)
and senior high school (SMA). Meanwhile, only 2.4% of farmers completed
higher education. The majority of low education farmers are located in Java and
Sumatera (65.78%), followed by Sulawesi, Bali and Nusa Tenggara, Maluku,
and Papua. Even though the majority of farmers have low-level education, each
region has a farmer who attended higher education. This figure is crucial to plan a
farmer-to-farmer extension program, where high education farmers acted as the
key farmer. Establishing a farmer-to-farmer extension is promising in improving
the adaptation program and is crucial in the general agricultural development
program. Table 1 shows the distribution of Indonesian rice farmers based on their
level of formal education.

4.2 Gender

The second variable is the farmer’s gender. The study shows that female farmers
perceived a lower impact of climate change on their farming. The finding implies
that female rice farmers in Indonesia are better at adapting to climate change than
male farmers. The literature found a varied effect of farmer’s gender on climate
adaptation. Studies conducted in Ethiopia [32] and Kenya [38] show that male
farmers are more able to adapt to climate change than female farmers. However,
research on farmers in Pakistan shows that female farmers are better able to imple-
ment climate change adaptation strategies and can maintain food security [31].
Also, research on farmers in Europe suggests that female farmers are more sensitive
to climate change [16]. This finding suggests that involving female farmers and
policymakers in climate action and climate-related decision making are crucial to
improve the effectiveness of the adaptation program. Furthermore, female farmers
are present in each region in Indonesia (Table 2).

Region Low Middle High
Sumatera 14,442 (23.65) 8486 (35.14) 537 (25.50)
Java 25,729 (42.13) 6749 (2795) 708 (33.62)
Kalimantan 5962 (9.76) 2466 (10.21) 348 (16.52)
Sulawesi 6997 (11.46) 2490 (10.31) 175 (8.31)
Bali & Nusa Tenggara 6846 (11.41) 3442 (14.25) 308 (14.62)
Maluku 579 (0.95) 282 (1.17) 16 (0.76)
Papua 520 (0.85) 234 (0.97) 14 (0.66)
Indonesia 61,075 (70) 24,149 (27.6) 2106 (2.4)
Notes:

1. The region of Sumatera consists of ten provinces (Aceh, North Sumateva, Riau, Jambi, Riau Islands, Bengkulu,
Bangka Belitung Islands, West Sumatera, South Sumatera, and Lampung); Java consists of six province
(Jakarta, Banten, West Java, Central Java, Yogyakarta, and East Java); Kalimantan has five provinces (West,
Central, South, East, and North Kalimantan); Sulawesi has six provinces (North, Central, West, South, and
Southeast Sulawesi, and Gorontalo) Bali & Nusa Tenggara has three provinces (Bali, East Nusa Tenggara, and
West Nusa Tenggara); Maluku has two provinces (Maluku and North Maluku); Papua has two provinces (Papua
and Papua Barat).

2. The value in brackets indicates the percentage within each education level.

3. The value in brackets on the lowest row indicates the percentage within the total number of the farmer.

Table 1.
The distribution of Indonesian rice farmers based on their level of education.
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Region Male Female Density
Sumatera 19,762 (25.53%) 3793 (37.06%) 6
Java 29,701 (38.53%) 3485 (34.05%) 9
Kalimantan 7909 (10.26%) 867 (8.47%) 10
Sulawesi 8255 (10.71%) 1407 (13.75%) 6
Bali & Nusa Tenggara 10,004 (12.98%) 592 (5.78%) 17
Maluku 844 (1.09%) 33 (0.32%) 2
Papua 709 (0.92%) 59 (0.58%) 13
Indonesia 77,094 (88.28%) 10,236 (11.72%) 8
Notes:

1. The region classification is similar to those presented in Table 1.

2. The value in brackets indicates the within-group percentage (male/female).

3. The density is the male to female ratio. For example, in Maluku, for every 26 male farmers, there is only one
female farmer.

4. The value in brackets on the lowest row indicates the percentage of male/female farmers to total farmers.

Table 2.
The distribution of male and female Indonesian rice farmers.

Table 2 shows that the majority of Indonesian rice farmers are male (88.28%),
and only 11.72% are female. Similar to the previous variables, both male and female
farmers were concentrated in Sumatera and Java. However, the data indicate that
female farmer density varies across the region. Sumatera and Sulawesi have the
highest female farmer’s density of 6, which means that there is one female farmer
for every six male farmers in the region. Java and Kalimantan have a somewhat
similar density of nine and ten. The region of Papua, Bali & Nusa Tenggara and
Maluku has the lowest density of 13, 17, and 26 respectively. These figures suggest
that involving female farmers in climate action and climate-related decision making
in Sumatera, Java, and Sulawesi is a good option. 75.9% of Indonesian rice farmers
were located in Sumatera, Java, and Sulawesi. Also, 84.85% of female farmers were
located in these regions. Thus, focusing on the gender-related program in these
regions is crucial to improve the efficacy of climate policy.

4.3 Land tenure

The third variable is land tenure. Land tenure represents the security of farm-
land ownership. A higher land tenure security encourages the farmer to provide
farm investment in the form of adaptation practices. This study categorized land
tenure into three groups: owned land, leased land, and sharecropping land. As
expected, a farmer who cultivates their land perceives a lower impact of climate
change. In contrast, those who cultivated on leased or sharecropped land perceive a
higher impact of climate change. This finding suggests that targeting farmers with
insecure land tenure is crucial to mitigate the negative impact of climate change.

The importance of land tenure security on smallholder farming has been studied
extensively. A study on farmers in Ghana shows that land tenure increases a farmer’s
willingness to adapt to climate change [39]. The results of this study also show that
landowners have a high level of willingness to adapt to climate change compared
to tenants and sharecropping farmers. Similarly, farmers in Rome, Italy, with the
status of landowners, have a high level of initiative to adapt to climate change [40].
Land tenure security also plays a crucial role in Indonesian agriculture. Land tenure
security increases the productivity and profitability of rice farming in Indonesia
[41], the probability of participating in contract farming [34], and the adoption
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of certified seed plants [37]. A weak land tenure security lessens farm investment
and makes the farmer more vulnerable to shocks, including climate change. Thus,
focusing the climate action on farmers with a weak land tenure security is crucial
in moderating the impact of climate change. Table 3 shows the distribution of
Indonesian rice farmers based on land tenure security.

Table 3 shows that about 30% of Indonesian rice farmers have weak land tenure
security and perform farming either on leased or sharecropped land. The majority
of these farmers were located in Java and Sumatera. Furthermore, the majority ratio
of own farmer to lease/sharecropping farmer is lowest in Java and Sumatra. Both
Java and Sumatera have 3 and 2 own to lease/sharecropping farmer ratio, indicating
that there is one lease/sharecropping farmer for every three own farmers in Java,
and two in Sumatera. Focusing climate action on lease/sharecropping in Java and
Sumatera is crucial to improve the effectiveness of the adaptation program.

4.4 Irrigation

The fourth variable is the irrigation infrastructure. Historically, irrigation
infrastructure has played a central role in Indonesian rice farming. The develop-
ment of the irrigation system in Indonesia started in the colonial era and continued
in each government regime. In the independence period, irrigation development
was characterized by the construction of massive irrigation infrastructure [42]. The
finding of this study shows that the presence of irrigation infrastructure reduces
the perceived-impact of climate change. It indicates that irrigation infrastructure
moderates the negative impact of climate change, especially during drought. It also
implies that farmers with no access to irrigation are vulnerable to climate change
and is appropriate as the beneficiary of climate adaptation program.

Several studies have found the benefit of irrigation infrastructure in mitigating the
impact of climate change. The development and improvement of irrigation infrastruc-
ture are crucial in mitigating the negative impact of drought due to climate changes
in the Vietnamese rice sector [43]. Irrigation development in Vietnam is also able to
overcome the excess of water during the rainy season and provide water during the

Region Own Lease Sharecropping Ratio
Sumatera 14,452 (23.39%) 5826 (36.90%) 3101 (33.16%) 2
Java 24,708 (39.99%) 4976 (31.52%) 3319 (35.49%) 3
Kalimantan 6646 (10.76%) 1243 (787%) 829 (8.87%) 4
Sulawesi 7535 (12.20%) 1414 (8.96%) 676 (7.23%) 4
Bali & Nusa Tenggara 7064 (11.43%) 2222 (14.07%) 1270 (13.58%) 3
Maluku 747 (1.21%) 72 (0.46%) 57 (0.61%) 6
Papua 632 (1.02%) 35 (0.22%) 99 (1.06%) 5
Indonesia 61,784 (70.75%) 15,788 (18.08%) 9351 (10.71%) 3
Notes:

1. The region classification is similar to those presented in Table 1.

2. The value in brackets indicates the within-group percentage (own/lease/sharecropping).

3. The data contains 407 observations with missing value, thus excluded from data presented in Table 3.

4. The data reported three categories of land tenure owned, leased, and lease-free. However, we categorized
‘lease-free’ as sharecropping since there are a vesource and result-sharing agreement between the farmer and the
landowner.

5. The ratio is own to the farmer lease+shavecropping ratio. The value indicates the number of lease/sharecropping

farmers for every own-farmer.

Table 3.
The distribution of Indonesian rice farmers based on land tenuve.
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dry season [44]. Research conducted on rice farmers in Indonesia shows that irrigation
infrastructure development can increase yields of crops, planting season, and plant-
ing intensity [45]. Furthermore, the presence of irrigation infrastructure increases
agricultural land value in the rural and peri-urban areas in Indonesia [46] and drives
the way farmers govern water-user associations [47]. However, the current irrigation
infrastructure only covers less than half of Indonesian rice farmers (Table 4).

Table 4 shows that irrigation infrastructure covers only 45.27% of Indonesian
rice farmers. Furthermore, the majority of farmers who have access to irrigation
infrastructure were located in Java (42.30%), followed by Sumatera, Bali & Nusa
Tenggara, Kalimantan, Sulawesi, Maluku, and Papua. However, the percentage of
farmers with having no access to irrigation infrastructure was also located in Java
(34.45%). But, looking at the ratio, Sulawesi has the highest ratio of 96. It means
that for every ten farmers in Sulawesi who have access to irrigation infrastructure,
96 farmers do not. Java, Kalimantan, Bali & Nusa Tenggara, and Maluku have
aratio of less than ten. It means that the number of farmers that have access to
irrigation infrastructure is higher than those who do not. This figure indicates that
irrigation development was concentrated on the island of Java.

4.5 Farming system

The fifth and six variables are cropping system and chemical fertilizer applica-
tion and belong to the farming system category. Multicultural rice farming system
increases farmer’s perceived impact of climate change. Thus, farmers applying
multi-culture rice farming perceived a high degree of climate change impact.
Fortunately, the majority of Indonesian rice farmers applied monoculture rice
farming (96.1%). 65.8% of farmers applied monoculture rice farming were located
in Sumatera and Java. In contrast, the application of chemical fertilizer decreases
the degree of perceived impact of climate change. Chemical fertilizer increases rice
yield. Thus, the use of chemical fertilizer is associated with higher rice production.
Consequently, it is associated with the low degree of perceived impact of climate
change. The majority of Indonesian rice farmers applied chemical fertilizer (91.4%),
and 67.8% of them were located in Java and Sumatera. Table 5 shows the distribu-
tion of farmers based on the cropping system and chemical fertilizer application.

Region Non-irrigated land Irrigated land Ratio
Sumatera 13,674 (28.61%) 9.791 (24.77%) 13
Java 16,466 (34.45%) 16,720 (42.30%) 9
Kalimantan 3212 (6.72%) 8776 (14.08%) 5
Sulawesi 8757 (18.32%) 905 (2.29%) 96
Bali & Nusa Tenggara 4988 (10.44%) 5608 (14.19%) 8
Maluku 226 (0.47%) 651 (1.65%) 3
Papua 477 (1%) 291 (.74%) 16
Indonesia 47,800 (54.73%) 39,530 (45.27%) 12
Notes:

1. The region classification is similar to those presented in Table 1.

2. The value in brackets indicates the within-group percentage (irrigated/non-irrigated land).

3. The data contains 407 observations with a missing value.

4. The ratio represents the number of the farmer with no access to irrigation infrastructure for every ten farmers with
access to irrigation infrastructure.

Table 4.
The distribution of Indonesian rice farmers based on access to irrigation infrastructure.
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Region Cropping system Chemical Fertilizer

Multiculture Monoculture Not applied Applied
Sumatera 881 (26.2) 22,584 (271) 2633 (35) 20,832 (26.3)
Java 880 (26.2) 32,306 (38.7) 225 (3) 32,961 (41.5)
Kalimantan 829 (24.7) 8833 (10.6) 2947 (39.2) 6715 (8.5)
Sulawesi 183 (54) 10,413 (12.5) 820 (10.9) 9776 (12.3)
Bali and Nusa Tenggara 551 (16.4) 8225 (9.9) 805 (10.7) 7971 (10)
Maluku and Papua 39 (1.2) 1120 (1.3) 84 (1.1) 1075 (1.4)
Indonesia 3363 (3.9) 83,481 (96.1) 7514 (8.6) 79,330 (91.4)

Notes:

1. The value in brackets indicates the within-group percentage (multi-culture/monoculture and not
applied/applied chemical fertilizer).
2. The data contains 486 observations with a missing value.

Table 5.
The distribution of Indonesian rice farmers based on the cropping system and chemical fertilizer application.

Region Extension services Farmer group
Have no Have access Non-member Member
access
Sumatera 18,748 (28.8) 4717 (21.8) 11,299 (27.2) 12,166 (26.8)
Java 24,022 (36.9) 9164 (42.3) 17,794 (42.9) 15,392 (34)
Kalimantan 7331 (11.3) 2331 (10.8) 4465 (10.8) 5197 (11.5)
Sulawesi 7442 (11.4) 3154 (14.5) 4176 (10.1) 6420 (14.2)
Bali and Nusa Tenggara 6937 (10.6) 1839 (8.5) 3703 (8.9) 5073 (11.2)
Maluku and Papua 684 (1) 475 (2.2) 84 (0.2) 1075 (2.4)
Indonesia 65,614 (75.2) 21,680 (24.8) 41,521 (47.8) 45,323 (52.2)
Notes:

1. The region classification is similar to those presented in Table 5.

2. The value in brackets indicates the within-group percentage (have no access/have access and non-member/
member).

3. The data contains 39 observations with a missing value for Extension services and 486 missing values for the
farmer group.

Table 6.
The distribution of farmers based on access to extension services and farmer group membership.

4.6 Farm institutions

Farm institutions consist of two variables: agricultural extension services and
farmer groups. The farmer group plays a crucial role in Indonesian rice farming. The
government used farmer groups to deliver various programs related to rice farming,
such as the distribution of subsidized fertilizer, seed, agricultural machinery, and
program related to the improvement of farming practices. Thus, participation in
farmer group improves farmer ability to adapt to climate change and decreases their
perceived impact of climate change. Unfortunately, only 52.2% of Indonesian farmers
registered in the farmer group. It suggests that there is still a large proportion of
farmers with no access to farmer groups and their subsequent facility.

Agricultural extension service is the second farm institution. Agricultural exten-
sion plays a crucial in the dissemination of agricultural technology, farming practices,

238



Improving the Efficacy of Climate Policy in the Indonesian Rice Sector: The Potential Use...
DOI: http://dx.doi.org/10.5772/intechopen.94004

and current agricultural knowledge and information to farmers. Agricultural exten-
sion plays an even more crucial role in climate change adaptation efforts. Farmers
require accurate information to adapt to climate change. Furthermore, the existence of
agricultural extension officers is crucial in informing the appropriate adaptation prac-
tices to farmers and improves farmer’s awareness of the threat of climate change on
their farming. Unfortunately, the coverage of agricultural extension in Indonesia is rel-
atively low. The current agricultural extension service covers only 24.8% of Indonesian
rice farmers. Increasing the coverage of agricultural extension service should be the
long-term priority of the Indonesian government in the rice sector policy. Currently,
the government should optimize the channel of agricultural extension to identify and
target the most vulnerable farmers to climate change (Table 6).

5. Policy implications

The results of this study indicate that several factors influence the impact of
climate change on farmers. Female farmers are more able to adapt to climate change
than male farmers. Socialization theory suggests that women are sensitive to
respond to change. Thus, female farmers have relevant characters for implementing
climate change adaptation and mitigation than male farmers. Therefore, increasing
the participation of women farmers in climate change adaptation activities and
making adaptation decisions is a crucial factor in increasing farmers’ resilience to
climate change. Besides, focusing on the region with a high number of vulnerable
farmers is crucial to improve the effectiveness of the policy. Figure 5 shows the
distribution of farmers with characteristics of those who perceived a high climate
change impact.

The level of education and access to extension reduce the negative impacts of
climate change. The information provided by extension agencies can encourage
farmers to adapt to face the risks of climate change. Studies on farmers in Mali and
Senegal [48] and West Africa [49] show that information is a crucial factor for
determining the type of adaptation and increasing farmers’ resilience to the risks
of climate change. Therefore, it is essential to increase the ability to provide infor-
mation to minimize the impact of climate change. Strengthening information on
climate change can be done in two ways, namely increasing the reach of extension
agencies, as well as increasing the role of individual extension workers or extension
carried out from farmer to farmer.

The government can strengthen the role of individual farmer extension
agents by selecting key farmers or farmers with high levels of education and
knowledge. Conduct intensive training for these farmers, and provide support-
ing programs through these farmers. This strategy is feasible to implement,
considering that rice farmers with a high level of education are at the age of
20-40 years.

Land ownership has a positive effect on minimizing the risk of climate change
impacts. This study shows that farmers with owned land types have a greater
incentive to adapt than farmers with production sharing or rental models. The
implementation of climate change policies based on land ownership types can be
focused on farmers with weak ownership status. So that farmers with a land lease
and sharecropping status will apply adaptation strategies. This strategy is crucial
to be implemented, considering that 30% of rice farmers in Indonesia are classi-
fied as lease and sharecropping farmers. If these farmers do not adapt to climate
change, rice production will decline substantially and threaten food security in
Indonesia.
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Figures.

Thge distribution of farmers with a high perceived-impact of climate change (A) low education farmers, (B) male
farmers, (C) lease/sharecropping farmers, (D) farmers with no irrigation, (E) multiculture farmers, (F) farmers
not applied fertilizer, (G) non-member in farmer group, and (H) No access to extension services (the color
indicate the farmer density, the darker the color, the higher the density) (source: Authors work).

6. Conclusions

The purpose of this chapter is to review the Indonesian framework for climate
change adaptation and identify factors affecting the perceived-impact of climate
change on smallholder rice farmers in Indonesia. Eight factors significantly affect
how a farmer perceived the impact of climate change. The study indicates that
Indonesian rice farmers are concentrated in the Java and Sumatera island. However,
a substantial number of farmers outside these areas are heavily impacted by climate
change. Thus, targeting program beneficiaries based on the characteristics of vulner-
able farmers are crucial in improving the efficacy of Indonesian climate policy.
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