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Preface

The global population will be nearly 10 billion by 2050, which means there will be 
about 2 billion more mouths to feed than there were in 2022. Rice is one of the most 
important staple foods in the world, on which more than half of the population 
relies for more than 20% of their daily caloric intake. It is projected that global rice 
production will need to increase by 70% by 2050 to meet the food demands of the 
world’s growing population.

Satisfying future rice demands will mainly depend on our ability to improve rice 
productivity rather than on the area enlargement of rice paddies because of space 
limitations caused by urban expansion. At the same time, we also require efforts 
to improve rice quality because the demand and consumption of high-quality rice 
will increase as living standards improve. Also importantly, we need to develop new 
technologies and strategies to overcome the constraints (e.g., climate change, soil 
degradation, and biodiversity loss) confronting the sustainable development of rice 
production.

This book describes some challenges, strategies, and opportunities for sustainable 
rice production. Chapter 1 introduces the distribution, symptoms, biology, survival 
strategies, and control measures of rice root-knot nematode. Chapter 2 elaborates on 
the responses of plant morphological, physiological, and biochemical traits to drought 
stress in rice as well as the conventional breeding approaches and molecular basis for 
improving drought tolerance in rice. Chapter 3 introduces principles and management 
practices of gaseous losses of nitrogen from rice fields. Chapter 4 presents a process 
and architecture for smart rice precision farming schemes in Sub-Saharan Africa. 
Finally, Chapter 5 introduces the potential health benefits of brown rice and recently 
developed low-protein fermented brown rice.

I am grateful to Dr. Haiming Tang at the Hunan Soil Research Institute, Dr. Xiaowu 
Pan at the Hunan Rice Research Institute, and Dr. Zhong Ding at the Hunan 
Agricultural University for their help with reviewing chapters.

Dr. Min Huang
Rice and Product Ecophysiology,

Key Laboratory of Ministry of Education  
for Crop Physiology and Molecular Biology,

Hunan Agricultural University,
Changsha, China
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Chapter 1

Rice Root-Knot Nematode 
(Meloidogyne graminicola): A Major 
Menace in Rice Production
Hosahalli Buthanna Narasimhamurthy, Mukesh Sehgal  
and R. Ganesha Naik

Abstract

Rice is an important major staple food crop of the world which is affected by various 
biotic and abiotic stresses. Among biotic stresses, plant parasitic nematodes are consid-
ered as major constraints. However, of late, Meloidogyne graminicola has emerged as pest 
of International importance and it is considered as number one enemy of rice crop. Being 
a soil borne and hidden organism in rice causes a yield loss up to 80%. Due to its adapta-
tion, distribution, broad host range and ability to survive under different abiotic factors 
especially physical and chemical properties of soil, such as soil pH, organic carbon, 
EC, nutrition, temperature, soil type, moisture, etc., The management is a challenging 
issue due to non-availability of nematicides and also effective management practices all 
these factors represents, Meloidogyne graminicola a serious menace for rice production. 
Considering the impact of this nematode in rice production a literature is mainly focus-
ing on distribution, symptoms, biology, survival strategies and management practices.

Keywords: Meloidogyne graminicola, rice root-knot nematode, plant parasitic nematodes, 
management, rice production

1. Introduction

Rice (Oryza sativa L.) is the important staple food for more than half of the world’s 
population [1] and depends on rice for more than 20% of their daily calorie intake 
[2]. More than 90% of the world’s rice area is in Asia, which is the home for more than 
half of the world’s poor, and more than half of the world’s rice cultivators [3]. Rice 
is affected by various biotic and abiotic stresses, among biotic stresses the diseases 
caused by fungi, bacteria, virus and nematodes are considered as major threat. They 
affect the increasing productivity of rice. Among various diseases, blast, bacterial 
blight, sheath blight, sheath rot, brown leaf spot, false smut, rice tungro virus and 
rice root-knot nematode are economically important and cause significant yield loss 
[4]. Recently, rice root-knot nematode (Meloidogyne graminicola) as becoming serious 
threat in both upland and low land rice [5].

Root-knot nematode (Meloidogyne spp.) is biotrophic, sedentary endoparasite and 
perfect examples of highly adapted and evolved root parasitism. They are one of the 
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major menace in the production of field and horticultural crops throughout globe. 
Meloidogyne sp. create permanent feeding sites to enjoy continuous supply of nutrient 
and water from the infected host and continuous feeding results in the production 
of galls or knots [6]. The resultant infection in host is due to the hypertrophy of 
vascular tissues and hyperplasia of root cortex cells [7]. Besides the galls on roots, an 
infected plant also exhibit poor growth, stunted growth, reduced tillers, unthrifti-
ness and general wilt symptoms the damage is aggravated by the parasites interaction 
with other pathogens such as fungi and bacteria [8]. In the present era of advanced 
farming system, rice is prone to attack by various of abiotic and biotic stresses which 
results in reduce the crop yield, which includes tiny hidden organisms i.e., plant-
parasitic nematodes [9, 10]. Plant parasitic nematodes (PPNs) pose a major threat 
to the rice is also attacked by a wide array of nematodes [7, 11]. Over 200 species of 
plant parasitic nematodes have been reported to be associated with rice [12] and are 
becoming increasingly important in the rapidly changing production system of rice. 
Rice root-knot nematode, Meloidogyne graminicola Golden and Birchfield 1965 has 
emerged as a pest of international importance [13]. Among the major PPN species 
attacking rice, the root-knot nematode (RKN), Meloidogyne graminicola Golden and 
Birchfield, 1965 is considered as a major threat to rice alone has been reported to cause 
50–75% yield loss under different conditions [14, 15]. For example in countries like 
China it has reported 85% [16], in Bangladesh under lowland rain fed rice losses can 
range between 16 and 20%, while in India, 16 and 32% under irrigated conditions 
and between 11 and 73% under flooded conditions [17, 18]. Since, its short life cycle, 
wider adoptability and wide host range, including many weed hosts that are com-
monly found in rice fields, make this species difficult to manage [13, 19].

2. Distribution of M. graminicola

2.1 Global distribution

Meloidogyne sp. a destructive nematode of rice it is widely distributed in vari-
ous rice growing areas of the world; it was first described in 1965 from grasses and 
oats in Louisiana as M. graminicola [20]. M. graminicola distributed in different 
parts of the globe viz., Bangladesh, Philippines, China, Nepal, India, South East 
Asia, Burma, Laos, Thailand, Vietnam and USA. However, M. oryzae in Surinam 
of irrigated rice, Meloidogyne graminicola in Costa Rica, Cuba, Egypt, Ivory Coast, 
Nigeria, South Africa and Japan, M. javanica in Brazil, Egypt, Comoro Islands, 
Nigeria and Ivory Coast, M. arenaria in Nigeria, Egypt and South Africa and M. 
salasi in Costa Rica and Panama on upland rice [21]. Pakistan [22]. It is also found 
in the United States and Latin America, and was recently reported in Africa and 
Europe [23–27] (Figure 1).

2.2 In India

Since, Meloidogyne graminicola was observed for the first time during 1969 in 
association with rice [28] in India, its prevalence has been recorded from all the 
rice growing states of the country namely, Assam, Andhra Pradesh, Andaman and 
Nicobar Islands, Bihar, Delhi, Himachal Pradesh, Haryana, Jammu and Kashmir, 
Karnataka, Kerala, Madhya Pradesh, Odisha, Punjab, Telangana, Tripura, Tamil 
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Nadu, West Bengal and Uttar Pradesh [29–31]. The nematode was reported on 
irrigated rice in Andhra Pradesh, Telangana and Karnataka [32]. Severe infestation 
of M. graminicola occurs in upland and sometimes transplanted rice in north-eastern 
states, West Bengal, Odisha, Bihar, eastern Uttar Pradesh, Chhattisgarh, parts of 
Madhya Pradesh and Karnataka, Jammu, Punjab, Himachal Pradesh, Haryana, Delhi 
and Uttar Pradesh (Figure 2) [33–36].

Figure 1. 
Global distribution of root-knot nematode in rice.

Figure 2. 
Distribution of rice root-knot nematode in India.
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3. Symptomptology of root-knot disease of rice

The sever infestation of Meloidogyne graminicola resulted in stunted growth, yellowing 
and patchiness in nursery as well main field. Under severe condition, reduced tillering, 
leaf size, poor and earhead emergence no earheads may be produced. It results in reduced 
grain yields. Under below ground parts of the plant formation of terminal hook or 
typical ring like spindle or bead/nodule shaped galls on the roots [37] (Figures 3 and 4). 
The infected plants exhibit reduced vigour, yellowing and sometimes curling along the 

Figure 4. 
Symptoms of Meloidogyne graminicola and different galling pattern.

Figure 3. 
Nursery and main field showing uneven yellowish patches and galls on root system.
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midribs. The J2 (second stage juveniles) cause responsible for induction of feeding sites 
that results in and hypertrophy and hyperplasia vascular tissues and cortex cells respec-
tively [38]. High initial population of M. graminicola causes seedling wilt along with severe 
reduction in growth parameters, whereas, low population cause only reduction in growth 
parameters [39]. Characteristic hook like galls on roots, newly emerged leaves appear dis-
torted and crinkled along the margins, stunting, chlorosis, heavily infected plants flower 
and mature early [24]. Yellowing, dwarfing and gall formation on the roots of rice plants. 
The degree of symptom manifestation differs with time of infection, age of the plants 
and load of inoculums [40]. The main symptoms caused by Meloidogyne graminicola are 
yellowing, stunting and gall formation on the roots of rice plants. The degree of symptom 
manifestation varies with inoculums load, time of infection, age of the plants, etc.

4. Biology of M. graminicola

M. graminicola is a meiotic parthenogen, with a haploid chromosome number of 
18. M. graminicola completes its life cycle in 26–51 days in different periods of the 
year [41]. The J2 stage requires 16 days at 26°C for converting into matured female 
and about 8–11 days at 26°C for egg to J2 (second stage juvenile) [42, 43]. Studied 
the life cycle of M. graminicola and they found 24 days is enough to complete its life 
cycle. They reported that adult male and females were observed on day 10 and egg 
laying and release of juveniles were first observed on day 20 and 24, respectively [44], 
reported that life cycle of M. graminicola required 15–20 days to complete its life cycle 
in rice during different months in eastern Uttar Pradesh condition where tempera-
ture usually ranges between 22 and 40° C. Various scientists have been studied the 
life cycle of M. graminicola. According the study conducted by [45] the females of 

Figure 5. 
Life cycle of rice root-knot nematode (M. graminicola).
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M. graminicola lay about 250–300 eggs in an egg sac inside the root tissues and the 
total duration of life cycle was about 25–28 days (Figures 5 and 6).

5. Survival strategy

Survival of M. graminicola is mainly depends on the edaphic factors of soil and 
host factor. Various researchers have been reported that M. graminicola survival rate 
was more in moist and wet soil than air dried soil. Similarly the hatching of J2 is highly 
inhibited by soil factor i.e., too wet and too dry soil [46, 47]. Application of nitrogen 
and phosphorus reduces the nematode population as compared to control plots (no 
fertiliser or compost). In contradict [48], found addition of nitrogen up to 40 kg/ha  
to the soil resulted in increased reproduction of M. graminicola. Application of 
additional phosphorus either alone or in combination with nitrogen also favoured 
nematode development. Rao andl Israel [49] reported maximum hatching of eggs of 
M. graminicola in water at 25°C and 30°C. At 15°C and 35°C hatching was reduced and 
at 20°C it was slightly less than that at 25°C [48], noticed that the juveniles entry in to 
the host was highest in soils with 32% moisture; similarly egg production were highest 
at 20–30% soil moisture and greatest juvenile invasion was observed at pH 3.5. Sandy 
or loamy, laterite soils or recent alluvial soils favour development of the nematode 
[49]. It has been observed that waterlogged condition in the direct seeded rice or 
transplanted crop had no detrimental effects on the survival of the endoparasitic 
stages [50]. Temperature of 22–29°C was found to be suitable for the prevalence of 
the nematode [32, 41]. Reported higher damage of root-knot in unflooded condition 
compared to the flooded condition at both ambient (30–40°C) and at high (40–45°C) 
temperature [51], reported that application of ammonia-based nitrogen fertiliser to 
the rice nursery bed may interfere with nematode attraction and thus reduce inva-
sion, and the application of chemical nitrification inhibitors to rice nursery beds 
may decrease nematode invasion [52], studied the role of nutrient on infestation of 

Figure 6. 
Biology of M. graminicola, (A) Infective J2, (B) J3, (C) J4, (D) Adult females (E) Adult male and (F) Female 
and egg.
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M. graminicola and reported that roots supplied with a 100-fold lower supply of 
calcium nitrate (0.1 mM Ca(NO3)2) showed a higher level of nematode infection 
with higher root knot index [53], reported that at pH range between 6.5 and < 8.5 in 
the districts viz., Davanagere, Dakshina Kannada, Udapi, Uttar Kannada, Mysore, 
Kodagu and Haveri having moderate infection of M. graminicola with root-knot 
index of 3.0 [54], observed the higher nematode population at pH range 4.96–5.96 
and soil organic carbon ranging from (1.50 to 1.59) and sandy loam soil in places viz., 
Chikadadkatte of Davanagere, Tuduru, Beguvalli, Megaramakki and Kadinabellu of 
Chickmagaluru district (586.33–841.00 J2/100 cc of soil).

6. Management

6.1 Host plant resistance

Resistant cultivars play an important role in sustainable management of nema-
todes. Since, they are very cheaper and economically friendly [55]. Exploration of 
resistance sources to M. graminicola in rice must be performed under favourable cli-
matic conditions for maximum damage by this nematode [56, 57], screened 414 rice 
cultivars under artificially inoculating 15-day-old pot-grown seedlings with 100 sec-
ond stage juveniles. Out of 414 cultivars, only two entries from breeding lines, 127-
28-1-1-1 &183-6-1-1-3 were found resistant with score 2 [58], reported rice varieties 
Loknath 505 and M-36 resistant to the rice root-knot nematode, M. graminicola from 
Allahabad [59], evaluated 50 basmati rice germplasms against M. graminicola at crop 
research centre SVPUAT, Meerut. Out of 50 rice germplasms tested, the germplasms 
such as Pusa 1637-18-7-6-20 was found to be resistant with scale 2, while, 2 germ-
plasms Shaan (Hybrid) and UPR 3805-12-2-7 were found to be susceptible with scale 
4 [60], tested 87 cultivars of rice and 59 cultivars of wheat against M graminicola. The 
study revealed that two rice cultivars Achhoo and Naggardhan and two wheat culti-
vars HS 295 and VL 829 as resistant with 2 score. Out of 145 local cultivars, 32 and 45 
local cultivars were found to be highly resistant and resistant respectively against M 
graminicola [61, 62], evaluated 20 rice genotypes against M.graminicola. Out of 20, 
only one genotype KMP-179 was found to be highly resistant which recorded least 
root-knot index (1.6) [63]. Screened 136 rice varieties, out of which, Zhonghua 11 
(aus), Shenliangyou 1 (hybrid aus) and Cliangyou 4418 (hybrid indica) were highly 
resistant to M. graminicola under both pot and field conditions.

6.2 Biological control

Biological control is one of the component in Integrated nematode management 
system it improves the sustainable management of the nematode, soil health and 
quantity of rice. Bio-control being a ecofriendly and possible alternative to chemicals 
and safe for disease management i.e., nematode management, perhaps, it is free 
from toxic residual effects. There are various fungal and bacterial bioagents against 
M. graminicola and their application sequels in significant decrease in the nematode 
damage [64]. Application of the biocontrol agents such as Aspergillus niger, Pochonia 
chlamydosporia and Pseudomonas fluorescens proved to be more effective, and sig-
nificantly reduced the nematode disease in rice [5]. Application of consortium of 
bio-control agents, P. fluorescens@20gm/sq.m + Trichoderma harzianum @ 20 g/
sq. m was reported to be one of the best treatment in reducing the M. graminicola 



Sustainable Rice Production – Challenges, Strategies and Opportunities

8

population and increase in rice growth parameters [65]. Reported the application 
of combination of neem cake+ Vermicompost + Trichoderma spp. was found supe-
rior in comparison to other treatment in suppression of root gall formation on rice 
root in field [66], reported the application of mixtures of P. fluorescens strains with 
PF1 + TDK1 + PY15 signficantly reduced M. graminicola infestation when applied 
through seed treatment.

6.3 Cultural control

Burning of 15 cm deep rice hulls significantly reduce M. graminicola populations 
in the soil [67]. Summer ploughing and puddling of main fields before transplant-
ing and Crop rotation with non-host crops like jute, mustard, chickpea and resistant 
varieties reduces M. graminicola infestation [33]. Crop rotation with non-host plants 
such as sweet potato, cowpea, sesame, castor, sunflower, soybean, turnip, cauliflower, 
jute, mustard and chickpea for at least 12 months are recommended to help manage 
rice root-knot nematode [26].

6.4 Chemical control

Root-dip and soil application of phorate 10G (25 mg a.i. /pot), carbofuran 3G 
(83.3 mg a.i./pot), carbosulfan 20EC (5 μL/pot) and chlorpyriphos 20 EC (6.25 μL/
pot) reduces root-knot infestation in rice [68, 69], reported that application of 
Phosphonothioate 10G at 1 kg a.i./ha at 7 days prior to uprooting plus main field 
application at 45 days after transplanting at 1 kg a.i./ha resulted in maximum reduc-
tion in population of M. graminicola and increase in yield. Soil application and root 
dip of P. fluorescens or T. harzianum + carbofuran was found most effective and sup-
pressed the gall formation (40–46%) and increased the yield up to 37–42% [70, 71], 
reported the fumigation of 1, 3-dichloropropene can help to reduce the number of 
nematodes before planting [72], adopted the Integrated Nematode Management 
Technology for the management of M. graminicola the results indicated that reduction 
in nematode population from 320 J2/200 cc soil to 135 J2/200 cc soil was recorded in 
cabrofuran (0.3 g) a.i/m2 with more yield (4.72 tonnes/ha), followed by bioagents 165 
J2/200 cc soil (Pseudomonas fluorescence at 20 g/m2) with 4.67 tonnes/ha yield and 192 
J2/200 cc soil (Trichoderma viride at 4 g/200 cc of soil) with 4.29 tonnes/ha respec-
tively [73], investigated application of bioagents along with nematicides found to be 
better in managing the infestation and increasing the yield of rice. Soil application 
of P. fluorescens at 20 g/m2 + cabrofuran (0.3 g a.i/m2) found to be good in increasing 
growth of plant parameters viz., plant height (83.26 cm), root length (20.60 cm), 
maximum grain yield (44.1 q/ha) and least nematode population (132.67/200 g soil) 
with reduction of 79.34% nematode population.

7. Conclusion

Of late, Meloidogyne graminicola has becoming a major menace in rice. Due to 
change in global temperature, wider distribution, adoptability nature under adverse 
condition, wider host range and different survival stratagies denotes it has becom-
ing a major menace in rice. Since there are many management practices available for 
nematode management but, sustainable management can be achieved by integra-
tion of cultural, physical, biological, host-plant resistance and usage of chemicals. 
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Abstract

Rice production is severely limited by drought stress, which causes significant 
monetary losses. The global climate change is turning into a more significant problem. 
Enhancing agricultural yield in the drought-prone rainfed areas has become critical in 
light of the current and projected global food demand. There is a need for rice variet-
ies with drought tolerance in order to achieve the production objective from rainfed 
areas, and genetic improvement for drought tolerant should be a high priority issue of 
study in the future. The intricate structure of breeding for drought-tolerant rice vari-
eties makes it a challenging endeavour, and multigenic regulation of drought-tolerant 
features would be a significant roadblock for the ongoing study. In this chapter, we 
discussed on the recent crop improvement program for the development of drought-
tolerant rice varieties and highlighted the most recent advancements through conven-
tional to molecular breeding level for adaption of cultivars against drought tolerance 
in rice under different agro-climatic conditions.

Keywords: adaptation, climate change, drought stress, improvement, rice

1. Introduction

Globally, more than one-third of the world’s population consumes rice e (Oryza 
sativa L.) as a main staple meal, and a large majority of people, particularly in Asian 
countries, rely on it for ~80% of their daily caloric needs [1, 2]. In terms of rice 
production and consumption, Asia is in first place (FAO report, 2020–2021). The tiny 
root system, thin cuticular wax, and quick stomata closure of rice, however, make 
it one of the plants most vulnerable to drought [3–5]. A prerequisite for the effort to 
achieve self-sufficiency in rice production by 2050 is the creation of high yielding 
rice varieties with a high level of tolerance and resistance to both biotic and abiotic 
stressors under adverse climatic conditions [6, 7]. Stress may result from biotic causes 
like the prevalence of pests, insects, and diseases or abiotic factors such heavy metal 
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toxicity, flooding, salinity, drought, high temperatures, and air pollution, among oth-
ers. Drought is one of the most destructive abiotic elements [8, 9]. Depending on the 
plant’s stage of growth, drought stress can result in complete yield losses. Yield losses 
must be kept to a minimum to aid impoverished rice farmers in emerging nations and 
ensure food sustainability for the world’s expanding population [9].

The two most significant limiting factors for the low production of rice worldwide are 
the escalating severity of droughts and the scarcity of high-yielding genotypes that can 
be grown in drought-prone environments [8]. Due to a lack of suitable rice cultivars and 
farming methods, rice cultivation is seasonal. Rice cultivation is impacted by the decrease 
in water supplies brought on by the depletion of important groundwater resources. Due to 
their immobility, plants have very little chance of escaping the drought state [10]. Severe 
drought stress can be damaging to plant development at all stages. Low reproductive suc-
cess for many plant species is caused by the consequences of water deficiency during the 
reproductive development stage, which can result in male sterility and embryo abortion 
shortly after pollination [4, 11]. Therefore, understanding how plants respond to the 
stress becomes vital and primary to designing plants that are resistant to such stress.

Genotype, environment, and the interaction between genotype and environment 
all have a role in how a plant grows and develops. The biochemical activities that are 
influenced by environmental influences are also necessary for development [12]. Plants 
become stressed when environmental conditions are not optimal, which negatively 
impacts their production, growth, and development. There are two distinct categories 
of drought conditions: terminal [13] and intermittent [9]. A terminal drought state 
is brought on by a reduction in the amount of water that is accessible to plants, which 
causes extreme drought stress and the eventual death of the plant. However, intermit-
tent drought conditions, which happen once or repeatedly during planting seasons, 
cause plant growth to suffer during the periods of insufficient irrigation. Intermittent 
drought conditions, in contrast to terminal drought stress, are typically not fatal. Plant 
survival and ability to retain function during intermittent and terminal drought condi-
tions are key components of drought tolerance or resistance mechanisms [4, 14, 15].

Over the past few decades, study on drought has been increasingly important due to 
both its rising frequency and its significance for crop output. Nevertheless, it has been 
difficult to examine drought responses due to the quantitative and complicated character 
of the drought-tolerant trait [16]. Rice productivity can be increased in a sustainable and 
economically feasible way by breeding rice cultivars that are tolerant to drought stress 
[9, 15]. Researchers have tried to breed for drought-tolerant rice plants in the past, but 
because there aren’t many donors with a high level of drought tolerance, progress is being 
made slowly. Only a few drought-tolerant variants have yet been identified after screening 
thousands of samples of germplasm for drought resistance in different parts of the world 
[17]. The main causes of the limited success are the absence of really drought-tolerant 
genotypes and the lack of appropriate screening techniques [7, 15]. Nearly 1000 Gene 
bank accessions originating from 47 different countries were examined for drought toler-
ance over the course of the previous two decades by researchers at the International Rice 
Research Institute (IRRI), in the Philippines [2, 18] they have discovered 65 more aus or 
indica accessions that can withstand drought [19]. In terms of aus accessions, the majority 
of drought-tolerant varieties are from Bangladesh (19), followed by India (7), while the 
most of drought-tolerant varieties are from India (16), Bangladesh (3), and Sri Lanka (3) 
[2]. The use of these rice accessions in next crop improvement projects requires molecular 
genetics and characterisation for drought tolerance. The most promising sources of genes 
related to drought that can be employed in the creation of contemporary crop varieties are 
those cultivars that display great drought resistance [5].
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Therefore, one of the most crucial phases in the development of the drought-
tolerant crop is knows how plants react to drought stress. The goals of this chapter 
were (i) to explain how drought stress affects rice plants and to highlight current 
developments in rice’s physiological, biochemical, and molecular adaptation to 
drought tolerance (ii) to describe the current process for creating a long-lasting rice 
variety that is drought-resistant through conventional breeding and the application 
of biotechnological tools, and (iii) to conduct a thorough analysis of the informa-
tion that is currently available on drought-resistant genes/QTLs, QTL analysis, gene 
introgression, and marker-assisted selection.

2.  Mechanisms of drought stress and their responses to drought stress  
in rice

The word “stress” is frequently interpreted physically, as a reaction to various 
circumstances. Stress is typically an alteration of physiological conditions brought on 
by elements that seek to compromise the plant’s stability [20]. Low or no precipitation 
is a climatic characteristic of drought. The majority of the time, drought pressures 
develops when there is little water in the soil and a constant loss of water through 
evaporation and transpiration [6]. The term “drought tolerance” refers to a plant’s 
ability to produce its highest economic yield when water is scarce [21]. It is a complex 
trait depends on the action and interaction of different morphological, biochemi-
cal, and physiological responses are some of the mechanisms that are influenced by 
genetic variables at various stages are shown in Figure 1 [22]. According to Kumar 
et al. [22], “drought escape” is defined as the ability of a plant to complete its life cycle 
before the development of serious soil water deficits. “Drought avoidance” is the abil-
ity of plants to maintain relatively high tissue water potential despite a shortage of soil 
moisture is shown in Figure 1 [23].

2.1 Responses of plant morphological traits to drought stress in rice

When rice is subjected to water stress, morphological changes in the early stages of 
the grain are observed. Normal productivity depends on the timely and ideal estab-
lishment of a crop stand. Blighted germination and lowered growth are the primary 
effects of drought stress [23–25]. Due to the lack of water, severe reductions in seed 
germination and growth are seen during drought stress [26]. The germination process 
is significantly impacted by drought because it prevents water intake and weakens 
seedlings [26]. Drought stress interferes with water balance, impairs membrane 
transport, disrupts metabolic processes at the cellular level, and reduces ATP synthe-
sis and respiration, which results in poor seed germination [24]. Water stress causes 
declines in plant height, leaf area, and biomass, according to a number of reports 
[25, 27, 28]. Due of the low water potential caused by the drought, leaf growth is 
inhibited [29]. Crops respond by having poor cell development and reduced leaf area 
due to disrupted water passage from the xylem towards another cell, as well as lower 
turgor pressure as a result of water shortage [28]. Under drought-stressed conditions, 
the anatomy of the leaf and its ultrastructure are altered [30]. These modifications 
include reduced leaf size, fewer stomata, thick cell walls, cutinisation of the leaf 
surface, and inadequate conducting system development [21].

Other significant characteristics of plants under drought stress include rolling of 
the leaves and the beginning of early senescence [31]. According to [25, 28] larger flag 
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leaf area, leaf area index, leaf relative water content, and leaf pigment content have 
all been used to screen for drought-tolerant varieties of plants. For increasing output 
while under drought stress, a plant’s root properties are essential. The structure and 
development of rice root system determine crop function under water stress. By using 
root mass (dry) and length, it is possible to predict rice output under water stress [32]. 
On the properties of root growth under water stress, a variety of reactions are seen. A 
rise in the content of abscisic acid in the roots caused to notice that the length of rice 
roots increased when under drought stress [33]. Generally speaking, rice cultivars 
having a deep and voluminous root system are more drought-resistant [34, 35]. For 
rice, genotypes with a deep root system, coarse roots, the ability to produce numerous 
branches, and a high root-to-shoot ratio are crucial for drought resistance [35]. Under 
drought stress, the morpho-physiological traits of rice roots significantly influence 

Figure 1. 
Mechanisms of drought stress and their responses to drought stress in rice. (A) Different responses and mechanism 
of the rice plants under drought stress; (B) Plant response mechanisms to drought stress.
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shoot growth and total grain output [35]. On the other side, morphological adaptations 
include enlarged roots with longer root lengths, waxy or thick leaf coatings, fewer 
epithelial cells, delayed leaf senescence, and more green leaf area [3–5].

2.2 Responses of plant physiological traits to drought stress in rice

Water stress from a drought or water shortage affects photosynthesis, one of the key 
metabolic processes that govern crop growth and yield [29]. When there is not enough 
water available, the stomata shut, lowering the amount of carbon dioxide that reaches the 
leaves and causing more electrons to be driven into the reactive oxygen species reaction 
[34, 36]. The decline of photosynthesis is caused by a number of mechanisms, including 
stomatal closure, turgor pressure loss, reduced leaf gas exchange, and decreased CO2 
uptake, which eventually harms the photosynthetic apparatus [8, 29, 36]. Different 
representations, such as the water potential of the leaf and relative water content (RWC), 
can be used to show how a plant and water interact [36]. When plants are under water 
stress, water consumption efficiency is thought to be a crucial factor in determining their 
ability to produce. It can be viewed as a strategy for enhancing crop production during 
drought [34]. RWC is a crucial characteristic of water relations in plants and is regarded 
as the finest integrated measurement of plant water status because it captures changes in 
the water potential and turgor potential of the plants [8].

In general, the effects of drought stress include a drop in the water content of 
plants, a reduction in cell length and growth, the closing of stomata, a decrease in gas-
eous exchange, and the disruption of enzyme-catalysed activities [2]. Additionally, 
in times of extreme dryness, photosynthesis and metabolism are severely disrupted, 
which ultimately results in plant death [37]. When compared to cell divisions, drought 
stress inhibits cell growth [31]. The several biochemical and physiological processes 
that are impacted by this restriction on plant growth include ion absorption, respira-
tion, photosynthesis, growth promoters, carbohydrate, source-sink relationships, 
and nutrient metabolism [38]. Chlorophyll content is increased, osmotic potential 
is decreased, and harvest index is decreased in cells that have been adapted to with-
stand dryness. Higher stomatal density and conductance, lower transpiration rates, 
reduced and early asynchrony between female and male flowering and maturation, 
and improved production, accumulation, assimilation, and yield partitioning are all 
characteristics of physiological acclimation [6, 17].

2.3 Responses of plant biochemical traits to drought stress in rice

In response to drought stress, plants accumulate organic and inorganic solutes that 
lower the osmotic potential in an effort to maintain cell turgor. Osmotic adaptations are 
provided for the plants through the accumulation of osmoprotectants such as proline, 
glycinebetaine, and soluble sugar [22, 30]. Drought resistance is improved by protein 
content and profile, as well as a rise in antioxidant activity for scavenging reactive 
oxygen species [15]. Improved drought response without lowering yield is achieved via 
tissue- and time-specific expression of drought-responsive features including abscisic 
acid, brassinosteroids, and ethylene phytohormone pathways etc., [8].

2.3.1 Osmolyte buildup in a drought-stressed environment in rice

The primary process in plants is osmoregulation, and when turgor declines, 
osmoprotectants accumulate. Under conditions of water scarcity, accumulation of 
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different osmolytes, such as proline, soluble sugar, phenolic, and total free amino 
acids, increases and plays a significant role in the ability of plants to withstand 
drought [16, 31]. Plant cells must detect an above- or below-ground incidence of an 
imbalance between water loss and water availability before their perception may be 
translated into a cellular stress signal, which is then used to activate drought resis-
tance systems. Plants, which are sessile organisms, have developed a sophisticated 
signalling system that uses a variety of primary and secondary signal transduction 
pathways to spread stress messages throughout the entire plant. Since changes in 
gene expression frequently involve a mix of hormone signals along with the buildup 
of additional metabolic products including reactive oxygen species, proteins, and 
other osmolytes, these pathways contain a variety of signalling molecules [16]. 
Turgor pressure is maintained in dry conditions by the buildup of organic and 
inorganic solutes, which reduces the osmotic potential in the cytosol. A kind of 
osmotic adaptation, this metabolic process is highly dependent on the degree of 
water stress [16, 31]. Proline [39], sucrose [40], glycine betaine [41], and other 
solutes etc., build up in the cytoplasm as osmotic adaptation happens, encouraging 
water uptake.

In plants, proline works as an osmolyte in a variety of harmful situations [42]. 
There are discrepancies between proline accumulation under stress and normal 
conditions in rice [43]. Comparing dry conditions to well-watered conditions, the 
proline buildup rises in all rice cultivars [34]. Higher proline buildup is typically 
connected with greater resistance to drought, and it aids in maintaining leaf turgor 
and advancing stomatal conductance [22]. Proline content can therefore be used to 
screen plants for dehydration using biochemical markers [15, 34]. Carbohydrates/
soluble sugars are the structural component that provides the energy needed to 
support plant biomass. Disaccharides, oligosaccharides, and fructans are primarily 
three forms of water-soluble carbohydrates that play a critical role in stress toler-
ance under abiotic stress [40]. The balance of numerous physiological activities, 
including photosynthesis and mitochondrial respiration, depends heavily on soluble 
sugars [44]. Since plants use a variety of sugar-based coping mechanisms to adapt 
to environmental stress, sugars play a variety of roles in plants [41]. The availability 
of mannitol, sorbitol, and trehalose is crucial for the plant’s healthy growth and 
metabolic operation. Because of the accumulation of soluble sugars that drought 
causes, the plants are somewhat protected from adverse conditions and even act as 
osmoprotectants [22, 30, 41].

2.3.2 Antioxidants’ function in drought stress

The plants have an antioxidant defence system that protects them from oxidative 
harm. Both enzymatic and non-enzymatic antioxidants are present. Antioxidants 
are essential components of plants that scavenge reactive oxygen species (ROS), 
and rice that expresses them is more drought-tolerant [2, 5, 44]. The most frequent 
occurrence when there is a drought stress is an imbalance between the generation 
and quenching of ROS. In rice, a drought-related imbalance in ROS production and 
quenching can lead to oxidative damage and negatively impact the life cycle of the 
plant by reacting with proteins, lipids, and deoxyribonucleic acid [44]. Electron 
leakage to 1 O2 and the subsequent Mehler reaction that produces ROS have a 
negative impact on photosynthesis. Due to the negative consequences of the photo-
respiratory pathway during drought, excessive levels of superoxide radical (O2), 
hydrogen peroxide (H2O2), and hydroxyl radical (OH) are formed [44]. These are 



21

Breeding Strategies for Improvement of Drought Tolerance in Rice: Recent Approaches...
DOI: http://dx.doi.org/10.5772/intechopen.107313

extremely harmful radicals that cause cellular death by causing lipid peroxidation, 
protein, and membrane damage to a variety of cell components under drought 
stress [44]. Therefore, reducing excessive ROS production or increasing antioxi-
dant activity in rice organs is the most effective strategy to improve rice’s ability to 
withstand drought. Figure 2 illustrates the mode of ROS formation, harmful effects 
of oxidative stress, cell damage that causes plant death, and several antioxidative 
systems that scavenge ROS.

The ROS, which comprise hydroxyl free radicals, superoxide radicals, hydrogen 
peroxide, and singlet oxygen, lead to DNA mutations, lipid peroxidation, protein 
denaturation, and disturbance of cellular homeostasis. Plants are protected from 
the harmful effects of ROS by a sophisticated antioxidant system made up of enzy-
matic antioxidants and non-enzymatic compounds [2]. The enzyme MDHAR [45], 
DHAR [44], SOD [44], CAT [45], GR [44], APX [44, 46], GPX [25] and ascorbate-
glutathione cycle enzyme are examples of enzymatic antioxidants shown in Figure 1. 
Ascorbate (AsA) [44] and glutathione (GSH) [15, 46] are examples of non-enzymatic 
antioxidants found in cells shown in Figure 2. Increased drought stress levels cause 
both enzymatic and non-enzymatic antioxidant activity in rice to rise. A strategy 
against oxidative stress and an improvement in drought tolerance in rice can be 
achieved by increasing the expression of the antioxidant system [15, 44]. These 
antioxidant defence enzymes’ tendency to be more active reveals their protective role 
in preventing oxidative damage brought on by drought stress [47].

Figure 2. 
Schematic representation of reactive oxygen species (ROS) damage and antioxidant protection of rice plants 
under drought stress [44]. APX, ascorbate peroxidase; CAT, catalase; DHAR, Dehydroascorbate reductase; GR, 
glutathione reductase; GPX, guaiacol peroxidase; MDHAR, monodehydroascorbate reductase; SOD, superoxide 
dismutase.
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2.3.3 The role of polyamines in drought stress

Rice responds to drought stress by producing small, positively charged molecules 
called polyamines (PAs) [12, 47]. Plants contain the PAs putrescine (Put), spermidine 
(Spd), and spermine (Spm). It can interact with several signalling networks and con-
trol homeostasis, membrane stabilisation, and osmotic potential and ionic balance. 
Increased photosynthetic capability, less water loss, and improved osmotic detoxifi-
cation and adjustment are all directly related to the PA content rise during drought 
stress [2, 4]. In response to stress, rice produces significantly more putrescine, which 
encourages the production of spermidine and spermine and eventually protects the 
plants from dehydration, according to a recent study on the crop [12, 47].

2.3.4 The role of phytohormones under drought stress

Phytohormones are known to play vital roles in regulating various phenomenons 
in plants to acclimatise to varying drought environment. Abscisic acid (ABA), cyto-
kinins (CK), Jasmonic acid (JA), ethylene (ET), auxins (IAA), gibberellins (GAs) 
and other major plant hormones are significant in drought response. However, these 
hormones are usually cross talk with each other to increase the survival of plants 
in drought condition [2, 23, 48]. Drought stress is experienced as a hydraulic pull 
brought on by a pressure gradient between the soil and plants as a result of soil dry-
ing. The concentration of the signal hormones ABA shifts in response to the percep-
tion of a hydraulic force [48, 49]. While other hormones like CKs may be decreased 
by down-regulating gene expression, degrading via oxidase enzyme activity, or due 
to stress damage, ABA concentration normally increases in order to communicate 
the signals associated with drought stress [48, 49]. Since hormone concentration can 
function independently to confer a signal or it can act in concert with other hor-
mones and/or other signals, these changes are dynamic and complex. Furthermore, 
the endogenous concentration of a given hormone may be influenced by the duration 
and severity of drought stress and may differ in different plant organs. One illustra-
tion of how hormones interact with one another is the indirect role played by ABA 
in water stress signalling by suppressing the production of ET [49, 50]. In response 
to drought, both ABA-dependent and ABA-independent signalling pathways are 
activated, and a fast buildup of ABA has been linked to improved drought tolerance 
[2, 4, 49]. In studies of the highly drought tolerant resurrection plants (Craterostigma 
wilmsii), ABA concentrations were shown to be the most highly affected hormone in 
response to drought stress [50]. ABA and other hormonal signalling pathways lead 
to major changes in plant growth, defence responses, and major drought tolerance 
mechanisms [4].

3.  The conventional breeding approaches for improvement of drought 
tolerance in rice

Normally in conventional breeding methods, grain yield is used as a selection 
criterion for superior cultivars in drought-prone areas; however this has been demon-
strated to be ineffective due to poor heritability and the large impact of genotype by 
environment interaction [30, 43]. Selection in traditional breeding has steadily moved 
away from other criteria in favour of physiological qualities since they grow more 
quickly and depend on genetic variation [43, 51, 52]. However, the main objective 
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of crop breeding is to create high yielding varieties under well water circumstances, 
and good yielding varieties may continue to produce a high to moderate yield when 
there is a drought [53]. To put it simply, traditional breeding techniques are crucial 
for the preservation of germplasm, sexually different parent hybridization, and the 
emergence of novel genetic characteristics. Using traditional breeding methods, the 
International Rice Research Institute (IRRI) and the Indian Institute of Rice Research 
(IIRR), Hyderabad, Telangana, India, have created a wide variety of elite cultivars 
that are resilient to many diseases and abiotic stresses over the past three decades 
[2, 53]. In recent years, backcrossing, forced mutation, and pedigree selection have 
supplanted other traditional breeding techniques as the main ones.

3.1 Pedigree selection

One of the most traditional and popular breeding techniques in rice development 
is pedigree selection. In particular, if the trait is controlled by important genes, this 
approach is very suitable for building resistance in rice. The ability to combine numer-
ous genes affecting biotic and abiotic processes is one of the main benefits of pedigree 
selection [53]. The primary drawback of pedigree selection is that it takes a lot of 
time and necessitates evaluating numerous lines repeatedly over planting seasons 
while maintaining a record of the selection criteria. This approach is not appropriate 
for traits that are influenced by several genes; in this situation, the diallel mating 
design will be appropriate for selection [53]. Recurrent selection is typically preferred 
by plant breeders over pedigree selection in the majority of self-pollinating crops, 
including rice [54]. Figure 3 showed the general selection process for the develop-
ment of drought-tolerant rice.

3.2 Recurrent selection

In order to increase favourable allele frequencies while preserving genetic 
diversity, recurrent selection is utilised in varietal improvement. It offers more 
accurate genetic gains, quicker and more defined breeding cycles, and the creation of 
extremely diversified breeding lines. This approach, which outperforms the pedigree 
selection method, has been extensively explored in rice [55].

3.3 Backcross breeding

In order to reduce the genome of the donor parent and consequently increase high 
recovery of the recipient parent, the backcrossing technique is frequently employed 
in rice breeding to introduce desirable or target genes controlling a certain trait from 
donor parent to recipient parent [56]. This method offers a precise and accurate 
method for creating numerous superior breeding lines. Backcrossing techniques have 
facilitated the creation of rice cultivars that can withstand drought [56–59].

3.4 Induced mutation

Since induced mutation has been shown to be effective in the development of 
improved agronomic traits like an increase in grain yield [57–59], resistance to pests and 
diseases, and improvement of physical grain quality, it is used to supplement conven-
tional breeding methods [58]. The creation of gene alleles that are not found in nature 
is the main benefit of induced mutation, according to [57] who summarised the use of 
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induced mutation with numerous success stories on innovative rice varieties created 
through induced mutation. Induced mutation is a technique used in plant mutation 
breeding to create new varieties. Manawthukha rice was exposed to 300 Gy of gamma 
radiation from a 60Co source in Myanmar to test the variety for its ability to withstand 
drought by withholding irrigation from 90 days after transplant until harvest. Two 
mutant lines, MK-D-2 and MK-D-3, were determined to be drought resistant after six 
generations of evaluation and selection by utilising physiological screening procedures 
[60]. Similar to this, 11 lines with drought-tolerant traits were chosen from an Iranian 
rice landrace called “Tarom Mahalli” after being exposed to gamma radiation at an opti-
mal dose of 230 Gy [61]. Induced mutation allowed scientists in Indonesia to create a super 
green rice mutant that is drought resilient, high producing, and water efficient [62]. Two 
better lines, MR219-9 and MR219-4, with high production potential and drought toler-
ance were developed from the common MR219 rice variety in Malaysia [63].

At final, before initiation of new molecular techniques, our understanding of 
how plants respond to drought at the molecular and whole-plant level has rapidly 
expanded. There are hundreds of genes that are expressed under drought stress, and 
some of them have been cloned. The development of drought tolerance often uses a 
variety of techniques, such as transgenics and gene expression patterns. Proteomics, 
genome-wide association, stable isotopes, and fluorescence or thermal imaging’s are 
a few recent techniques that have helped close the genotype–phenotype gap. Rice has 

Figure 3. 
Modified method for conventional yield trail in rice.
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developed resilience to drought thanks to genetic engineering and molecular technol-
ogy, which are the main tools in biotechnological procedures. The most effective and 
reliable methods to lessen the effects of drought are, in general, the development of 
genetic resistance.

4. The molecular basis for improvement of drought tolerance in rice

Environmental drought stimuli are detected by yet-to-be-fully-depicted sensors 
on the membranes, and the signals are then transmitted down through various signal 
transduction pathways, resulting in the outflow of drought responsive qualities with 
appropriate gene functions and tolerance to the drought [7, 64]. The phenomenon of 
drought is complex [22, 65]. So, when it comes to drought tolerance, hybridization 
and selection techniques cannot provide precise findings. However, the use of DNA 
markers in molecular investigations can affix the process while still producing precise 
results. Additionally, by sorting through a large collection of germplasm for drought-
tolerant varieties, these molecular markers can be a godsend for further crop improve-
ment. Numerous efforts have been made to identify some qualitative trait loci (QTLs) 
associated with different attributes [22, 30, 66]. In conclusion, several QTLs for rice 
drought tolerance have been found Table 1. There have not been many researches on 
grain yield, though. The vast majority of QTLs in rice have been discovered based on a 
variety of significant features, such as root and shoot responses, osmotic adjustment, 
hormonal responses, photosynthesis, and whole plant responses to drought toler-
ance. DNA studies based on marker-based phenotyping are the main methods used 
to identify genes involved in rice drought resistance. Despite the advancements, only 
a few numbers of characteristics have realistically been recognised as having drought 
resistance capacity [66, 86]. To create transgenic crops with improved resistance to 
drought stress, it is imperative to identify the candidate genes responsible for plant tol-
erance under various abiotic stresses [87]. Using genetic engineering (Agrobacterium 
tumefaciens or gene gun) and hybridization with marker-assisted selection, the gene 
governing drought tolerance can then be introduced into the genetic background of 
any suitable cultivar. In this way, molecular breeding can improve crop types and yield 
varieties, resulting in prolific harvests with high agronomic validity and safety.

4.1 QTLs associated with rice drought tolerance

The plant genome has a number of genes known as QTLs that have extremely 
precise quantitative properties. Table 2 displays many QTLs connected to various 
agronomic traits under drought. Earlier molecular genetic studies [52, 66, 97, 98] 
identified a large number of QTLs linked to various physiological and biochemical 
traits, but were unable to identify genes that regulate these traits due to poor map-
ping resolution and weak phenotypic effect [17, 18]. Finding these QTLs associated 
with selected characteristics aids plant stress screening programmes [99]. Selection 
of drought-tolerant rice cultivars has made significant use of many QTLs connected 
to many physiological and growth parameters under drought [52, 96, 99, 100]. 
Additionally, the classification of QTLs at various stages of rice growth is investi-
gated [52, 96, 99, 100]. Considering yield to be a definite point, continuing research 
institutes worldwide focus primarily on mapping QTLs for grain yield of rice under 
drought stress [15]. Thus, specific QTLs for drought tolerance might be found and 
exploited to create drought-tolerant rice cultivars.
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The majority of the QTLs for drought tolerance in rice that have been discovered 
so far come from non-elite genotypes. The rice plants’ QTL qDTY1.1 is widely applied 

Trait Pedigree Marker Mapping 
population

No. of 
QTL

References

Seedling drought 
resistance

Indica × Azucena RFLP, 
AFLP, SSR

RIL 7 [67]

Cellular membrane 
stability

IR62266 x CT9993 RFLP, 
AFLP, SSR

DH 9 [68]

Leaf water relations 
and rolling

Azucena × Bala RFLP, 
AFLP, SSR

RIL 13 [69]

Seed fertility, spikelet/
panicle, grain yield

Teqing x Lemont SNP IL 5 [70]

Root number, 
thickness, and length

IR58821 × IR52561 AFLP & 
RFLP

RIL 28 [71]

Root architecture and 
distribution

IR64 x Azucena RFLP DH 39 [72]

Root traits and 
penetration index

IR1552 × Azucena SSR RIL 23 [73]

Deep roots 3 populations SSR, SNP RIL 6 [74]

Root penetration, root 
and tiller number

CO39 × Moroberekan RFLP RIL 39 [75]

Root-penetration Azucena × Bala RFLP, 
AFLP

RIL 18 [76]

Grain yield under 
drought

Two population SSR BS 4 [77]

Grain yield in aerobic 
environments

Three populations SSR BS 1 [78]

Yield traits at the 
reproductive stage

IR64 × Cabacu SNP RIL 1 [79]

Yield under stress at 
reproductive stage

swarna x WAB SSR BIL 1 [80]

Heritability for grain 
yield

CT9993 × IR62266 AFLP DH 1 [81]

Grain yield under 
severe lowland 
drought

R77298 x Sabitri SSR BC1 1 [82]

Yield at reproductive 
stage over 
environments

Two populations SSR BSA 2 [83]

Morphological and 
physiological traits

IR64 × Azucena RFLP DH 15 [84]

Osmotic adjustment 
and Dehydration 
tolerance

CO39 × Moroberekan RFLP RIL 1 [85]

Table 1. 
QTL for yield and yield contributing traits responses under drought stress conditions in rice.
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as a yield characteristic while they are under drought stress [69]. Table 2 lists several 
significant QTLs that have been discovered in various rice lines, including qDTY2.1 
[52], qDTY2.2 [52], qDTHI2.3 [101], qDTY3.1 and qDTY6.1 [96], qDTR8 [100], There 
are also other SSR markers associated with these QTLs [101]. Therefore, it would 
be beneficial to use these markers for molecularly screening new rice genotypes for 
drought tolerance. This would allow for quick and accurate profiling of the rice lines. 
During the reproductive stage of rice studied the genetic mapping of morpho-physio-
logical traits related to drought tolerance. They reported five QTLs, including qLR9.1, 
qLD9.1, qHI9.1, qSF9.1, and qRWC9.1, which control, respectively, leaf rolling, leaf 
drying, harvest index, spikelet fertility, and relative water content in rice [66].

Traits QTL Reference

Grain Yield qDTY1.1, qDTY3.2, qDTY10.1 [77, 88]

qDTY1.2, qDTY1.3 [89]

qDTY2.1 [78]

qDTY2.2, qDTY2.3 [83]

qDTHI2.3 [34]

qDTY3.1, qDTY6.1, qDTY6.2 [10]

qDTY4.1, qDTY9.1, qDTY10.2 [90]

qDTY9.1A [10]

qDTY12.1 [91]

qPDL1.2, qPNF3.1 [92]

Leaf rolling qlr8.1 [92]

qLR9.1 [66]

qDLR8.1 [10]

Leaf drying qLD9.1, qLD12.1 [66]

Harvest index qHI9.1 [66]

qSf6 [93]

qPNF3.1 [91]

Spikelet fertility qSF9.1 [66]

Panicle number qgy3.1 [94]

Plant height qPH1.1 [79]

Flowering day qHGW2.2 [91]

Panicle number, grain weight qGy7 [95]

Panicle length qPL-9 [95]

Grain number qDTY8.1 [77]

Relative water content qRWC9.1 [66]

Transpiration qDTR8 [96]

Total dry matter yield qHGW1 [91]

Days to heading, grain/panicle qPSS8.1 [79]

Table 2. 
QTLs associated with drought tolerance in rice for governing yield and yield contributing traits.
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4.2  Rice drought tolerance via transgenic/genetic engineering and genetic methods

The production of several protein classes, such as transcriptional factors, molecu-
lar chaperones, enzymes, and other functional proteins, by plants has allowed them to 
create dependable routes or signalling chains for stress [101]. These proteins increase 
the ability of plants to withstand or fight drought. In reality, these genes (regulatory 
elements and proteins) have been discovered using various genomic techniques in 
numbers of hundreds or even thousands. As shown in Table 3, these genes have 
been integrated into the rice genome to investigate their impact on drought improve-
ment by overexpression or suppression. In rice, many transcription factors that are 
encoded by WRKY genes regulate various biological processes. In plants, zinc finger 
proteins are widely distributed, especially those that control stress responses. Both 

Gene Function Reference

DRO1 Induces root elongation and deeper rooting [102]

OsDREB1F Maintains ABA-dependent signalling pathway [103]

OsDREB2B Root length and number of root increment [103]

CYP735A Maintains cytokinin level [104]

OsNAC5 Enhances root diameter and grain yield [105]

SNAC1 Enhances spikelet fertility [16]

OsbZIP23 Increases grain yield [106]

AP37 Enhances seed filling and grain weight [107]

OsbZIP46 Increases grain yield [108]

OsbZIP71 Enhances seed setting [109]

EcNAC67 Increases relative water content, delays leaf rolling, higher root and shoot 
mass

[110]

DsM1 Helps in reactive oxygen species scavenging, maintains drought tolerance at 
the seedling stage

[111]

OsPYL/RCAR5 Induces stomatal closure, regulates leaf fresh weight [35]

OsWRKY47 Relatively low yield reduction [112]

AtDREB1A Osmolyte accumulation, chlorophyll maintenance, higher relative water 
content and reduced ion leakage

[111]

TlOsm Maintains growth, retains higher water content and membrane integrity and 
improves survival rate

[113]

OsMIOX Higher reactive oxygen species scavenging enzyme activity and proline 
content

[114]

Coda Better yield, higher photosystem II activity, increased detoxification of 
reactive oxygen species

[115]

OsTPS1 Higher trehalose and proline accumulation [49]

OsCPK9 Increases drought tolerance through enhanced stomatal closure and better 
osmoregulation in transgenics

[111]

OsNAC10 Increases tolerance to drought at vegetative stage, enlarges roots and 
improves grain yield

[105]

Table 3. 
Genes associated with different mechanisms of drought tolerance in rice.
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monocotyledons and dicotyledons have the WRKY genes, which are widely dispersed 
in plants. Numerous WRKY genes have regulatory functions that can be positive or 
negative in how plants react to various abiotic stressors [4, 116].

By decreasing stomata density and enhancing stomata closure, rice zinc-finger 
protein (dst mutant) demonstrated increased drought and salt tolerance. However, 
DST non-mutants alter H2O2 homeostasis, which has an adverse effect on stomata 
closure [116]. By improving drought tolerance, overexpression of the zinc finger 
protein OsZFP252 demonstrated 74–79% greater chances of survival. Additionally, 
proline and soluble sugar buildup are increased [127].

About 5000 genes are up regulated and 6000 genes are down regulated in rice 
after drought stress exposure [18, 128]. Table 4 lists a few of the genes and their 
associated roles in rice drought tolerance. These genes are divided into three main 
categories, including those related to membrane transport, signalling, and transcrip-
tional regulation [30, 35]. Under drought stress, they regulate the majority of rice’s 
biochemical, physiological, and molecular systems [8, 64] According to research by 
[22, 30] numerous genes and transcription factors exhibit differential expression in 
rice and are employed for transgenic plants under drought stress. The majority of the 
genes that are controlled by drought have both ABA-dependent and ABA indepen-
dent regulation mechanisms [8, 64]. OsJAZ1 reduces drought tolerance in rice by ABA 
signalling, which coordinates the plant’s responses to drought stress-related growth 
and development [129]. Additionally, some genes are linked to osmoregulation and 
late embryogenesis abundant (LEA) proteins, which confer water shortage tolerance 
in rice [30, 64]. Other genes include OsPYL/RCAR5 and EcNAC67 delay leaf rolling 
and cause increased root and shoot mass in rice under situations of water deficiency.

The gene DRO1 stimulates root elongation and deeper rooting in transgenic rice 
[35, 102, 110]. The overexpression of OsDREB2B, CYP735A, and OsDREB1F in rice 
under drought stress also increases root morphological adaptations [35]. Rice has a 
DREB2-like gene called OsDRAP1 that confers drought tolerance, according to [116]. 
It is essential to increase grain yield in rice during droughts, and transgenic methods 
are used to do this by introducing genes such OsNAC5, OsLEA3--1 [130], OsbZIP71 
[109], OsWRKY47 [112], OsbZIP46 [131]. By examining genes like EDT1/HDG11, 
AtDREB1A, OsMIOX, and OsTPS1, as well as osmolytes accumulation, greater antioxi-
dant enzyme activity, and enhanced photosynthesis, it has been found that transgenic 
rice has improved water use efficiency [120]. Through improved osmoregulation and 
stomatal closure, OsCPK9 increases transgenic plants’ ability to withstand drought 
[132]. Under extreme drought and salinity conditions, transgenic plants’ survival is 
improved by overexpressing OsDREB2A. [133]. CDPK7 and CIPK03/CIPK12 regulate 
a number of regulatory proteins, signal transduction pathways, and protein kinases in 
rice [106]. Under drought stress, OsITPK2 carries decreased levels of inositol triphos-
phate and ROS homeostasis in rice [117].

The WRKY genes respond to drought stress and are crucial for plant develop-
ment [2]. Under laboratory or glass house circumstances, various genes have been 
tested for their ability to confer drought resistance in rice using transgenic techniques. 
Prior to being used in molecular breeding programmes, these genes should be tested 
in the field. Trehalose, often referred to as tremalose or mycose, is a key component 
of abiotic stress, including cold and drought. It protects against stress, stabilises 
proteins against denaturation, and also stores carbs. Trehalose-6-phosphate synthase 
(TPS) and trehalose-6-phosphate phosphatase (TPP) are the two primary enzymes 
that catalyse the manufacture of trehalose in plants; buildup of trehalose in rice 
has been shown to increase drought tolerance. An increase in trehalose, improved 
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Gene action Gene Promoter Gene transfer 
methods

Phenotype References

Genes encoding enzymes that synthesise osmotic and other protectants

Polyamine synthesis ADC Ubi-1 Biolistic Improved 
drought 
tolerance by 
producing 
higher levels 
of putrescine 
and spermine 
synthesis

[12]

abscisic acid 
Metabolism

CaMV35SP DSM2 Agrobacterium Oxidative and 
drought stress 
resistance and 
increase of the 
xanthophylls 
and non-
photochemical 
quenching

[117]

Amino acid 
metabolism

OsOAT Ubi1 Agrobacterium Improve 
drought 
tolerance and 
increase seed 
setting

[118]

Reactive oxygen 
species

OsSRO1c Ubi1 Agrobacterium Oxidative stress 
tolerance and 
stomata closure 
regulation

[118]

Protoporphyrinogen 
oxidase

PPO Agrobacterium Less oxidative 
damage, 
and drought 
tolerance

[119]

Trehalose synthesis OsTPS1 Actin1 Agrobacterium Tolerance of 
rice seedling 
to drought, 
cold, and high 
salinity

[120]

Late embryogenesis abundant (LEA) related genes

LEA protein gene HVA1 Actin1 Agrobacterium Cell membrane 
stability, higher 
leaf relative 
water content 
and increase in 
growth under 
drought stress.

[121]

HVA1 Actin1 Agrobacterium Drought 
and salinity 
tolerance

[122]

OsLEA3-2 CaMV35S Agrobacterium Drought 
resistance and 
increase grain 
per panicle

[117]
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drought tolerance, and decreased photo oxidation in the rice plant under cold and salt 
stress were seen when a fusion TPP/TPS gene from Escherichia coli (otsA and otsB) 
was introduced into rice [134]. In conclusion, this study indicated that engineering 
drought-tolerant genes into rice’s genetic background is promising, provided that a 
drought-inducible promoter is employed to achieve successful outcomes.

4.3 Marker-assisted selection (MAS) for rice drought tolerance

To find novel genotypes with desirable drought-tolerant features and related 
genes/loci, the natural genotypic variation in rice can be studied [135, 136]. Through 
MAS, these novel genotypes can be used in conventional breeding programmes to cre-
ate rice varieties that are drought tolerant. Breeding programmes are designed to cre-
ate high yield lines with enhanced quality metrics and then to introduce the cultivars 
for agricultural use. Drought tolerant rice genotype breeding has been studied in the 
past [17, 22, 52, 66, 77], but the success rate has been far below expectations due to the 
challenge of finding suitable donors with a higher tolerant level as well as the nature 
of its environment-specific nature.

Various regulatory genes

Transcription factor AP37 OsCc1 Agrobacterium Improve growth 
performance 
under drought 
stress

[107]

OsbZIP23 Ubi1 Agrobacterium Wide spectrum 
to salt, drought 
tolerance 
and yield 
improvement

[113]

OsbZIP72 CaMV35S Agrobacterium Drought 
resistance and 
ABA sensitivity

[123]

Harpin protein Hrf1 CaMV 
35S

Agrobacterium Drought 
resistance 
through ABA 
signalling and 
antioxidants, 
and stomata 
closure 
regulation

[124]

Jasmonate and 
ethylene-responsive 
factor 1

JERF1 CaMV35S Agrobacterium Drought 
resistance

[124]

Ethylene-responsive 
factor 1

TSRF1 CaMV35S Agrobacterium Enhances 
the osmotic 
and drought 
tolerance

[125]

Stress/zinc finger 
protein

OsiSAP8 CaMV35S Agrobacterium Tolerance to 
salt, drought 
and cold stress

[126]

Table 4. 
Drought tolerant gene that has been tested in rice transferred through genetic engineering/transgenic methods.
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MAS offers the most accurate, environmentally-friendly, fast and economical method 
of developing superior rice varieties with a certain degree of resistance or tolerance to 
drought. The IRRI has been the main site for the majority of the marker-assisted breeding 
techniques used to create drought-tolerant rice varieties in the past 10 years [22, 137]. 
Several QTLs for drought tolerance in rice are introduced into top cultivars utilising 
marker-assisted breeding techniques [17]. In the high-yielding variety IR64, they have 
successfully incorporated QTLs including qDTY9.1, qDTY2.2, qDTY10.1, and qDTY4.1 
using a marker-assisted backcrossing method [17]. With the pyramiding of three QTLs, 
qDTY2.2, qDTY3.1, and qDTY12.1, [138] created the elite Malaysian rice cultivar MR219 
that is drought-tolerant. Three QTLs were incorporated into the development of the rice 
variety TDK1 by [52] for high yield during drought (qDTY3.1, qDTY6.1 and qDTY6.2). 
Only as a limitation has drought become more significant, and so far no practical steps 
have been taken to create rice types that are drought tolerant. A large number of high-
yielding cultivars, including Swarna, Samba mahsuri, and IR36, which were previously 
suggested for cultivation in irrigated regions, have been adopted in the drought breeding 
effort. Because the aforementioned high yielding varieties cannot withstand repeated 
droughts, significant loss in rice production is observed when these varieties are culti-
vated by farmers in rainfed ecosystems during the recurrent drought phase [3]. Therefore, 
improved special rice varieties with high yields during drought and adaptation to a wide 
range of unfavourable climatic circumstances in the future require additional focus.

5. Future outlooks

The process of developing drought tolerance in rice is challenging and necessitates 
a thorough understanding of the different morphological, biochemical, physiologi-
cal, and molecular characteristics. Despite the impressive advancements made by 
marker-assisted breeding, there are still a number of major obstacles to molecularly 
breeding rice for drought tolerance. Additionally, the multigenic regulation and 
complex nature of drought-tolerant characteristics would be a significant roadblock 
for ongoing and upcoming research in the field. The complex phenomena of rice crop 
maintenance during drought conditions are governed by the interactions of a number 
of factors. Transgenic methods are essential for enhancing rice’s agronomic qualities 
and production characteristics, and they would effectively advance the breeding 
programme for drought resistance. It is important to understand how these genes 
react in the presence of drought in the field because several genes have been investi-
gated for their ability to confer drought tolerance in rice under laboratory conditions. 
Even while substantial basic research is being conducted, we still know relatively little 
about the mechanism behind the whole-plant stress response. Therefore, we must 
look into how differentiated cells, tissues, and organs respond to stress and make 
meaningful connections between the data. In order to improve our understanding of 
drought tolerance and to promote the genetic improvement of drought-tolerant rice 
varieties, crop breeding can employ advancements in new technologies related to crop 
physiology, molecular genetics, and breeding methodologies in an integrated manner.

6. Conclusion

Evaluation for drought resistance is made more difficult by the dynamic and highly 
variable timing, persistence, and intensity of drought stress under natural settings. Due 
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to their connections to drought stress, abiotic stressors including salt and high tempera-
tures should also be evaluated in conjunction with drought resistance. Many attempts 
have been made using the numerous QTLs for drought resistance that have been found 
in rice. High throughput genotyping is now achievable thanks to recent developments 
in functional genomics, which aid in the identification of key QTL linked to drought 
tolerance. Therefore, a better knowledge of the genetic basis of drought resistance will 
be made possible by the successful cloning of these QTL for drought features. The most 
practical use of drought resistance QTLs, however, is to execute marker-assisted selec-
tion based on pyramiding of advantageous QTL alleles to generate drought-resistance 
in rice utilising recently developing breeding approaches like GWS and MARS. Many 
genes have been discovered and exploited for enhancing drought resistance via trans-
genic methods, although the majority of the study was done in glasshouses. The genes 
that have been shown to be drought tolerance should therefore undergo additional 
field testing due to the complexity of field settings before being included in the breed-
ing programme. Similar to this, most studies on drought resilience concentrate on 
the above-ground features, leaving a significant gap for below-ground traits, mostly 
because phenotyping is challenging. Due to their significant functions in regulating 
growth and stomata under drought circumstances, root flexibility and architecture 
should receive enough consideration in studies of drought tolerance.
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Abstract

The world is confronted with one of the most difficult tasks of the twenty-first
century, satisfying society’s expanding food demands while causing agriculture’s
environmental impacts. Rice security is the food security for South Asian countries.
Rice production requires a large amount of water and fertilizer, especially nitrogenous
fertilizer, where urea works as the primary source of nitrogen (N). Different biogeo-
chemical conditions, such as alternate wetting and drying (AWD), intermittent
drainage, agroclimatic conditions, oxic-anoxic condition, complete flooded irrigation,.
have severe impacts on GHGs emission and nitrogen use efficiency (NUE) from rice
fields. For sustainable production, it is a must to mitigate the emissions of GHGs and
increase NUE along with cost minimization. But analytically accurate data about these
losses are still not quantifiably justified. In this chapter, we will show the proper use of
the measured data with suitable results and discussions to recommend the future
cultivation system of rice for sustainable production.

Keywords: sustainable rice production, greenhouse gases, alternate wetting and
drying (AWD), nitrogen use efficiency (NUE), biogeochemistry

1. Introduction

Nearly half (3.5 billion) of the global population relies on rice (Oryza sativa) for
sustenance [1]. High-yielding rice varieties (HYV) are widely used in modern agri-
cultural practices to feed the world’s teeming population and are accompanied by an
increase in the need for chemical fertilizers, particularly nitrogenous fertilizers. A
paddy rice field is the center of nitrogen (N input and output. The average N applica-
tion at rice fields in Japan is 80 kg ha�1 season�1, in the USA is 140 kg ha�1 season�1,
and in Bangladesh is around 100 kg ha�1 season�1 [1–3] where the global use of
different N-fertilizer was 77 Tg N year�1 (Figure 1). Application of N fertilizer in the
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paddy rice field is equivalent to more than 60% of the use of the total fertilizers, and it
is expected to rise from 107 to 115 million tons (MT) over the 2015/23 period, with an
average annual growth rate of 2.4% [5]. However, nitrogen use efficiency (NUE) is
only about 30–35%, where the fates of the rest of applied N are leaching, denitrifica-
tion, nitrification, and ammonia (NH3) volatilization loss. Rice production generates
1.5% of total anthropogenic greenhouse gas (GHG) emissions globally, but it accounts
for 32% of agricultural GHG emissions in Bangladesh [6]. Paddy fields and other
agricultural practices, cattle farms, landfills, fossil fuel burning, etc., are major sources
of GHGs emissions to the atmosphere.

For rice production, about 3 cm height of standing water is required throughout
the rice growing seasons, and about 3500–4000 L of water is required per kg rice
grain. Irrigation designs to water save such as alternate wetting and drying (AWD)
and dry direct-seeded rice (DSR) planting systems are becoming increasingly impor-
tant in several rice-growing countries, as it has been found that AWD practice tends to
save 38% of water which was needed to be used in irrigation purpose without any
reduction in yield [7]. However, in terms of global climatic concerns, AWD has the
harsh effect that it emits more N2O rather than CH4. Carbon dioxide (CO2), CH4, and
N2O are listed as greenhouse gases, but NH3 is another common gas derived from rice
fields and this contributes indirectly to global warming. About 10–60% of the applied
nitrogen in rice fields could be lost by NH3 volatilization, which is the major pathway
of N loss, while 5–10% of the applied nitrogen could be lost through denitrification [8,
9]. The amount of N loss as NH3 in Asia’s agriculture is expected to rise from 4.6
Tg N year�1 in 1961 to 13.8 Tg N year�1 in 2000 [10, 11], and in the next three
decades, it will be 18.9 Tg N year�1. The fierce application of N-fertilizer increases the

Figure 1.
Globally used different N-fertilizer [4].
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reactive N species in the atmosphere, changes N-cycle, and is subjected to global
warming and climate change.

Climate change is mostly driven by the influence of rising temperatures in the
earth’s atmosphere, where greenhouse gases are responsible for the event. Without
regard for the planet’s well-being, industrialized and developing countries release
GHGs to boost their economy. The greenhouse effect is not only a localized concern as
the gases have long-lasting self-life in the atmosphere. The GHGs are not confined to
the territory of the producer countries. Beyond the emitting country’s border, people
must feel the harsh effect of GHGs globally. All countries are not equally responsible
for the GHGs effect, but all are the potential to contribute more or less to cause
climate change. The most challenging fact in this era is to balance food security and
climate change by reducing NH3, CH4, and N2O emissions from rice fields while
maintaining or increasing rice production [12]; thus, it is necessary to develop
climate-smart technology and techniques.

This part of the chapter reconnoiters the current rice production scenario with the
fierce application of N-fertilizers and their contribution to global warming by emitting
GHGs. This chapter elaborates on the contribution of rice cultivation to GHG gas
emissions and subsequent global warming. Finally, a climate-smart agriculture section
will be discussed, which is an effective strategy to minimize GHG emissions and
mitigate global warming.

2. Climate change and rice production

The rise in the earth’s surface temperature was felt and noticed mostly in the last
three decades of the nineteenth century. The earth’s surface temperature has been
warming at the rate of 1.09°C since the middle of the nineteenth century [13].
Human-induced factors, including GHGs emissions and land use changes, play a vital
role in climate change. Where initially, natural factors were also considered for cli-
mate change but recently, anthropogenic factors have raised global CO2 content from
284 ppm (in 1832) to 410 ppm (in 2013) [14], which has now reached 418 ppm and
wetland paddy field is a hotspot for CH4 production [15]. The N2O concentration
increases from 271 ppb (in 1750) to 331 ppb (in 2018) [15]. There has been a 20%
increase in N2O since the industrial era, with an increased rate of 0.95 ppb yearly [15].
These are major GHGs in the atmosphere, responsible for global warming and climate
change. Unevenness in climatic conditions is evidence of oscillated temperature
changes, precipitation frequency and pattern, and extreme stress events. A global
population of about 9 billion people necessitates a 40% increase in rice production by
2030 and a 70% increase in current production by 2050 to feed them. The most
densely populated countries in the world, China and India, account for 20% and 28.5%
of the total global rice area, respectively [16]. As a result, they contribute significantly
to CH4 emissions [17]. Compared with CO2, the global warming potential (GWP) of
N2O is 265–298, and the GPW of CH4 is 34 [15]. Rice at its flowering stage is very
susceptible to temperature for pollen viability; hence, global warming is also a concern
for food security. Nitrogen fertilizers occupy more than 70% of all the chemical
fertilizers in rice fields. However, from winter rice fields, a large portion of applied N
is lost to the environment in the form of ammonia (NH3) through volatilization (about
17%) [2]; this gas has a very short lifespan (a few hours to 12 days) in the atmosphere
[15]. Ammonia acts as a potential source of N2O, chlorofluorocarbon (CFC), and
aerosol, and after the break down, it travels as particulate matter [18]. When aerobic
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rice cultivation is practiced, it will be a great source of N2O emissions. Nutrient
mining, skewed N, P, and K application, poor nutrient use efficiency, and loss of
nutrients are key challenges of nutrient use that threaten the economic and environ-
mental sustainability of rice production worldwide [19]. Nutrient management strat-
egy for enhancing rice productivity, especially in an intensive rice-based cropping
system, should simultaneously aim to enhance eco-efficiency and sustainability by
reducing chemical N fertilizer application. An appropriate rice cultivation practice is
needed to increase NUE, preserve natural resources, and make the environment
pollution free from GHGs to resist climate change.

3. Why is ammonia a matter of concern for GHGs emissions?

Nitrogen in different forms, for instance, ammonia volatilization, nitrification, and
denitrification, all contribute to climate change in varying degrees. Denitrification was
discovered to be more significant in Griffith, Australia, whereas volatilization was
more significant in Munoz, Philippines [20, 21]. Environmental pollution is also
possible due to NH3 loss as about 17% of applied N lose as NH3 (Figure 2) at the
winter rice growing season is possible [2]. Ammonia is the main component of soluble
alkaline gas in the atmosphere, enhancing the production of reactive N species as air
pollutants (aerosol, nitrous oxide, etc.) causing global warming and significantly
affecting local air quality [22]. It can travel long distances before being converted into
fine particles [23]. The NH3 emission increases with fertilizer application rate with

Figure 2.
Simulated ammonia (NH3) emissions in response to application of synthetic nitrogen (N) fertilizer in: (a) the
1960s, (b) the 1980s, (c) the 1990s, and (d) the 2000s [3].
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times (Figure 2). Consequently, NH3 deposition negatively affects living organisms as
NH3 reacts with other air pollutants to create tiny particles that can lodge deep in the
lungs, causing asthma attacks, bronchitis, and heart attacks [24]. Compared to other
GHGs, ammonia has a short atmospheric lifespan (2–10 days) and no direct green-
house with acids to form salts and return to earth, similar to N-fertilizer [15]. Signif-
icant reductions in N2O and NO emissions from flooded rice soils are an alarming
global concern [19]. Therefore, mitigation of NH3 and N2O emissions from the crop-
land system is an urgent demand for environmental and economic protection.

4. Nitrogen (N) transformation pathways from rice fields

4.1 Nitrogen cycle

Nitrogen cycle is a biogeochemical process through which N is converted into many
forms, consecutively passing from the atmosphere to the soil to organism and back into
the atmosphere. In rice fields, N is applied mostly in the form of urea [25] or urea-
containing fertilizer as the principal form of synthetic N. After fertilization, urea
immediately undergoes hydrolysis in the presence of standing water, and ammonium
bicarbonate is also used in China as N-fertilizer. In rice fields, the water availability
facilitates the urease enzyme activity, and the applied urea dissociates into ammonium,
bicarbonates, and hydroxyl ions. Among the plant nutrients, N is mostly mobile in
nature; thus, total recommended dose of N-fertilizer is divided into two or three equals
and applied in two or three splits in rice field through broadcast onto the standing
water. First split will be applied on 10–14 days of transplanting (DAT) the maximum
tillering stage, at 30–35 DAT second split will be applied, and finally 10–15 days after
second split the third split will be applied. The N cycle includes several biological and
non-biological processes in a rice field under aerobic and anaerobic conditions. The
biological processes are ammonification, mineralization, nitrification, denitrification, N
fixation, N assimilatory reduction and microbial synthesis of ammonium and organic N
into microbial cells, plant uptake, and conversion of ammonium and nitrate N into plant
proteins (Figure 3). The non-biological processes are ammonia volatilization, leaching
of nitrite and nitrate N to groundwater, ammonium fixation into soil clay minerals, and
precipitation of nitrate and ammonium N [26].

4.1.1 Mineralization

Mineralization (or ammonification) of soil N is the term used for the process by
which nitrogen in organic compounds is converted by soil microorganisms into
ammonium ions (NH4

+) as following Eq. (1) [27].

Complex organic nitrogen! Ammonium (1)

4.1.2 Nitrification

Nitrification is the oxidation of ammonium NH4
+-N to nitrites and nitrates. The

two groups of organisms that are the primary nitrifying bacteria, that is,
Nitrosomonas Sp. and Nitrobacter Sp. The general oxidative processes involved can be
represented by the following Eqs (2) and (3).
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2NH þ
4 þ 3O2��!2NO �

2 þ 4Hþ 2H2O (2)

2NO �
2 þO2��!2NO �

3 (3)

4.1.3 Denitrification

Denitrification (or nitrate reduction) is a more complex and less understood process
than nitrification. Denitrification is a redox process involving nitrogen compounds to
obtain energy. There are two processes of nitrate reduction: assimilatory and dissimila-
tory. When the dissolved oxygen level drops to low levels for the aerobic metabolism of
facultative organisms, they can turn to nitrate reduction, presented in the Eq. (4) [28].

2NO �
3 ! 2NO �

2 ! 2NO! 2N2O! N2 (4)

4.1.4 Leaching

Leaching of nitrite or nitrate refers to the removal of nitrite or nitrate from the
plant root zone by the movement of water through the soil body. Since nitrite (NO2�)
and nitrate (NO3�) are negatively charged, they are found to move freely with the
water unless soils have a significant anion exchange capacity. It was estimated that 55
Tg of nitrate is leached from agricultural soils every year [29]. Leaching of nitrogen
from soil reduces the bioavailability of plants and impacts the environmental quality.

4.1.5 Ammonia volatilization

It is a non-biological process that occurs at the soil surface when ammonia from
urea or ammonium-containing fertilizer (urea) is converted to ammonia (NH3) gas at
high pH. Ammonia volatilization occurs when ammonium ions are present in a neutral
or in alkaline medium [30]. Due to continuous flooding, the soil pH of rice fields

Figure 3.
Nitrogen cycle in rice field.
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remains 6.5–7 or a little more; thus, ammonia is formed continuously in flooded rice
fields through mineralization, which under certain favorable conditions can be lost to
the atmosphere as NH3, presented in Eq. (5). Ammonia can also be produced from
waste products of wild animals, cow dung, or compost.

NH þ
4 þOH� ! NH3↑þH2O (5)

4.1.6 Anammox

Anammox stands for anaerobic ammonium oxidation, a recent discovery in
N-cycle. In the anammox, NH4

+ is oxidized to nitrite as an electron acceptor and then
elemental N2 by a series of metabolic processes under anaerobic circumstances [8].
This process is carried out by a group of bacteria, that is, annamox, and they are
abundant in marine ecosystem so the anammox is a critical issue in the marine
ecosystem to understand N-cycle. The anammox bacteria are also found in terrestrial
ecosystem. The idea of the N cycle in paddy fields has changed because the paddy field
acts as a niche of anammox bacteria by providing favorable conditions (water logging
(anaerobic condition) and high NH4+ and NO3

� content) for their living and activity
[8]. According to reports, the anammox mechanism is responsible for 4–37% of the
nitrogen loss in agricultural soils [31]. The organic content, NOx concentration,
environmental stability, salinity, and temperature have all been identified as key
influencing elements in the ecological dispersion of anammox bacteria and their
contribution to N loss in natural environments [32]. The significant loss of N due to
anammox occurring in paddy fields is similar to that for NH3 volatilization (up to
40%), leaching (9–15%), runoff (5–7%), and denitrification (up to 40%) (Table 1)
[8, 33, 34].

5. Gaseous loss of nitrogen from paddy rice fields

5.1 Nitrous oxide (N2O) emission

With its current atmospheric concentration of 350 ppb, nitrous oxide (N2O) is
one of the major greenhouse gases, contributing about 5% of the overall greenhouse
effect [35]. With a relatively large global warming potential of about 298 times that
of carbon dioxide in a 100-year horizon [36], N2O is one of the main greenhouse
gases that cause global warming and ozone depletion [37]. Agricultural activities are
responsible for two-thirds of the total anthropogenic nitrous oxide (N2O) emissions
worldwide [38]. Nitrous oxide is emitted into the atmosphere from both natural
(about 60%) and anthropogenic sources (approximately 40%), including oceans,
soil, biomass burning, fertilizer use, and various industrial processes [39]. Agricul-
ture is a major source of anthropogenic N2O emissions [40]. During rice production,
puddling is operated which normally shuts the water transmission pores resulting in
very low water percolation and gaseous exchange between water and air surface.
Nitrous oxides are produced from rice fields through nitrification and denitrification
processes (Figure 4). Emissions of nitric and nitrous oxides are the result of micro-
bial nitrification and denitrification in soils, controlled principally by soil water and
mineral N contents, labile organic carbon, and temperature. Nitric oxide is a direct
intermediate of both nitrification and denitrification [4]. In submerged soils, nitri-
fication occurs in aerobic sites at the floodwater-soil and root-soil interfaces.
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Denitrification occurs upon diffusion of the NO3� to the anaerobic bulk soil (Figure 3).
Denitrification is favored over dissimilatory reduction to (NH4

+! NO3
� ! NO2

� !
NH4

+) because of the large ratio of available carbon to electron acceptors in
submerged soils. Denitrification is likely to proceed completely to N2 with little accu-
mulation of N2O because of the very large sink and therefore steep concentration
gradient of O2, and because carbon is less likely to be limiting. However, this will not
be the case when submerged soil is drained and air enters, leading to gradients of
oxidation from the surfaces of soil cracks toward the anaerobic interiors of soil
clods. Now conditions are favorable for the production of nitrous and nitric oxides
[4, 41, 42].

The ammonia and nitrate are likely to be converted to N2O through nitrification and
denitrification, but it varies in different cultural practices. Although N2O emissions
from rice fields are substantially smaller than methane emissions in flooded conditions,
they have been a long-standing reason for concern [43]. Several researchers have done
experiments on the emissions of nitrous oxides from paddy fields. Major rice-producing
countries viz. China, India, Indonesia, Japan, Philippines, USA contribute to global
warming by emitting greenhouse gases like N2O. Tables 2 and 3 show the account of
how much these countries emit N2O from their paddy fields and compare different
management practices as well.

Country/year 2016 2017 2018 2019 2020

Indonesia 5.0973 5.0690 5.2031 5.1137 5.1279

China 6.8563 6.9122 7.0280 7.0562 7.0402

India 3.7902 3.8493 3.9568 4.0577 3.9623

Bangladesh 4.5863 4.6619 4.7257 4.8088 4.7402

Thailand 2.9678 3.0690 3.0380 2.9164 2.9064

Cambodia 3.4443 3.5388 3.5875 3.6721 3.7568

Myanmar 3.8181 3.8218 3.8568 3.7957 3.7711

Pakistan 3.7716 3.8526 2.5629 2.4436 2.5244

Philippines 3.8690 4.0061 3.9718 4.0449 4.0888

Vietnam 5.5738 5.5476 5.8180 5.8371 5.9201

Table 1.
Paddy production (metric tons/ha) of major rice growing countries; (2016�2020); (FAOSTAT).

Figure 4.
Principle N transformation pathways leading to the emission of N2O in soils.
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5.2 Ammonia emissions

In the rice field, N-fertilizers are applied in two or three splits. During the first
split, the plants are very small and unable to use the applied N fully, resulting in the
maximum N loss through volatilization in this period; the standing water in the rice
fields favors this process (Figure 5) [2]. In the second and third applications, the
plants’ canopy and root systems will be established, and the N loss through volatiliza-
tion is less, but the N adsorption by crop increases (Figure 6) [2, 4]. Several methods
(enclosure method, continuous airflow enclosure method, micrometeorological
method, simple low-cost chamber method, wind tunnel method venting method, etc.)
are used for ammonia volatilization loss measurements from rice fields (Table 4).
Often the loss caused at an early stage of plant is about 30–40% loss of applied N and

Country Location N2O Flux,
μg m�2 h�1

N2O
Emission,
g N ha�1

Measurement
Period in Fallow
Season, Days

Reference

China Shenyang 55.0 3050 231 Chen et al. [46]

China Shenyang 31.9 888 116 Hou et al. [58]

China Jiangsu 57.2 2895 229 Zheng et al. [55]

Japan Tsukuba, Ibaraki 10.6 577 226 Nishimura et al. [59]

Japan Ryuugasaki, Ibaraki 9.9 606 254 Tsuruta et al. [60]

China Yingtan, Jangxi 11.0 430 165 Xiong et al. [53]

Philippines Los Baños 138.7 1198 36 Abao et al. [50]

Philippines Los Baños 32.4 560 72 Abao et al. [50]

Table 3.
N2O emissions from Paddy fields during the fallow period [44].

Figure 5.
Role of ammonium in greenhouse effect.
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sometimes more than 60% of the applied N, whereas, at later stages, the loss will be half
of the earlier one [20, 33]. In rice fields, the loss is responsive to the crop demand and
applied N rate. The NH4+ ions have a positive relation with ammonia volatilization loss
(Figure 7b) and N-fertilizer application [65]. In rice field, the NH4+ concentration
varies from 0 to 1.72 mg/l [66], 0.2–4.5 mg/l [67] and 2–9.2 mg/l [65, 68] due to
variation in soil properties (clay particle), soil pH (Figure 7a), agriculture operation,
climatic condition, hydraulic properties, irrigation, and nitrogen management practices.
It becomes more likely that the equilibrium will shift from non-volatile NH4+ to volatile
NH3 gas as the pH of the rice field water rises. The ionized ammonia (NH4+) releases 1

Figure 6.
Ammonia loss at different plant growth stages in presence of water stress [61].

Region Year Method NH3 emission References

Global 2000 DLEM-Bi-NH3 13.6 � 0.5 Xu et al. [3]

1995 12.4 � 0.3 Xu et al. [3]

2000 IPCC Tier 1 guideline 7.7 IPCC [62]

2000 Process-based model 12.0 Riddick et al. [63]

1995 Constant EF 9.0 Bouwman et al. [64]

Table 4.
Estimates of global NH3 emissions (expressed in Tg N year�1) based on different approaches [3].

Figure 7.
Relationship between (a) NH3 flux and soil pH (b) NH3 flux and NH4

+.
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mole H+ during subsequent volatilization of non-ionized ammonia (NH3). The NH4+ is
primarily formed in the soil because urease activities are much higher than in the
floodwater, so urea moves downward through mass flow and diffusion. The produced
ions move between soil and floodwater, and ammonium ion converted into ammonia
gets lost in the atmosphere in the volatilization process. Nitrogen loss through NH3

volatilization can be 20–30 kg ha�1 [69] and NH3 loss can be 46% in rangeland and if
the N fertilizer increased 100%, then the volatilization loss will go up to 31% during the
rice growing season [70]. The NH4+ concentration in surface water and the fertilization
timing influences the NH3 loss. A significant amount of loss in the first 1–7 days of
fertilization then gradually the rate flattened [23]. The urea and NH4+ enter 1–2 cm
depth of soil surface within a week; thus, the broadcast urea should match the crop
demand for maximumN recovery, and crops with superficial root systems benefit from
absorbing NH4+ [71]. Ammonia volatilization loss occurs after ammonium bicarbonate
and urea application to flooded rice during transplanting, with losses of 39% and 30% of
applied N, respectively [72].

The use of N-fertilizer in paddy water encourages algal growth [73]. Algae
photosynthesize, removing CO2 from the water and reducing the formation of
carbonic acid. While daylight hours are ideal for this process, the paddy field
water pH can rise as high as 9.0. These pH levels are the ideal conditions for NH4+

compounds to release NH3 into the air, and soil pH has a strong relation with NH3

loss (Figure 7a). The crop’s recovery or nitrogen use efficiency varies between
30% and 40%, and this mostly depends on the plant root’s capability to drag N
from the downward-moving pool of N [4]. The initial distribution of urea in the
soil, hydrolysis rate, and N absorption rate by rice roots influences cumulative
NH3 volatilization. Adding organic matter in rice fields may increase CO2 and
reduce soil pH, but this will not work to reduce volatilization loss as the produced
CO2 may interact with the diurnal floodwater pH; however, the daily average soil
pH remains unaffected.

It is defined that high soil pH (pH < 9) or alkaline soil conditions favor the
volatilization rate. In contrast, volatilization loss is minimum in acidic soils but also
can occur, especially volatilization loss occurs in calcareous soils when ammonium-
containing fertilizers are applied on the soil surface. Basic soils containing Ca(OH)2
may react with (NH4)2CO3 to NH4OH, easily decomposing to NH3 and H2O.

Ca OHð Þ2 þ NH4
þð Þ2CO3��!NH4OHþ CaCO3 pptð Þ (6)

NH4OH ��!NH3 gð Þ þH2O (7)

From the equations, it can be concluded that (1) at higher pH values, NH3 volatil-
ization is more pronounced, or (2) amending the solution with NH3 gas-producing
amendments will cause the reaction to move leftward, resulting in a rise in soil pH.
Acidification is not caused by removing fertilizer N from the soil by crops as NH4+.
After fertilization, low floodwater pH values in acidic soils resulted in (8�18%)
volatilization loss, which is less than the denitrification loss (40�50% of applied N),
where the total nitrogen loss ranges from 48% to 60% of applied N. Low solar
radiation and poor algal growth at a rice paddy field in acid soils biosphere also
facilitate low volatilization loss, in comparison with floodplain or calcareous soils [72].
It can be noted that only when the water entering the rice field differs from the
concentration of acid or base from the water leaving the field does a permanent
change in soil pH [4].
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Application of 71.4 Tg N year�1 as chemical fertilizer raised NH3 emission from
2.8 � 1.5 to 12.0 � 0.8 Tg N year�1 [74]. The highest global mean NH3 emission was
estimated at 16.7 � 0.5 Tg N year�1 in 2010. They also identified four major crops
for NH3 emission determination due to N fertilization, where in 2000 the largest NH3

emitter was rice field (23.5%), followed by wheat (22.8%) then corn (21.9%), and
the lowest emission was from soybean (<10%) field (Figure 8). The high emission
from rice fields was due to increased N fertilizer application with increased
cultivable area.

6. Gaseous losses of nitrogen under different water management
techniques in rice field

6.1 Alternate wetting and drying (AWD)

Due to the continuous ponding of water in the rice field, the N transformation
and transport processes are unique in rice ecosystem [75]. In rice field about
3600 l water Kg�1 grain is kept where 50–80% of the water loses through deep
percolation [68], causing water and nitrogen loss from the field [76]. In
conventional paddy cultivation, water requirement is high though the water is not
fully used for the crop rather it facilitates nutrient loss. So, to save water resources,
several water management techniques for rice fields are invented but among them,
widely accepted technique is the alternate wetting and drying (AWD) irrigation
practice [77]. Rice production is expected to shift from continuous flooding
irrigation to AWD irrigation practice. Alternate wetting and drying is water-saving
technique where the soil is not constantly flooded instead after the ponded water has
receded, it is left to drain for one or more days before being re-flooded. The aerobic
(dry) and anaerobic (wet) alternate conditions in the field exert complexity in N
transformation processes. This increased yield and biomass over continuous
flooding practice (Figure 9). In the 1980s and 1990s, research into AWD as a
water-saving strategy began in China and India. The practice of AWD was
originally tested as a water-saving strategy in the Philippines in 2002, and then in
Bangladesh at the Bangladesh Rice Research Institute (BRRI) in 2005 [7]. But it is

Figure 8.
Crop-specific NH3 emissions from synthetic N fertilizer application [3].
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evident that this practice reduces CH4 emission in the field by 38% [79] but there
are also subsequent evidences that AWD increases N2O emission [6, 80].
Conventional tillage practice reduces global warming potential (GWP) by 10–16%
in comparison with new modern practices [81]. However, the decrease in CH4

emissions brought about by AWD substantially balances the increase in N2O emis-
sions created.

Transformational modifications (anaerobic rice systems into aerobic) in rice culti-
vation practices sustain yield (Figure 6a) but at the cost of higher N loss [17] mostly
N2O. In comparison with conventional rice cultivation practice with water stress
condition of �15 to �30 k Pa at 15–20 cm below the soil surface the grain yield is
reduced by 11–32% [82, 83]. In Arkansas, it was stated that their less aggressive AWD
treatment resulted in a 48% drop in methane emissions and that overall greenhouse
gas (GHG) emissions were reduced by 45% when the increase in nitrous oxide was
taken into consideration [79]. In AWD, the N2O is prompted by enhanced denitrifi-
cation of NO3� during the rewetting of dry soils and the following increased nitrifica-
tion of NH4 during the dry phase [6]. During the drying phase of AWD irrigation
practice, the soil aeration is good and this may improve the land quality, grain yield,
utility of N, and water productivity along with reduction in N leaching, while N loss
through ammonia volatilization and denitrification, and nitrification increased in
AWD practice due to aerobic condition [84]. In comparison with conventional tillage,
ammonia volatilization increases by 14% in medium moisture stress conditions and
17% in severe moisture stress conditions whereas denitrification increases by 7% in
both medium and severe moisture stress conditions [61, 68]. Table 5 shows a typical
comparison:

By managing water table levels through controlled drainage and controlled
irrigation.

Their effect on nitrification and volatilization can be determined. As the
water table control levels increased, irrigation water volumes in the controlled
irrigation paddy fields decreased. Seasonal ammonia volatilization losses reduce
with the successive increase in controlled water table and the range varies from
53 kg N ha�1 in near to surface to 59 kg N ha�1 in below surface level [61]. The
application of controlled drainage by raising water table to a suitable level could
effectively reduce irrigation water volumes and ammonia volatilization losses from

Figure 9.
Comparison of alternate wetting and drying (AWD) and continuous flooding (CF) practices on (a) root-straw
biomass and grain yield (b) harvest index of yield and total N [78].
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paddy fields [61]. The combination of controlled irrigation and controlled drainage
is a feasible water management method of reducing ammonia volatilization losses
from paddy fields where NH4+ undergoes an oxidation process in dry spell that
converts it to NO2� and finally to nitrate NO3�, where it is reduced to N2 and
nitrous oxides, which are also released into the atmosphere as a product of
denitrification [86]. In AWD irrigation practice, the alternate aerobic and anaerobic
conditions accelerate denitrification and volatilization process of N loss, whereas
nitrification process is more favorable in anaerobic conditions. The redox
potential under ponding condition is lower and this facilitates the N2O formation
via denitrification [81]. The NH4

+ ions are higher in topsoil layers than in lower
layers (10–70 cm) of soils throughout the rice growing season and this may occur
due to (1) the presence of 3–5 cm thick plow pans below 15–20 cm of the soil surface
which restricts the NH4+ ion movement from the top layers to the lower layers
(Figure 4; [87]) and (2) the negatively charged soil colloid have high affinity to
make bond with positively charged ions and restrict the ions from being lost. The
AWD irrigation practice increases soil temperature. Temperature and soil
moisture are the major factors for N transformation pathways where the high
temperature is potential influencer for higher NO3� concentration than NH4

+

concentration due to denitrification and nitrification processes under soil
moisture stress conditions in AWD [88]. In AWD irrigation practice, the ammonia
volatilization and nitrification processes are increased compared to conventional
rice cultivation practice [65]. Denitrification can turn ammonium into nitrite,
nitric oxide, or nitrous oxide, which can contaminate groundwater or the
atmosphere if certain conditions are met during nitrification. Furthermore, ammo-
nium can react with nitrite in the soil to produce dinitrogen gas as a result of nitrite
accumulation.

The N mineralization can go up to 75.5–80 kg ha�1 under no moisture stress
condition where at 20–35% of the maximum water holding capacity of soil N
mineralized by 55 to 64 kg ha�1 from 135 kg N ha�1 [65]. In dry conditions, OM
decomposition leads to high ammonification of N, which is followed by NH3 loss
during flooding. Aridity causes ammonification followed by nitrification-
denitrification, resulting in the production of nitrogen dioxide and nitrous oxides
again. In AWD irrigation practice, a large portion of N loss will occur in volatilization
process accounting to 21% of the applied N and continuous flooding cause 13% N loss
of the applied N. The NH3/NH4+ ratio was largely determined by soil and floodwater
pH, which influenced ammonia volatilization. Higher irrigation water levels can
reduce ammonia losses, because of an NH4+ dilution effect [89]. Nitrification-
denitrification losses of fertilizer-N are six times greater under AWD than continuous
flooding [78].

Treatments Annual emission of N2O (kg N2O-N ha�1)

Water seeded with conventional continuous flood irrigation 0.102

Water seeded with alternate wetting and drying (AWD) 0.142

Drill seeded with alternate wetting and drying (AWD) 0.616

Table 5.
Comparison between conventional irrigation and AWD based on N2O emission in water seeded and drill seeded
planting system [85].
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6.2 Dry direct seeded rice (DSR) planting system

In contrast to transplanting seedlings from the nursery, direct seeding of
rice refers to the practice of starting the rice crop from seeds which are put directly
in the field [18]. The three main direct seeding techniques for rice (DSR) are water
seeding (seeds sown into standing water), wet seeding (sowing pregerminated seeds
on wet puddle soils), and dry seeding (Sowing dry seeds into dry soil [18]). Dry
seeding has been practiced as a principal method of rice establishment in developed
countries since 1950s [90]. Puddling limits soil permeability and produces a hard pan
below the plow-zone in the classic transplanting system (TPR). Due to percolation,
surface evaporation, and puddling, there are significant water losses as a result.
Contrary to puddle transplanting, dry seeding enables the production of dry season
(Boro) rice with less than 50% of the irrigation water needed [18]. But there is a
significant matter to consider here. Since the field is supposed to be dry for a long
period of time while practicing DSR technique, there is a chance that it would
emit N2O (Table 6). It is quite an established fact that dry farming increases N2O
production. It is found that DSR technique causes N2O emissions, and it cannot be
neglected.

7. Strategies to reduce GHGs emission from rice fields

Agriculture is the major source and worse victim of climate change effects.
Paddy field emits CH4 and N2O which are major GHGs due to their high GWP and it
was estimated that agriculture contributes 52% CH4 and 84% N2O anthropogenic
GHG emission. The agriculture is also subject to 20–40% soil organic matter loss due
to cultivation [15]. As consequence, the nutrient holding capacity of soil is also
reduced. The wise use of agricultural technologies and practices are potential
source to reduce GHG emission from cropland and other agricultural sectors. If the
modern strategies are successfully applied, they are more likely to boost crop and
animal production than to diminish it (Table 7). A list of probable practices has
given below:

District Emission of N2O (t CO2 eq. ha
�1) in

conventional puddled transplanted rice
Emission of N2O (t CO2 eq. ha

�1) in dry
direct seeded rice planting system

Amritsar 0.4 0.6

Barnala 0.4 0.6

Bathinda 0.3 0.5

Faridcot 0.5 0.6

Fatehgarh
Sahib

0.5 0.6

Ferozepur 0.5 0.6

Gurdaspur 0.4 0.5

Table 6.
Emission of nitrous oxide (N2O) under conventional and direct-seeded rice in different districts of Punjab, India [91].
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7.1 Ways of reducing ammonia volatilization

7.1.1 Salts of potassium

When urea is added to soil, it converts to ammonium carbonate, which is prone to
NH3 volatilization loss. When calcium or magnesium nitrate or chloride salts are
combined with urea, they minimize volatilization by generating ammonium chloride
or nitrate [92]. Potassium (K) indirectly reduces NH3 volatilization loss by enhancing
calcium carbonate precipitation in high Ca soil by replacing Ca from the exchange
complex. Potassium nitrate (KNO3) or potassium chloride (KCl) might be utilized to
reduce NH3 volatilization losses [93]. When Mg, Ca, or K were combined with urea,
the ammonia loss from urea decreased with increasing cation/N ratio [94].

7.1.2 Inhibitors

When urea is added to the soil, the urease enzyme hydrolyzes it and converts it to
ammonium carbonate. The use of urease inhibitors reduces urease activity at the soil
surface, allowing urea to migrate deeper into the soil before hydrolysis. The urease
inhibitors phenyl phosphor diamidate (PPD) and N-(n-butyl) thio phosphoric
triamide (NBPT) were successful in lowering ammonia volatilization loss in

Country Location Water
regimea

Nitrogen
fertilizerb

Tested
mitigation
optionc

Amount of
chemical N,
kg N ha�1

Emission of
tested

mitigation
option plot,d %

Reference

India New Delhi MSD U DCD 140 84e Kumar
et al. [56]

India New Delhi MSD AC DCD 140 68e Kumar
et al. [56]

India New Delhi MSD U NUE 140 89 Majumdar
et al. [57]

India New Delhi CF PN DCD 120 87e Ghosh
et al. [47]

India New Delhi CF U DCD 120 39e Pathak
et al. [48]

Philippines Los Banos RF U Slow-U 90 3e,f Abao et al.
[50]

aWater regime: MSD, midseason drainage; CF, continuous flooding; RF, rain-fed, wet-season.
bFertilizer type: AS, ammonium sulfate; PN, potassium nitrate; U, urea.
cMitigation options: DCD, dicyandiamide; NEU, neem-coated urea; TS, thiosulfate; slow-U, slow-release urea.
dFertilizer-induced N2O-N emission of the tested mitigation option plot compared with that of the conventional fertilizer
plot.
eSignificantly different from conventional fertilizer plot at P < 0.05 by Duncan’s multiple range test. Statistical test
results are from the original papers.
fFertilizer-induced N2O emission could not be calculated because no zero-N control plot was available. Thus, the percent
of N2O-N emission (including background emission) from the tested mitigation option plot is compared with that from
conventional fertilizer plot is shown.

Table 7.
Available data on possible mitigation options [44].
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laboratory and greenhouse trials [95, 96]. Freney et al. [97] discovered that using an
algal inhibitor (copper sulfate terbutryn) reduced ammonia volatilization loss,
resulting in a 0.3�0.6 t ha improvement in rice output. Rawluk et al. [98] reported
that the use of NBPT with granular urea reduced ammonia volatilization loss by
28�88% [93].

7.2 Denitrification minimization

Through the nitrification process, the ammonium ion remaining in the soil-water
system is easily transformed to nitrite, then to nitrate. The nitrate ion is lost due to
denitrification and leaching. The nitrification process is followed by denitrification.
Denitrification loss will be decreased if ammonium nitrification into nitrate is delayed
or reduced. As a result, nitrification inhibitors, such as dicyandiamide (DCD), iron
pyrite, nitrapyrin, phenylacetylene, encapsulated calcium carbide, terrazole, and
others, can be used to reduce denitrification losses [93, 99]. One of the key three
greenhouse gases is nitrous oxide, which is emitted from agricultural soils owing to
denitrification loss (methane, carbon dioxide, and nitrous oxide). The use of plant
residues with high polyphenol content and protein binding capacity may help to
minimize nitrous oxide emissions [93, 100].

7.3 Biochar addition

When tested on 14 different agricultural soils, biochar was shown to reduce
denitrification and N2O emissions by 10�90%, with a consistent reduction of the
N2O/(N2 + N2O) ratio, indicating that biochar reduces N2O emissions by facilitating
the last step of the denitrification process and producing more N2 rather than N2O
[101]. However, biochar application in some soils can accelerate nitrification and
increase N2O emissions; hence, the effect of biochar application on N2O emissions
is connected to the primary N2O production pathway that runs in a soil [102].
Uzoma et al. [103] said the increase in anion exchange capacity of biochar reduces
leaching of anionic (NO3

�) nutrients while the cation exchange capacity increases the
adsorption of cation (NH4

+) nutrients. Therefore, this implies that application of
inorganic fertilizer N alongside biochar improves retention and uptake of both NO3

�

and NH4
+.

7.4 Integrated nutrient management

Enhancing NUE can be accomplished by integrated nutrient management, which
includes the use of organic manures, green manures, legumes, agricultural wastes,
and biofertilizers. Organic manures are an additional source of nutrients and
improve the effectiveness of fertilizers. Combining the use of organic manure and
nitrogen fertilizer helps provide a steady supply of nitrogen, reduces loss, and
improves the application of nitrogen [104]. Rice cv. Pusa Basmati-1 recovered more
nitrogen from the fertilizer when N was applied, half as urea and half as FYM on a
sandy loam soil [105]. The partial factor productivity of nitrogen (PFPN) values for
the rice-rice system ranged from 26 to 52 kg grain kg�1 N under recommended NPK,
but they increased to 33–77 kg grain kg�1 N with the substitution of 25% N through
FYM in kharif rice and the reduction of 25% N in succeeding rabi rice (Table 8). Due
to the fixation of atmospheric N, green manuring with legumes enhances soil N. GM
enhances the physical, chemical, and biological characteristics of soil in addition to
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minimizing leaching and gaseous losses of N. Sunnhemp (Crotolaria juncea) and
dhaincha (Sesbania aculeata) are the most common GM crops. Incorporating
legumes could provide an average of 50–60 kg N ha�1, according to an evaluation of
a variety of leguminous crops for satisfying the N demand of a succeeding
nonlegume crop [104].

7.5 Slow-release fertilizer

Nitrate-containing fertilizers are subjected to leaching while ammonium and
amide-containing nitrogenous fertilizer are more susceptible to volatilization loss.
Slow-release fertilizers can reduce the nitrogen loss by delaying nitrogen release
and enhancing the synchronization between crop demand and soil nitrogen
supply [107]. These compounds are produced by treating highly soluble urea
fertilizer with substances that prevent or slow down the fertilizer’s hydrolysis to
ammonium.

For example, urea–formaldehyde, isobutylidene diurea (IBDU), resin-coated fer-
tilizers (e.g., Osmocote®), polymer and sulfur-coated urea. (brady) The nitrogen
uptake for the treatments of BU (Bare Urea), CRU (Controlled release urea), MBC
(50% BU + 50% CRU) and MBCB (50% BU + 50% CRU + biochar) significantly
increased by 28.3%, 73.0%, 80.0% and 91.1% over that of the CK, respectively [108].
Nitrogen recovery and yield of basmati rice under different slow-release nitrogenous
fertilizers are in Table 9.

Slow-release urea enhanced single rice yield by 6.0�31.2% and NUE by
20.3�96.5% compared to the same amount of conventional urea or slow-release urea
applied alone when slow-release N comprised 30�70% of the total N [110].

The maximum possibility of N fertilizer contributing to the environmental effect
(MPEI) would be lowered by 67% when NUE were to increase by 50% and the N
fertilization rate were to decrease by 34% [111].

Crop N rate (kg ha�1) Grain yield (tn ha�1) AEN

FNP INM FNP INM FNP INM

Rice 167 135 5.90 6.50 9 16

Wheat 325 130 5.76 6.02 3 11

Maize 263 158 8.45 8.90 5 11

Table 8.
Grain yield and nitrogen recovery of different cereals as influenced by integrated nitrogen management [106].

N source N rate (kg ha�1) Grain yield (q ha�1) N uptake (kg ha�1) AEN

PU 120 32.9 70.2 3.47

PNGU 120 36.2 82.7 6.25

KEU 120 32.5 71.9 3.13

N Sources: PU—Prilled urea, PNGU—Pusa Neem Golden Urea, KEU—Karanj Coated Urea.

Table 9.
Nitrogen recovery and yield of basmati rice under different slow-release nitrogenous fertilizers [109].
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7.6 Nitrification inhibitors

Inhibitors of nitrification are substances that prevent the Nitrosomonas bacteria
from converting NH4+ to NO2� in the first phase of nitrification and that will raise
NUE and crop output by ensuring a larger concentration of ammoniacal nitrogen in
the soil medium [109]. Nitrification inhibitors including dicyandiamide (DCD),
nitrapyrin (N-Serve®), 3, 4-Dimethylpyrazole phosphate (DMPP), Ca-carbide, and
etridiazol (Dwell®) have been developed by chemical companies. These substances
can temporarily stop the generation of NO3 when combined with nitrogen
fertilizers. Temporarily is the essential word here, as the inhibition typically only
lasts a few weeks (less if soil temperatures are over 20°C) when nitrification
conditions are good [73].

8. Conclusion

Adaptation of modern agricultural practices, such as DSR and AWD, somehow
reduce NH3 and CH4 emission but increase N2O emissions from rice fields. To off-set
gaseous losses of N from rice field with environmental benefits IPNS-based strategies
are highly required and deep placement of urea is also a possible method. Soil is a
heterogenous body with complex ecosystem where the interactions among soil
properties (pH, SOC, TN, and mineral N) are associated with the mitigation of the
GWP from N2O and CH4 emissions for sustainable agriculture.
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Abstract

Smart farming integrates information, communication, and control technolo-
gies in agricultural practices. Recently, crop enterprise management through smart 
precision farming technologies are antidotes to uncontrollable soil and environmental 
factors compounded by climate change. Farm production planning utilizes enormous 
data generated from the field by human agents and IoT devices, but is often unreliable 
and inaccurate. These cause low yield, high losses, inferior quality of farm produce, 
overuse or underuse of fertilizers, increased costs, and inefficient farm management. 
Traditionally, analyzing rice cropping yields is time-inefficient and tasking, which led 
to quicker IoT adoption. Aside insufficient data sharing infrastructure, data privacy 
problem is widespread The blockchain technology is useful for verifying the reliability, 
accuracy, and authenticity of IoT data generated from fields for the production plan-
ning. In the future, dynamic systems (smart rice farming) and model-based control 
systems can be applied to understand the physical process and valuable factors of 
production. This paper provides a comprehensive state-of-the-art process and archi-
tectural survey on impacts of uncontrollable environmental factors, smart precision 
framework, security and privacy architectures or solutions for improving rice crop 
production. Again, a new taxonomy is developed to guide researchers, advance the 
course of rice production, and improve yields across sub-Saharan Africa.

Keywords: Climate change, rice, precision farming, smart farming, data, security, 
privacy, blockchain, IoT, inaccuracy, unreliability

1. Introduction

The world’s global population is nearly 7.8 billion in 2020 and projected to be 
9.7 billion in 2050. Accordingly, these persons need additional 70% of food against the 
present backdrop of diminishing natural resources such as water and land caused by 
urbanization, climatic changes, soil erosion, and water shortages. The coping mecha-
nisms for the climate change phenomenon and food security can be best tackled with 
precision agriculture (or smart farming) [1]. Researchers are exploring viable alterna-
tive rice farming methods as means to increase production in peatlands because of 
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their potential to be easily converted into arable farmlands. Rice growth has been 
impacted mostly by acidic soil and water, irrigation, and rice variety adaptation [2].

This approach holds great promise for better returns and optimizing farming 
efforts including higher profitability, wastage reduction, and higher productivity. 
Though, it is nearly impossible for farmers to obtain full-grasp of the various vari-
ability linked to the environment because of large inherent uncertainties. Smart 
farming practice offers to provide farmers the opportunity to simplify and automate 
the process of acquiring and analyzing farm data, which leads to faster, intelligent, 
and automated decision-making. The spate of climate change globally has further 
informed the greatest desire of governments to safeguard food security through 
maintenance and growth of agricultural production. These rapid climate changes in 
various abiotic factors including rainfall, drought, temperature, flooding, and solar 
radiation continue to adversely impact rice production at different stages of growth 
[3]. The information provided by crops can become a veritable tool for modern 
agricultural practice in the quest for environmental protection, food production 
sustainability, cost savings, and improved decision-making [4].

In particular, smart farming makes use of the concept of precision farming to raise 
farm produce through the understanding and knowledge of the variability of a crop 
field. It carries out the analysis of the environmental factors and distributes the differ-
ent inputs based on the specificity of the site (or farmland). This holds great promise 
for better returns and optimizing farming efforts including higher profitability, 
wastage reduction, and higher productivity. Though, it is nearly impossible for farm-
ers to obtain full-grasp of the various variability linked to the environment because of 
large inherent uncertainties. The smart farming practice offers to provide farmers the 
opportunity to simplify and automate the process of acquiring and analyzing farm 
data, which leads to faster, intelligent, and automated decision-making [5].

Cultivated land use layout adjustment mechanism for crop planting suitability is 
concerned with the refinement and deepening of land use transformation. This is of 
great importance in optimizing the allocation of cultivated land resources and ensur-
ing food security. Presently, farmers and stakeholders infrequently take into account 
the land suitability for crops when using cultivated land, which results in a mismatch 
between crop distribution and resource conditions including water, heat, and soil, 
and adversely affects the ecological security and utilization efficiency of cultivated 
land. Although, land suitability analysis for crops is a function of crop requirement 
and land characteristics reflected in final decisions conducted through a multi-criteria 
evaluation approach [6].

Crop simulation models are used to forecast the impacts of climate change on 
yield levels, and to identify adaptation strategies [7]. Nevertheless, crop quality has 
been almost neglected in available studies, despite its relevance to the economic and 
nutritional value of agricultural products. The few available studies [6, 8, 9] on the 
impacts of climate change on crop quality are aligned to this trend, depicting an over-
all decline in many cereal crops. The impacts of climate change were highly divesting 
on rice milling and cooking suitability performed in the main European rice district, 
Northern Italy, which cuts harvest into about half of entire production areas.

The projected decay in rice quality due to climate change strengthens the need for 
modeling studies to forecast its trend in the near future, considering the connections 
with the stability and utility-safety-quality-nutritive components of food security. 
Indeed, the expected increase in thermal regimes and in the frequency of weather 
extremes may cause a higher incidence of damaged grains and reduced head rice yield 
even in rice top producing areas causing a decreased stability of food production 
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[7]. The largest impact of climate change on milling suitability was due to the high 
number of quality variables affected by temperature changes [7].

Water management for rice cultivation is considered a major parameter for low 
rice yields and large yield gaps. A number of technologies has been investigated by 
AfricaRice and its partners in the quest to identify their strengths and overcome 
certain water-related problems. While other studies accounted for fewer rice suit-
ability conditions on lowlands such as rice yield, water productivity, migration of iron 
toxicity, and water use on the farm field [3].

2. Traditional rice farming vs. smart precision rice farming

Rice (Oryza spp.) is an imperative staple food in sub-Saharan Africa. The con-
sumption of rice has risen sharply since the early 1960s because of rising per capita 
consumption, demographic growth, and urbanization. Regardless of the swelling 
rate of consumption of rice, local production is within half of demand, and imports 
usually complement the difference [3]. The obvious shortfalls in rice production 
across the sub-Saharan Africa are due to concentration of farming activities in smaller 
rice production areas, and poor yield [3]. The rainfed rice system viability will be 
impacted by temperature changes and rainfall instability caused by climate changes. 
Aside from this, other rice cropping systems have emanated in recent times includ-
ing rainfed upland, rainfed lowland, irrigated lowlands, deep water, and mangrove, 
which irrigated stand out as most promising [8].

Consequently, the demand and consumption of rice continue to increase signifi-
cantly as the population grows. In fact, a lot of imported rice is occasioned by low rice 
production in several nations of Africa in attempt to provide food security. These have 
further amplified the need to increase rice farming in existing and new lands in order 
to effectively deploy scarce water resources and nutrients, which serve as limiting fac-
tors in both upland and lowland rice growing areas as an important staple crop [10].

Rice is notably the second topmost after wheat consumed grain globally. It has 
low protein but high carbohydrate composition. Aside from that, it is a rich energy 
meal for people, which has spiked the demand especially in developing economies 
[11, 12]. Three most common rice varieties are the lowland Thai species (such as 
Pathumthani 1, RD57, and RD41), which can be cultivated through transplanting and 
dry direct seedlings. These are well-known to survive in alternative wetting and dry-
ing water supply regime [13]. It needs a minimum of 120 days from time of seedling 
to harvesting. Thailand, the Philippines, Vietnam, China, and Bangladesh are the 
world’s top producers of rice, which contribute significantly to their Gross Domestic 
Product (GDP), and economic comparative advantage. Aside from the traditional 
ways of conserving water and maintenance of soil fertility with adequate mineral 
content (such as Potassium, Phosphorus, and Nitrogen), there is slow adoption of 
technologies. The low yields of rice continue to worry farmers and researchers, which 
is attributed to poor soil fertility, adverse weather, water scarcity, pest attacks, and 
uncontrollable environmental factors. There is the reluctance of farmers to utilize 
modern technologies due to uncertainties about safety/privacy and perceived influ-
ence on farming yields or outcomes [13, 14]. In sub-Saharan Africa, the lowland 
rice farming requires keeping the concentrations of phosphorus and water supply at 
optimal levels for increased yields, which are problematic in meeting the demands 
for the commodity [10]. The suitability of fields for rice production is associated with 
socioeconomic and natural factors; thereby impacting the yields.
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Climate, topography, and soil indicators characterize the natural conditions 
of crop planting, which the prerequisite factors are affecting crop suitability. The 
indicators and criteria for evaluating suitability of land for cropping can be classified 
into restrictive and nonrestrictive indicators. The restrictive indicators have specific 
criteria for different crops with the most suitable range, maximum threshold, and 
minimum threshold, while the nonrestrictive indicators have no specific suitability 
standards, which need to be further defined. In the case of rice cropping, climatic, 
terrain, soil, and management factors were noted as impacting the suitability of rice 
cropping determined by means of [6]. Rice is majorly grown in three environments: 
rainfed upland, rainfed lowlands, and irrigated lowlands. In all rice-growing environ-
ments, the yield gap (that is, the difference between the potential yield in irrigated 
lowland or water-limited yield in rainfed lowland and upland, and the actual yield 
obtained by farmers) is largely caused by a wide range of constraints associated with 
water. Therefore, water management for rice cultivation is impacted by water-related 
constraints including drought, flooding, iron toxicity, and soil salinity. These required 
preconditions to achieve higher yield and quality against uncontrolled production 
factors such as continuous flooding [3].

The theory of precision farming (or precision agriculture) relies on the observ-
ing, measuring, and responding to the variability in crop fields or parts of livestock 
management [5, 10]. It entails applying inputs when and where needed. The preci-
sion farming is considered to be the third phase of the revolution in agriculture only 
trailing behind mechanization and the green revolutions. The main imports of this 
concept are to increase and maintain the sustainability of crop production and animal 
rearing through the use of IoT, Artificial Intelligence (AI), robotics, and big data [4]. 
Smart farming implies the adoption of information and communication technol-
ogy (ICT) in agriculture [15]. Often, this is referred to as data-driven agriculture in 
which robotic solutions are incorporated into artificial intelligence techniques for the 
purpose of attaining the sustainable agriculture of the future [4]. The focus on linking 
IoT within the sensor networking system is emerging in smart and precision farming. 
Reason is that IoT is capable of acquiring information (such as the moisture rate), and 
broadcasting to the user in wireless setups.

The traditional methods of farming are incapable of satisfying the feeding needs 
of people across the globe. So, IoT-driven smart farming becomes an unavoidable 
mode of agricultural information management. Smart farming can provide remote 
monitoring and control of a farm equipment to improve the productivity and quality 
and prevent disasters. Nevertheless, certain technical hurdles need to be addressed 
in terms of smart farming including lack of data sharing infrastructure because no 
mechanism is available to provide privacy protection in sharing sensitive agriculture 
data leading to irregular monitoring of farming systems [16]. Again, proper manage-
ment of farm resources such as water, fertilizers, and seed quality has direct influence 
on the produce. Universally, majority of farms are still operating at small-scale levels 
covering a number of acres due to over-reliance on customary farming practices. The 
outcomes are often low yield, high crop losses, overuse or inadequate use of fertil-
izers, and soil spoilage [17].

The focus on linking IoT devices within the sensor networking system is emerging 
in smart and precision farming. Reason is that IoT devices are capable of acquiring 
information (such as the moisture rate) and broadcasting to the user in wireless 
setups. Therefore, farmers become significantly aware of the state of the farm field 
remotely in order to perform computation, collect data, and link with other nodes 
throughout the region of interest [18]. In particular, majority of IoT devices are 
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susceptible to compromises and hacks, which render their ensuing data unreliable for 
productive ventures. Again, IoT devices have limited computational, memory, and 
network aptitude. These make them more prone to attacks against endpoint devices, 
such as tablets, smartphones, or PCs [19]. The IoT is targeted at improving human life 
and releasing vast economic value. But, insufficient data security and trust in con-
temporary IoT have stood in way of full exploitation and adoption [20].

The notion behind smart farming system is to intellectualize management of crop 
enterprises involved in deployment of precision farming technologies. This paradigm 
hampers the knowledge bases and multi-agent technologies to advance coordinated 
decisions on planning, distribution, control, and optimization of enterprise resources 
on real-time basis [21]. In particular, farm production planning relies heavily on 
enormous data generated from the field such as the soil infiltration characteristics by 
human agents and IoT devices, but, is often manipulated and tempered, rendering 
them unreliable and inaccurate for appropriate modeling procedures [22].

Traditional approaches for crop (such as rice) investigation and analysis of soils 
are time-inefficient and tasking, which led to the quest to deploy IoT and secure data 
for providing remote soil and environmental parameters monitoring. Smart farm-
ing is facing insufficient data sharing infrastructure because of poor mechanisms to 
broadcast sensitive agriculture data in a privacy-protected form [16].

Again, the future trends and behaviors of dynamic systems such as rice farming 
and model-based controls are applied to understand the physical process and valu-
able factors of production [23]. Therefore, prediction tasks are conducted by smart 
and precision-based systems, which rely heavily on data powered by IoT devices and 
things.

IoT-based systems are highly susceptible to attacks, that is, manipulation and tam-
pering of data on unsecured over long-distance wireless network coverage. Likewise, 
the privacy of device owners is not guaranteed due to autonomous data sharing across 
diverse entities including cloud, fog, and Internet [24]. Whenever threats of any 
kind can be successfully launched on wireless data transmission channels or storage 
infrastructures, privacy leakage will happen more quickly from insider or outsider 
agents [25].

IoT is the main motivation for a paradigm leap to a truly connected world in which 
everyday objects become interconnected, capable of communicating directly with 
each other, and capable of collectively offering smart services [26]. Therefore, in sev-
eral of these applications, the data collected by IoT is sensitive and must be kept pri-
vate and secure [27]. Several issues have continued to limit the widespread utilization 
of IoT as reported by numerous scholars as follows: According to Yang et al. [28], IoT 
device safety remained the topmost challenge due to attacks such as Mirai’s Botnets of 
Things (DDoS). There is no adequate data protection mechanism at present for IoTs. 
The number of device types (homogeneity and heterogeneity) affects security of IoT. 
The devices are low-resource type and relatively expansive in quantity.

The Blockchain technology has the potential of providing privacy preservation 
in IoT-based smart farming for its sensitive data generation and communication in 
decentralized scenarios [29], as well as the overall improvement of farming practice 
or produce. The usefulness of blockchain technology in providing distributed things 
security services including confidentiality, privacy, provenance, authentication, 
and integrity was highlighted by Salman et al. [30]. Accordingly, authentication and 
confidentiality are attainable through the public key cryptography (that is, encryp-
tion and signature approaches). There is a need to investigate the various blockchain 
approaches in large-scale and real-world situations for performance assessments, 
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especially in smart precision farming. The key distinctions between the traditional 
rice farming and smart precision rice farming are depicted in Table 1.

3. Impacts of farm parameterization on rice production

In agriculture, the fertility of soil refers to the capacity of soil to support crop 
growth by supplying required soil nutrients, as well as suitable biochemical, and 
physical properties as a growing environment for plants. Particularly, majority of 
the available research investigated a few indicators, such as rice yield, water use, and 
water productivity at the field level. There are sparingly limited works on the cost–
benefit of water management technologies, enabling conditions, and business models 
for their large-scale adoption, with regard to their impact on farmers’ livelihoods 
(women and youths) [3]. Besides, water management design for crop diversification, 
landscape-level water management, and iron toxicity mitigation, particularly in low-
lands have received strained attention. More so, climate, topography, and soil indica-
tors are natural conditions and prerequisites for determining rice cropping suitability.

Rice consumption has steadily increased in sub-Saharan Africa while domestic rice 
production hardly meets the demand. There are five rice cropping systems in West 
Africa including rainfed upland, rainfed lowlands, irrigated lowlands, Deepwater, 
and Mangrove swamps [8]. But, the irrigated rice systems hold promise for the 
future in numerous ways: Firstly, the average rice yield in irrigated lowland is better 
than yields in rainfed lowland, and rainfed upland. Secondly, due to temperature 
changes, rainfall variability, and expected future climate change impacts in rainfed 

Farming types Traditional rice farming Smart precision rice farming

Scale Subsistence or small Large

Strengths Natural ways of conserving water and 
maintenance of soil fertility.
Natural conditions reliant.

Controllable and management of 
production factors.
High deployment of technology.
Data-driven farming.

Weaknesses Scarce water resources and nutrients.
Low yields.
Uncontrollable environmental factors.
Large uncertainties.

Low adoption of technology.
Limited computational, memory, and 
network aptitude.
IoT or data are vulnerable to privacy 
compromises.

Method(s) Rainfed lowlands Rainfed uplands and irrigated lowlands.

Human intervention High Low

Quality of Yield Low High

Research funding 
prospect(s)

Low High

Modeling procedure Inaccurate and time-consuming. Accurate and faster.

Generation Pre-Internet era Post-Internet era

Key terms Basic farm tools, and mechanization. Data, technology, computer-aided 
decision-making, and IoT.

Table 1. 
Distinction between traditional and smart precision rice farming.
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rice systems, improvements in farmers’ adaptive capacity due to the expansion of 
irrigation facilities may reduce rice production losses. Although, irrigated rice holds 
tremendous potential in fulfilling many West African countries’ agendas of becom-
ing rice self-sufficient, geospatial analysis to assess potentially irrigable land is often 
unexplored.

In particular, realizing the rice planting environmental patterns are capable of 
enhancing natural and human-environmental resources, which support sustain-
ability in the long run. Rice yields are impacted by soil, topography, climate, farmland 
management, agricultural mechanization, and many other artificial environmental 
factors. These are required for planning and improving the high-precision systems 
for forecasting rice yields [9]. The new challenges and expectations of subsequent 
research efforts can be in the following ways:

i. The development of localized solution to solve rice production and food 
sustainability in horrendous climatic conditions in sub-Saharan Africa.

ii. The use of precision technique for environmental parameters optimization and 
soil characterization in smart rice farming.

iii. The privacy of data stored in the cloud is improved with blockchain technology.

iv. The privacy problem of blockchain technology can be demystified with 
lightweight cryptographic scheme in order to improve reliability and trust of 
cloud data storage.

In particular, farm production planning relies heavily on enormous data generated 
from the field, such as the soil infiltration characteristics by human agents and IoT 
devices, but, is often manipulated, and tempered, rendering them unreliable and 
inaccurate for appropriate modeling procedures [22].

According to Banerjee, Lee, & Choo [31], there is lack of publicly obtainable data-
set from IoT devices deployed for farming practices (such as rice) because of non-
existing data sharing standards for enforcing integrity in order to assist researchers.

4. Existing frameworks of smart farming systems

The spate of climate change globally puts burden on governments in safeguarding 
food security through increased agricultural production. These rapid climate changes 
radiations continue to adversely impact rice production throughout growing stages 
based on different abiotic factors, such as rainfall, drought, temperature, flooding, 
and solar [32]. Precision farming is based on the observing, measuring, and respond-
ing to the variability in crop fields for strategic management [1, 5, 33]. It entails apply-
ing inputs when and where needed as means of sustaining crop production. The basic 
problems facing agricultural production are crop selection, decision-making, and 
supporting systems for better crop yield. Agriculture prediction is associated with 
natural parameters including temperature, soil fertility, water quality, water volume, 
season, and crop prices. A smart crop monitoring and tracking framework composed 
of sensors, mobile applications, IoT cameras, and big data analytics were proposed 
by [34]. While the hardware component consists of an Arduino UNO, a variety of 
sensors, and a Wi-Fi module without privacy preservation strategy.
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An information-based management cycle for advanced agriculture was 
proposed by [4]. The framework contains crop sensing objects, platform, data 
warehouse, decision system, and actuation. There is no consideration for privacy 
of collected data throughout the cycle. Smart farming drive in part targeted the 
wireless sensor network in the attempt to deal with the developing problems of 
global warming. Sensors have potentials to effectively collect the farming environ-
mental parameters for making smarter and faster decisions using computer-based 
solutions. Crop yield depends greatly on the ability of farmers to make faster and 
accurate decisions [18].

One key problem facing society at present is the privacy and security of available 
data. There are issues surrounding collection, storage, integration, and transfor-
mation of data to support the needs of agri-food (Mushroom production) due to 
widespread deployment of evolving technologies. Apart from competitive advantage 
and increased production, environment variables need to be regulated because of 
their direct relationship to production control system. One form of farming was 
understudied by [35], which is an extension mushroom farm distributed process 
control system using IoT and Blockchain to facilitate distributed data collected on 
environmental indicators to supplement the production control system for mushroom 
farming. Again, there is improvement in farm management information system avail-
able to managers of farms. But, precision farming is expected to have comprehensive 
decision support system from its subsystems with privacy in mind.

The evolving ecosystem control system and technology are still incapable of 
providing the required intelligence for rural farms. Inadequacy of precise information 
and communication negatively impacts the farm production management, which 
was overtaken by IoT rather than conventional farming practice [36]. This led to 
introduction of framework for constructing fresh technology and application for IoT-
based farming. They enhance farming processes, monitoring, and welfare of farms 
and farmers with unrestricted access to data in real time. Of course, there is greater 
leap toward food sustainability by means of connected objects. The potential of IoT 
to advance farming sector and food sustainability for populace was undertaken by 
[22]. Smart farming is a potent coping mechanism for extreme weather and climatic 
conditions as well as massive demands for farm produce. This enhances productivity 
and grows cleaner food to cater to exploding population. In the complete framework 
for the smart farming system, processes and requirements left out the most important 
component, that is, privacy of data generated from IoT devices or transmitted across 
vulnerable public channels.

In [24], the promise of fog computing and wireless networks to interconnect farm 
bases distributed in rural setups became feasible. To this end, a scalable network 
structure for controlling and monitoring farms in rural areas evolved with cross-
layered channel access and routing schemes. There are noticeable improvements in 
latency, sensing, and actuating but, chances of tampering and manipulating data are 
highly probable. Specifically, the gaiasense™ smart farming framework is composed 
of IoT devices (or GAIAtrons), cloud computing services (or GAIA Cloud), and smart 
farming (SF) advisory services (or GAIA SmartFarm) [37]. However, privacy of data 
was not considered.

The coping mechanism for the climate change phenomenon and food security 
can be best tackled with precision and smart farming [1]. Typically, smart precision 
farming system frameworks are composed of IoT data acquisition, IoT data storage, 
data sharing, and IoT data analytics as depicted in Figure 1.
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The issue of privacy of data is topmost when IoT and blockchain technologies are 
deployed for smart precision farming practices. Therefore, this paper proposes a new 
framework leveraging the shortfall of aforementioned frameworks to develop a smart 
precision system for determining the suitability of environmental and soils for rice crop-
ping. On the other hand, the complete model of data and transactions protection strategy 
proposed by this paper for smart precision rice farming system is shown in Figure 2.

In Figure 2, the data privacy protection strategy commences at the IoT device 
transport layer by offloading the protecting operation based on lightweight cryp-
tosystem to develop at the middleware (or data center). Then, the protected data is 
broadcast to the blockchain cloud data storage at the middleware layer transport 
layer. The protected data can be accessed through authenticating operations at the 
application layer.

5. Future architecture of smart precision Rice farming systems

The traditional methods of farming are incapable of satisfying the feeding needs 
of people across the globe. So, the IoT-driven smart farming becomes an unavoidable 
mode of agricultural information management. But, insufficient data security and 
trust in contemporary IoT have stood in way of full exploitation and adoption [38].

Figure 2. 
The data privacy protection strategy for smart rice farming scheme.

Figure 1. 
The typical framework of smart precision farming system.
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The strengths of precision models depend on available, reliable data about farm-
land, soil characterization, infiltration characteristics, and chemical nutrients, which 
are often difficult to attain due to distributed and complex nature of harvesting and 
analyzing data in developing countries. The structure of the proposed smart rice 
precision is composed of rice farm field parameters composed of the sensors, embed-
ded system, and the cloud storage.

The research process design is subdivided into four main steps discussed as follows:

Phase 1 is data capturing: This is entirely the requirements and problems specifica-
tion for the proposed scalable solutions.

Phase 2 is the formation of a data encryption model: The phase includes formula-
tion lightweight cryptosystem to generate sizes of keys and block-ciphers, which 
protect data against privacy compromises in smart farming scenario.

Phase 3 is the formation of data processing model: The phase includes the use of 
data mining, machine learning, and forecasting estimators for understanding the 
variability of data captured.

Phase 4 is the development: This involves the implementation of the proposed 
permissioned blockchain-based smart precision rice farming.

Phase 5 is the evaluation: It includes testing the proposed smart rice precision 
system with selected dataset to ascertain the performance.

The structure of the proposed smart rice precision is composed of rice farm field 
parameters composed of the sensors, embedded system, and Blockchain security in 
the cloud storage as shown in Figure 3.

In Figure 3, the series of events for the proposed secure smart rice farming data 
are indicated with letters A-E due to the distinct roles played throughout the data 
lifecycle.

Event A: This entails deployment of field sensors and GPS to capture distinct 
parameters required for rice farming and production broadcast across embedded 
system unit.

Event B: The data are sent from embedded system unit and received at the 
Blockchain. Then, the proposed lightweight cryptosystem is to be used for data key 
generation and hashes.

Figure 3. 
The events modeling of smart precision rice farming system.
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Event C: The encrypted data are stored on the distributed ledger provided by 
Permissioned Blockchain (PBC).

Event D: The data are protected using the lightweight scheme for effective process-
ing and computation in order to enforce privacy.

Event E: The data processing can be performed on protected data using proof-of-
work. This way the security and privacy of data are preserved.

The research concerning smart precision rice farming can border on the following 
aspects including data acquisition, data analytics, climatic factors, soil factors and 
water conservations, environmental factors, and topology/toposequence as illustrated 
in Figure 4.

Figure 4 provides the direct relationships between the rice production and 
uncontrollable environmental factors debacle in sub-Saharan Africa. The process of 
overcoming the climate change problems requires that, the challenges of rice field 
dataset and the inaccurate decision-making about parameters required for rice pro-
duction. In particular, IoT data controls, governance, and privacy/security continue 
to bedevil their progress. The method with reoccurring assurances to withstand the 
shocks of climate change phenomenon is the smart farming, which utilizes IoT (sen-
sors and actuators) to harvest dataset from the field to the point of usage. Precision 
farming relies on smart datasets to project parameter dynamics at certain points in 
time especially climate, soil, and environmental factors. The combination of the two 
technologies ignites the potential to increase rice production despite large instability 
in climatic conditions around the sub-Saharan Africa. There is a need to the redesign 
data transmission channels and network connectivity between IoT devices and the 
cloud storage infrastructure for data privacy and effective exchanges.

The key solutions for improving the fight against climate dynamics are appropriate 
data warehousing from numerous IoT placed on the rice fields; secure and privacy-
protected data sharing among stakeholders, data providence by means of blockchain 
technology; and the use of high-performance AI techniques including machine 
learning, deep learning, and natural processing. In this way, the process of arriving at 
quicker, safe, and accurate, decision-making can be automated concerning suitability 
of lands for rice crop production as against the less-effective manual approaches. 
This taxonomy adds to the knowledge of the relevant players in rice production and 
climate controls by minimizing wastage and parameter forecasting.

Figure 4. 
Taxonomy of smart precision farming for rice production.
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6. Conclusion and recommendations

Population growth is exponential, yet land is a limited and precious resource on 
the planet. Thus, it is critical to utilize that fixed resource sustainably in order to meet 
rising food demand without damaging the land with improper land practices. To 
reduce the undesirable impact of environmental features on agricultural productivity 
and on land, land suitability analysis is the first and foremost step for environmental 
management and sustainable agriculture. Land suitability assessments not only aid 
in increasing crop yields but also in maintaining healthy soil conditions for bountiful 
output. Rice planting suitability depends on slope and geomorphological forma-
tions. This paper developed a framework for smart precision rice farming system 
that utilizes sensors, blockchain technology, and AI approaches for determining the 
environmental factors, soil fertility, and suitability of farmlands for rice cultiva-
tion in semi-humid climatic zone of sub-Saharan Africa. The proposed framework 
attempts to improve the renowned syn. Jenks (natural breaks) method for seasonal 
farming practices. The devastating effects of climate change on rice production will 
continue to worsen with attendant negative implications on productivity and rice 
farming practices in sub-Saharan Africa. Though, the proposed smart precision rice 
farming systems can effectively deal with the climate change debacle in the short and 
long runs.

The key recommendations from this paper include development of full-fledged 
smart precision farming systems for the local farming scenarios in order to reduce 
resource wastages and environmental hazards while increasing rice crop health; 
development of effective lightweight privacy-preserving schemes in smart data cen-
ters for data governance and providence; the adoption of viral and high-performance 
analytical mechanisms to support faster and accurate decision-making process on 
rice production planning and parameters estimations. The target audience for this 
paper is primarily the research community, farmers, and investors by providing them 
with supportive tools, knowledge, and decision-making mechanisms on process and 
architecture of smart precision rice farming schemes. The outcomes shall be helpful 
to government donors, regulatory agencies, and international organizations on the 
need to improve and adopt responsible technology to combat hunger, low rice produc-
tion, resource wastages, resource conservation, and climate problems through smart 
systems and AI.
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Chapter 5

The Potential Health Benefits  
of Brown Rice
Shaw Watanabe

Abstract

In many countries, rice contributes to better health by supplying dietary energy, 
proteins, fat, and various micronutrients. Many different rice species are cultivated 
in Japan and other rice-producing countries, in which we expect some varieties to 
prevent many diseases. In particular, the health effects of brown rice are apparent. In 
particular, rice bran ingredients accumulated evidence about their physiological and 
pharmacological activity. The Japanese diet has become a world heritage and famous 
worldwide, but knowledge about the benefits of rice eating is limited. Here, we would 
like to focus on the benefits of eating brown rice and recently developed low-protein 
fermented brown rice (LPFG) to improve the gut-kidney axis’s negative spiral in 
kidney disease patients. Other potential benefits of brown rice are the suppression 
of dementia and celiac disease. The category of “medical rice” represents the health 
effects of rice eating.

Keywords: Brown rice, functional ingredients, gut microbiota, short-chain fatty acids, 
medical rice, low protein fermented genmai, GENKI study

1. Introduction

Approximately 70 percent of the world’s population eats rice as a staple food, 
especially in areas of the Asia-Pacific region [1]. Rice can supply energy, proteins, and 
fat, which accounts for more than half of the diet in southeastern countries [2]. In the 
19th century, traditional Japanese meals were of unpolished brown rice, miso soup, 
and dishes of soybean products, vegetables, potatoes, and other roots. In the Meiji era, 
polished white rice became popular, and beriberi increased in the nation. After World 
War II, western life habits introduced white bread, meat, eggs, and dairy products, 
which became the significant foods composing main and side dishes. Consequently, 
obesity and other lifestyle-related chronic diseases have increased [3].

Another traditional way of eating in Japan is macrobiotics. Yukikazu Sakurazawa 
(George Ohsawa) made the foundation and emphasized genmai (brown rice) and 
whole foods as the central dogma of the macrobiotic diet [4]. Macrobiotic meals, such 
as seasonal vegetables, beans, and sea vegetables with brown rice, are plant-based and 
contain functional factors in addition to ordinary nutrients.

In this regard, the nutritional effects of rice should be more studied, especially 
the integrated composition of functional ingredients [5, 6]. We cultivate more than 
200 different rice species in Japan. We can use some varieties for dietary therapy. For 
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example, high-amylose hard rice is available for diabetic patients [7]; low-protein rice 
for patients with chronic renal disease [8, 9]; GABA-rich large germ rice for mental 
health [10]; and rice with high antioxidant activity may be effective for the prevention 
of cancer and other diseases [11, 12].

The health effects of brown rice are traditionally well known. We proposed to 
summarize the above rice in the new concept, “medical rice.” Examples are medical 
rice for diabetes, medical rice for chronic kidney disease (CKD), medical rice for 
mental health, medical rice for cancer prevention, etc. [13].

In response to the enormous increase in medical costs in many countries, achieving 
healthy longevity by changes in dietary habits is mandatory. The proper food labeling 
of evidence-based medical rice can treat people who want to improve their health [14].

Human data are increasing, so we believe it is time to implement the concept of 
medical rice for disease prevention and treatment [15].

2. Functional ingredients in rice

2.1 Functional ingredients in rice

Rice can supply energy, proteins, fat, vitamins, and minerals [5, 6, 15]. Red rice 
and black rice have rich dietary fiber, but it is not popular because of their taste 
(Table 1).

Whole brown rice contains rich vitamins, minerals, dietary fibers, and various 
functional chemicals compared with white rice. About 8.5 million tons of brown rice 
are produced annually in Japan, and rice bran makes up about 10% of unprocessed 
rice by weight and contains 18−22% oil. Rice oil contains up to 5% of unsaponifiable 
dark oil. The active ingredients in the oil are γ-oryzanol, tocotrienol, GABA, and 
inositol [16–18].

We can apply rice bran to food, animal feed, and fertilizer but discard most of 
the bran. Recently, we have paid much attention to rice bran because of the various 
pharmacological properties of its ingredients [19–21]. We separate into gum, wax, 
dark oil, and scum at different boiling temperatures, and further extraction yields 
many chemicals with biological activities.

γ-oryzanol is a potent functional ingredient in the nonsaponifiable fraction of 
rice bran. γ-oryzanol is bound in 4 chemical forms to ferulic acid and thus belongs 
to the family of ferulated sterols [20, 21]. The solubility of γ-oryzanol is only 0.06% 
in water and 0.2% in 20% ethanol. The absorption of γ-oryzanol may not be optimal 
by oral intake of brown rice, but it is possible to take 300 mg of γ-oryzanol orally 
from brown rice. Kokumai et al. [22] administered a single oral administration of 
300 μmol/kg body weight of rice bran γ-oryzanol to rats and showed that intact 
γ-oryzanol, along with ferulic acid and ferulic acid conjugates, existed in the blood.

2.2 Nutritional aspect of brown rice

We have studied the macrobiotic practitioners by GENKI study (genmai epide-
miology nutrition and kenko innovation) [23]. They consumed more magnesium, 
iron, vitamin Es, vitamin Bs, and dietary fibers, although their energy intake is less 
than that of ordinary Japanese. Their blood pressure, body mass index (BMI), and 
low-density lipoprotein cholesterol levels are low, while blood glucose and glycated 
hemoglobin (HbA1c) remained within normal levels.
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boiled rice 
100 g

unit Brown 
rice

White 
Indica 

rice

White 
Japonica

White 
no 

amylose

Red 
rice*

Black 
rice*

Energy kJ 647 781 663 801 636 634

Energy kcal 152 184 156 188 150 150

Water g 60.0 54.0 60.0 52.1 61.3 62.0**

Protein g 2.8 3.8 2.5 3.5 3.8 3.6

Fat g 1.0 0.4 0.3 0.5 1.3 1.4

Carbohydrate g 32.0 37.3 34.6 41.5 28.2 28.2

Fiber g 1.4 0.4 0.3 (0.4) 3.4 3.3

Soluble g 0.2 0 0 0 0.2 0.3

Insoluble g 1.2 0.4 0.3 0.4 2.3 2

Polyalcohol g — — — 0 0 —

Carbohydrate_all g 35.6 41.5 37.1 43.9 32.7 32.2

Organic acid g — — — — — —

ash g 0.6 0.2 0.1 0.1 0.6 0.6

Na mg 1 0 1 0 1 Tr

K mg 95 31 29 28 120 130

Ca mg 7 2 3 2 5 7

Mg mg 49 8 7 5 55 55

P mg 130 41 34 19 150 150

Fe mg 0.6 0.2 0.1 0.1 0.5 0.4

Zn mg 0.8 0.8 0.6 0.8 1.0 0.9

Cu mg 0.12 0.10 0.10 0.11 0.12 0.11

Mn mg 1.04 0.42 0.35 0.50 1.00 1.95

Se mg 1 3 1 1 1 2

Cr mg 0 1 0 0 Tr 1

Mo mg 34 32 30 48 24 33

Beta carotene mg 0 (0) 0 (0) 1 8

Vitamin D mg (0) (0) (0) (0) — —

Tocophrol α mg 0.5 0 Tr (Tr) 0.6 0.3

Vitamin K mg (0) (0) (0) (0) — —

Thiamin mg 0.16 0.02 0.02 0.03 0.15 0.14

Riboflavin mg 0.02 Tr 0.01 0.01 0.02 0.04

Niacin mg 2.9 0.3 0.2 0.2 2.8 3.0

Niacin eq. mg 3.6 1.3 0.8 1.0 3.4 3.6

Vitamin B6 mg 0.21 0.02 0.02 (0.02) 0.19 0.18

Vitamin B12 μg (0) (0) (0) (0) — —

Folate μg 10 6 3 (4) 9 19

Pantothenic acid mg 0.65 0.24 0.25 (0.30) 0.47 0.40
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The macrobiotic dietary habit of eating brown rice contributed to their healthy 
state [24–29]. The consumption of small fish provided vitamin B12, eicosapentae-
noic acid (EPA), and docosahexaenoic acid (DHA). Genmai-shoku (diet) provides 
enough energy, fat, protein, and several times more minerals and vitamins than 
required [26, 30].

In addition to the functional effects of ingredients, chewing frequency influ-
ences brain function in genmai eaters [31]. In Japan, fast foods with soft textures 
have recently become popular with a younger generation, and the oral biting 
frequency has decreased in the younger proportion. Boiled brown rice increases 
the chewing number of times than meat or fish dishes, and it was only 800 times 
per American dish compared to the 30,000 times by the genmai diet. Longer eating 
time prevents fast eating, which used to lead to obesity and gives relaxation to solve 
stress.

So, brown rice could be a core of “medical rice for health” strategy. In addition, 
organic rice is free from arsenic and other toxic chemicals absorbed from fertilizers 
and insecticides [5, 31].

2.3 Functional ingredients in rice bran

2.3.1 Lipophilic ingredients

Phenolic compounds are rice’s primary antioxidant and radical scavenging ingre-
dients [32–35]. In brown rice, the three most abundant ones are 6’-O-feruloylsucrose, 
6’-Osinapoylsucrose, and ferulic acid. Their representative concentrations of 1.09, 
0.42, and 0.33 mg/100 g rice flour represent 84.0% by weight of the total amount of 
soluble phenolic compounds (2.19 mg/100 g brown rice flour). Polished rice contains 
only 0.28 mg of phenolic compounds/100 g of rice flour.

Lipophilic ingredients can decrease total and LDL cholesterol; triacylglycerol and 
ApoB. They increase HDL cholesterol and inhibit platelet aggregation. Ferulic, caf-
feic, sinapinic, p-coumaric, vanillic, protocatechuic, syringic, hydroxybenzoic, and 
chlorogenic acid are also present, but the dose is scanty.

Tocopherol, triacylglycerol, and ApoB are lipid-soluble antioxidants that prevent 
cardiovascular diseases and cancer. Squalene, an isoprenoid compound structurally 
similar to beta-carotene, is an intermediate metabolite in synthesizing cholesterol. In 
humans, about 60 percent of dietary squalene is absorbed. Lipophylic antioxidant is 
rich in genmai [36].

boiled rice 
100 g

unit Brown 
rice

White 
Indica 

rice

White 
Japonica

White 
no 

amylose

Red 
rice*

Black 
rice*

Biotin μg 2.5 0.5 0.5 (0.5) 2.8 2.7

Vitamin C mg (0) (0) (0) (0) — —

NaCl eq. mg 0 0 0 0 0 0

*Polyphenol 0.2 g.
**DF by AOAO2011.25 method.
Insoluble dietary fiber is rich in brown rice, especially red and black rice. Red and black rice contain about 0.2 g of 
polyphenol, so the taste is not good. No amylose rice is used for “mochi” (sticky rice cake).

Table 1. 
Nutrients in 100 g boiled rice.
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2.3.2 Water-soluble ingredients

Inositol and phytic acid are water-soluble ingredients like GABA [37–39]. 
Magnesium, calcium, and other trace elements are also present in this fraction. 
In 2008, Maeba et al. [40] gave inositol orally to obese people for two weeks and 
observed improvement in waist circumference, high-sensitivity CRP, and fasting 
blood glucose level. He suggested plasmalogen was a key factor mediating the ben-
eficial effect of inositol on metabolic syndrome. Myoinositol is a ring-shaped polyal-
cohol and element of the vitamin B complex. Taking large amounts of inositol (more 
than 10 g daily) could improve panic syndrome [41]. Phytic acid is phosphatized 
inositol and has a solid chelating and pH adjustment effect.

2.3.3 Healthy feeling and rice eating

Large-germ brown rice and pre-germinated brown rice contain functional 
ingredients to prevent dementia. Large germ rice and pre-germinated brown rice 
contain a high amount of GABA. GABA and γ-oryzanol are involved in the metabo-
lism of hypothalamic catecholamines. γ-Oryzanol is known to have anti-stress 
effects, to palliate menopausal disorders and dysautonomia. The curative effect of 
Alzheimer’s disease and amelioration in muscular fatigue is also present. GABA 
and γ-oryzanol have many activities, but the main hope is to improve cognitive 
function [42, 43].

The effect of ferulic acid mixed with Angelic archangelica extract on cognitive 
functions and behavioral and psychological symptoms of dementia has been exam-
ined by Kimura et al. [44], and many symptoms were shown to improve.

Pregnant women often become unstable in their mood. In an intervention study, 
pregnant women were randomized to take germinated rice or white rice for 14 days. 
They carried out a psychological test profile of mood states (POMS) before and after 
the study and employed salivary amylase as a stress marker.

Other components of rice bran, like steryl glucosides, were found to be effective 
for coping with stress. So, medical rice for mental health is at least defined to contain 
high GABA and γ-Oryzanol or ferulic acid.

Otsubo et al. [7] adopted the blend of super-hard genmai, wax-free genmai, and 
ordinary genmai at the rate of 4:4:2, adding 2.5% bran and 0.3% rice oil for the taste. 
This boiled rice is rich in dietary fiber, anthocyanin, and free ferulic acid and shows 
β-secretase inhibitory activity. A randomized study on 24 subjects for 12 weeks 
exhibited significant improvement in language memory by cognitive test.

3. Rice eating, gut microbiota, and short chain fatty acids

3.1 Rice eating and intestinal microbiota

Our study in Japan and community-wide analyses of the gut microbiota in Ireland 
showed that the intestinal microbiota varied by their dietary habits and living con-
ditions [45, 46]. Intestinal microbiota change very rapidly in cases of fasting and 
Ayurveda (Virechana and Basti) [47, 48].

Numerous human studies, however, consistently demonstrated that gut micro-
biota could modulate host health [49, 50]. We focused on the people who had eaten 
brown rice in 2016 and 2017 (GENKI study I). We found that genmai eaters keep a 
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healthy body weight (BMI 22.5) and have a good bowel movement. They preferred 
plant-based Japanese foods, avoiding meat and dairy products [26]. They disliked the 
oily and spicy taste and selected new, organic, with no additives, without genetically 
modified foodstuff, or domestic production. One hundred nine of them (male: 18; 
50.1 ± 15.1 years old, female: 91, 55.8 ± 13.8 years old) agreed to examine the fecal 
bacteria [45].

Common bacterial profiles at phylum level were Fermicutes 44.3 Bacteroides 
20.7 ± ±9.9%, 8.8%, Actinobacteria 8.3 ± 6.3%, Proteobacteria 1.7 ± 2.7%, and 
Verrucobacteria 1.2 ± 4.2% (max 39.4%). It represented only a minute fraction of 
gut microbiota, but they showed a characteristic pattern of rice eaters. The number 
of genera more than 1.0% was 15, more than 0.01%, and max more than 1.0% was 
57 among 214 genera. The more than 80% prevalence of microbiota among partici-
pants was 31 (Figure 1). Common bacteria more than 1% profile were Bacteroides 
(12.7%), Blautia (8.3%), Faecalibacterium (7.9%), Bifidobacterium (6.3%), 
Prevotella (5.3%), Eubacterium (4.9%), Ruminococcus (3.8%), Fusicatenibacter 
(2.6%), Collinsella (1.9%), Streptococcus (2.4%), Subdoligranulum (2.1%), 
Anaerostipes (1.7%), Akkermansia (1.2%), and Roseburia (1.7%). Individual 
variety was large, and we had to be careful about analyzing the network among the 
microbiota.

Correlation among these bacteria showed that Firmicutes negatively correlated 
with all other phyla. Although Lachnoclocstridium Lactobacillus, Interstinibacter, 
Enterococcus, Mitsuokella, Tyzzerella, and Erysipelatoclostrium in Firmicutes phylum, 
and Alistipes and Odoribacter in Bacteroides phylum showed a significant correlation. 
Ruminococcus, Fusicaternibacter, and Anaerostipes negatively correlated with the above 
genera. Bifidobacterium only showed a positive correlation with Fusobacterium.

Bacterial communication for growth should be further analyzed in the future 
[46–48].

3.2 Short chain fatty acids and gut environment (immunity)

Intestinal microbiota produces short chain fatty acids, such as acetate, propionate, 
butyrate, valeric, and caproate [49–52].

Genmai diets contain high levels of nondigestible dietary fiber, passing through 
the small intestine and leading to bacterial fermentation in the colon. The mildly 
acidic condition in the proximal colon fits butyrate production [50]. From the recent 
intestinal bacterial research, short chain fatty acid, especially butyrate-producing 
bacteria, is a focus of studies. Butyrate becomes an energy source for the colonic 
epithelial cells, maintains the gut barrier functions, and develops immune regulation 
and anti-inflammatory properties [52].

Butyrate was produced not only from dietary fiber but also from lactate, encom-
passing A. caccae, A. butyraticus, A. hadrus, and E. hallii. Furthermore, bacteria 
related to Eubacterium hallii and Anaerostipes caccae convert acetate and lactate into 
butyrate.

We had done the intervention study with a brown rice lunch five times/week 
as a business lunch for 12 weeks [51]. The results suggested that brown rice-eating 
induced stable innate immunity by short-chain fatty acids (SCFA), which stimulated 
the proliferation of regulatory T cells [52–54]. In that study, brown rice genmai omu-
subi (rice cake) was provided. We measured IL-6, CRP, and TNFα, as inflammatory 
markers for correlation analysis with microbiota changes.
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After three months of eating brown rice lunch, the body weight decreased in 
about half of the participants, and bowel movements and stool status improved sig-
nificantly [51]. Brown (genmai) rice favored a gut microbiota with highly prevalent 
Firmicutes and a low prevalence of Fusobacterium. Significant microbiotic change 
was an increase in Actinobacteria and a decrease in Proteobacteria. Blautia wexlerae, 
Collinsella aerofacience, and E. hallii significantly increased at the species level.

Kenya Honda [53] found 11 rare, low-frequent human microbiome compositions 
suggesting potential biotherapeutics. Brown rice eaters have most of these, and the 
difference between brown and white rice eaters by microbiota profile was in high 
butyrate production. The upper tertial of genmai eaters tended to show low IL-6 and 
CRP, while TNFα was high. Butyrate binds the GRP109 receptor of the epithelial sur-
face, which signal is transferred to the submucosal layer and stimulates the prolifera-
tion and maturation of regulatory T cells [54–56].

We recognized the importance of dendritic cells as the first playmaker because 
they were tissue-fixed cells and kept intimate communication with T cells [57]. We 
studied the maturation and distribution of dendritic cells in the human fetus. They 
first appeared in the thymus of a two-month-old human fetus and then spread to the 
peripheral lymphoid tissues with T lymphocytes. This movement was independent of 
the monocyte–macrophage lineage.

Dendritic cells and macrophages processed viral antigens to T4, and T8 lympho-
cytes, which secreted cytokines and chemokines to cause tissue inflammation. If 
the secreted cytokines were overshooting [58, 59], any suppressive mechanisms to 
stabilize immune reaction should be present to avoid severe progression.

Figure 1. 
Prevalence and maximal frequency (%) of bacterial profile among rice eaters. All people have Bacteroides, 
Faecalibacterium, Eubacterium, Streptococcus, Roseburia, Fusicatenibacter. More than one-third of rice eaters 
have the common 41 bacteria. Honda’s [53] eleven microbiota for adaptive immune reaction are Parabacterium 
distasonis, Parabacterium gordonii, Alistipes senegalensis, Parabacteroides johnsonii, Parabacteroides 
xylaniphila, Bacteroides dorei, Bacteroides uniformis JCM5823, Eubacterium limosum, Rumonococcaceae 
bacterium cv2, Phascolarctobacterium faecium, and Fusobacterium ulcerans. Most people in our study have these 
bacteria. About 70% of people have Akkermancia [middle]. x shows max occupancy among people. 
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4. Processed rice with Japanese agriculture standard (JAS)

4.1 Need of dietary therapy

Kaibara Ekiken (1630–1714) and Ishizuka Sagen’s (1851–1909) dietary regi-
men is the traditional backbone of the Japanese well-being practice. The oriental 
worldview is more modest and emphasizes sustainability as much as possible. The 
traditional regimens influence oriental medicine, which promotes dietary therapy for 
chronic diseases. Integrative nutriology and medicine are grounded in this cultural 
background.

The longevity of the Japanese provides historical evidence of the above regimens. 
The Cabinet Office certifies foods for sick people and functional foods in Japan. The 
Ministry of Agriculture, Forestry, and Fisheries has decided on JAS (Japan Agriculture 
Standard) and is trying to expand it internationally.

A good example of the necessity of dietary therapy is chronic kidney disease 
(CKD).

The number of CKD patients is increasing worldwide [60]. The low protein diet 
was a traditional treatment to decrease proteinuria [61–64], and it was the only 
method until the 1960s’ when invented hemodialysis. Since the 1980s, the devel-
opment of antihypertensive, antidiabetic, diuretics, and recent SGL-2 inhibitors 
discarded the usefulness of low protein diet therapy. Even though, these therapies 
have not decreased the number of end-stage renal disease (ESRD) [65]. Rigorous 
multidrug treatment in the FROM-J and Doit3 studies in Japan did not show a sig-
nificant reduction in a complication of CKD in diabetic patients [66, 67]. Recently, 
the negative spiral of the gut-kidney axis has been found behind CKD [68]. Uremic 
dysbiosis is associated with endotoxemia and chronic inflammation, disrupting the 
intestinal barrier and depletion of beneficial bacteria producing short-chain fatty 
acids. So, it is impossible to halt CKD progression without controlling uremic dysbio-
sis and leaky gut.

4.2 Low protein fermented genmai (Manufacturing Process Control JAS for LPFG)

We succeeded in deleting the rice protein from the brown rice bran by a particular 
combination of enzyme solution and Lactobacillus plantaris [9, 68, 69]. In addition 
to the remaining carbohydrate (energy source), low protein, low potassium, low 
phosphate character of low-protein rice, presence of dietary fiber, γ-oryzanol, and 
antioxidant activity were the characteristic biomarkers of brown rice.

The combination of four steps was the optimal process to produce LPFG [9, 68]. In 
Lactobacillus fermentation, the ability to produce lactic acid was high, and the pH was 
rapidly reduced in the early fermentation stage, resulting in an acidic environment. In 
the optimum pH range, protease activity increased, proteolysis was promoted, and a 
sharply decreased pH suppressed the growth of other bacteria.

This processed or fermented low protein genmai (LPFG) is approved for the prod-
uct and process JAS (Japan Agriculture Standard) from the Ministry of Agriculture, 
Fisheries, and Forestry. These improved the negative spiral of the gut-kidney axis 
caused by uremic dysbiosis and leaky gut.

Dietary therapy for CKD patients must simultaneously control energy source 
intake and protein restriction. We asked the patients to replace their staple foods with 
an LPFG package without severely restricting protein from side dishes. A preliminary 
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intervention study of 3 months of LPFG improved constipation by increasing B. wex-
lerae, Bifidobacteria, acetic acid, and decreasing harmful bacteria. As expected, the 
protein intake decreased from 60 g to 50 g daily. If 60 kg man eat 48 g protein (0.8 g/
kg body weight), 10 g decrease becomes 38 g (0.62 g/kg). If a 50 kg woman takes 40 g 
protein, 10 g decreased intake becomes 30 g (0.6 g/kg). So, people can easily practice 
a low protein diet to decrease protein intake.

There are several RCTs about the low protein diet, but the results are still debat-
able [65, 69, 70] . The programmed protein intake often became over at the end of 
the study, and the difference between control became small. Or total energy intake 
often becomes insufficient by reducing the diet. So, we would say that almost all RCTs 
failed due to difficulty keeping the programmed amount of protein and energy source 
intake throughout the study period.

Individual difference is more significant if we consider the gut-kidney axis and 
other intrabody metabolic networks. Taste preferences and receptivity to dietary 
advice are also influenced by personality [71].

As RCTs could not be performed successfully, the basis of the guideline is unstable 
in CKD. We would start the LPFG intervention study on CKD patients through the 
pro- and post-comparison study. Diet is essential for patients with renal insufficiency, 
but compliance is not easy. However, a diet that only substitutes white rice for the 
LPFG package and has no strict limitations for side dishes is easy to maintain good 
adherence to protein control.

Comparing pre-and post-assessment is a more straightforward and practical 
method under the solution-oriented strategy. Diet therapy is the key to success 
through the patient’s self-reliant will and is suitable for efforts involving patients. 
CKD’s silent nature, with its unpredictable symptoms, is a significant barrier to moti-
vating patients’ behavioral changes and therapeutic decision-making by healthcare 
providers [72–74].

4.3 Celiac disease and low gluterin rice

Celiac disease is a long-term autoimmune disorder that primarily affects the small 
intestine [75–77]. Classic symptoms include gastrointestinal problems such as chronic 
diarrhea, abdominal distention, malabsorption, loss of appetite, and failure to grow 
in normal children [78]. Non-classic symptoms are common in children older than 
two years [79]. There may be mild or absent gastrointestinal symptoms involving any 
part of the body or no apparent symptoms. A reaction to gluten causes coeliac disease, 
a group of various proteins found in wheat. Upon exposure to gluten, several different 
autoantibodies are made, which affect several organs [80, 81]. In the small intestine, 
this causes an inflammatory reaction and may cause villous atrophy.

The only known effective treatment is a strict lifelong gluten-free diet, which 
improves symptoms and reduces the risk of complications in most people [78]. It 
is estimated that 80% of cases remain undiagnosed, usually because of minimal or 
absent gastrointestinal complaints and a lack of knowledge of symptoms and diag-
nostic criteria [80].

The term “gluten-free” is not mean “complete absence.” A recent systematic review 
concluded that consuming less than 10 mg of gluten daily is unlikely to cause histo-
logical abnormalities.

Regulation of the “gluten-free” label differs. The European Union issued rules in 
2009 limiting the use of “gluten-free” labels for food products to those with less than 
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20 mg/kg of gluten and “very low gluten” labels for those with less than 100 mg/
kg [82, 83]. The USFDA issued regulations in 2013 limiting the use of “gluten-free” 
labels for food products to those with less than 20 ppm of gluten [83]. The interna-
tional Codex Alimentarius standard allows for 20 ppm of gluten in so-called “gluten-
free” foods [84].

In October 2020, the Ministry of Agriculture, Forestry, and Fisheries announced 
that the product’s gluten content should be one ppm or less by identifying where glu-
ten may be mixed in the rice flour manufacturing process and preventing gluten from 
being mixed. The “Manufacturing Process Control JAS for Non-Gluten Rice Flour 
(JAS0014)” standard started for managing the manufacturing process. Regarding the 
JAS, since June 2021, the Japan Agricultural Standards Certification Alliance, which is 
a registered certification body, has just started certification.

Promoting the spread of Japanese gluten-free rice flour would help many patients 
in Europe and the USA.

5. Conclusion

Genmai eaters in the macrobiotic groups are usually calm and peaceful. Many 
functional ingredients are related to keeping healthy and preventing diseases, such as 
obesity, diabetes, hypertension, and impaired recognition. In addition to the health 
benefit, a recent study on the microbiota-gut-brain relationship is also a target for 
future research [74]. Diets focused on certain rice types influenced the bacterial 
profile and production of short-chain fatty acids. These affect the innate immunity 
and control immune response after that [85].

CKD is increasing worldwide, and recently it happened in an aging society and 
the diabetic complication and end-stage glomerulonephritis. A low-protein diet 
is the most effective intervention for the prevention of CKD. LPFG could provide 
enough energy with low protein, low potassium, and low phosphate, and brown 
rice’s health benefits by dietary fiber, γ-oryzanol, and antioxidant activity for 
CKD patients. LPFG could be available for patients with renal insufficiency at any 
stage, and it may be the first clear target of “medical rice.” Celiac disease, common 
in Europe and USA, can be controlled by a gluten-free rice powder. The gluten-
free powder with JAS certification can yield many foods that assure celiac disease 
prevention.

Although the shreds of evidence of dietary therapy for various diseases are 
still insufficient, the concept of “medical rice” could be widened in the future 
(Table 2).

Medical rice for chronic kidney disease (CKD) (protein<1/20),

Medical rice for wellbeing (enough nutrients and organic culture).

Medical rice for diabetes (glycemic index<55),

Medical rice for mental health (high GABA, γ-oryzanol, and/or ferulic acid).

Medical rice for cancer prevention (high antioxidant capacity).

Organic cultivation is necessary to avoid toxic substances from fertilizers and insecticides and it contributes to natural 
environment. Fair trade for farmers is also employed by the purchase of rice at more than 800 yen/kg.

Table 2. 
Candidate of medical rice.
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