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Foreword

The genomics era has given us major advances in our understanding of the rice
plant and its relationship with its biophysical environment. The time is right, then, 
to examine this understanding and speculate where and how we should proceed to
address the remaining problems. Yulin Jia and colleagues present an update on some
of the most serious problems that have affected rice production. Our understanding 
of bacterial blight, blast, and sheath blight has led to significant advances in their
management and control. However, much postgenomic work remains to be done.

Because rice production has become more intensive and management options more
sophisticated, new challenging disease problems are emerging. The treatment of
false smut and bacterial panicle blight will be important resources for all working 
in rice improvement and management. Both of these diseases have long been
considered to be minor, almost nuisance, problems in the field. Their emergence to
economic levels of importance is a mystery that must be solved. The potential for
the false smut to produce mycotoxins adds urgency to the challenge.

There is a welcome inclusion of a range of abiotic challenges such as plant
nutrition and arsenic uptake. These are critical to the sustainability and safety of
rice production. Placing these in the context of climate change is very important
for readers because society seeks to reduce the climate footprint of agriculture
worldwide. There are significant tradeoffs that will have to be confronted and this
volume should help inform those charged with making decisions.

There is an interesting addition to the disease and management emphasis in the
book: the treatment of the nutritional value of rice. There is little doubt that as
consumers become more sophisticated, they will demand more nutritious rice. 
Likewise, rice with starch composition that yields lower glycemic index will be an
important future focus for rice breeders. And food processors will require different
starch characteristics as they increase the use of rice in processed foods.

The book’s orientation is toward important challenges facing rice production in
the United States. There is very good treatment of a number of specific breeding 
challenges around hybrid rice and indeed unique opportunities offered with hybrid 
rice breeding. Nonetheless, the authors address a number of areas that are of broad 
interest to the global rice community. This work is ambitious and is an important
resource for students and all those engaged in the production side of the rice sector.

Robert S. Zeigler
Director General Emeritus,

International Rice Research Institute
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Preface

Rice (Oryza sativa) feeds more than 3.5 billion people on planet Earth, but more
rice will be needed to meet the demand of population growth. Rice requires more
water compared to other crops, as noted in the translation for the Chinese name
for rice, “Water Grain.” Today, rice has been grown in a wide range of areas from
rainfed low- and uplands to irrigated areas and in many areas where other crops
would fail. As the standard of living increases, more people are moving to cities and 
more rice fields are being replaced due to urban development. Rice production has
been subjected to an increasing amount of constraints, including shortages of arable
land, labor, water, and biotic and abiotic stressors. Consequentially, the supply
of water is decreasing drastically: more wetlands will disappear, and more water
will be contaminated, resulting in an increased concern for sustainability and the
environmental consequences of rice production.

Rice was the first crop whose genome sequence was reliably determined and for
whom tremendous resources composed of worldwide rice germplasm collections
was assembled. Many mapping populations, genetic stocks, mutants and wild rice
relatives, and high-density genetic and expression maps for rice have also been
accumulated rapidly. Many of the global research accomplishments during the early
21st century have built the fundamental basis of rice grain protection through an
improved understanding of genetics, genomics, and host–pathogen interactions.

In this book, a wide range of topics is included such as rice germplasm collec-
tion, methods to increase yield, nutritional benefits, rice response mechanisms to
increasingly virulent pathogens, functional genomics, and host–pathogen interac-
tions. This book is composed of 12 chapters from scientists around the globe and 
it is hoped that it will spread their ideas for and successes with safeguarding rice
crops to ensure sufficient food supplies that meet human needs on Earth for years to
come.

I hope that the knowledge from this book will benefit rice specialists, farmers, and 
students who are interested in molecular genetics, biology, pathology, and crop
protection. This book could not have been prepared without the help of many
scientists and specialists who generously contributed their time and expertise in
writing and production. All authors of this book are appreciated for their extra
efforts to contribute their knowledge, skills, visions, and philosophies despite the
various imposing deadlines. Special appreciation is given to my daughter Mary S. Jia
who assisted me in editing and completing this book. The top-notch research that
has been conducted around the world is fragmented and unhelpful to students and 
other scientists who are seeking rice crop improvement. It is only through com-
prehensive reviews, such as this book, that the spread of such knowledge may be
accomplished to propagate the current techniques and theories that may, one day, 
facilitate world peace.

This book is dedicated to Professor Wenrong Liu (a plant pathology laboratory
instructor of Xichang Agricultural College, China), deceased on February 20, 1992, 
and Mr. Robert Spencer Edsall Jr. (a farmer, USA), deceased on May 10, 2019, who
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were Dr. Jia’s former mentors on plant pathology and farming practice. Mr. Edsall 
was also one of the sponsors for Dr. Jia’s MS (1993) of the University of Florida 
through Edsall Groves Service Inc., Florida, USA, and for Communicating for 
Agricultural Exchange Program.

Yulin Jia
US Department of Agriculture,
Agricultural Research Service,

Dale Bumpers National Rice Research Center,
USA
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Chapter 1

Introductory Chapter: Protecting 
Rice Grains in the Post-Genomic 
Era: Are We There Yet?
Yulin Jia

1. Introduction

Rice (Oryza sativa L.) was domesticated roughly 10,000–14,000 years ago. 
Today, rice is the most widely grown food crop in approximately 113 countries, 
providing a major dietary caloric and protein supply (Figure 1).

Rice has been a staple food source for many cultures globally and is particu-
larly critical for developing countries where other food resources are limited. Rice 

Figure 1. 
Pictures showing rice plants grown in the USA, 2018. Blast-resistant rice breeding and differential lines grown 
in Crowley, Louisiana (a, b). Blast-resistant plants and two mapping populations with blast resistance genes 
grown in a greenhouse and a field, respectively, Stuttgart, Arkansas, USA (c, d). Pictures were taken from rice 
grown in experimental stations in the USA with an iPhone.
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grains feed more than 3.5 billion people [1]. Rice germinates under a wide range of 
temperatures, from 10 to 40°C, and requires about 3–6 months to mature. There 
are two primary methods of rice production: transplanting of rice seedlings from 
a nursery to paddy rice fields to ensure uniformity and weed control and sowing 
seeds in a rice field directly to conserve labor. Rice production was particularly 
enhanced during the green revolution through the deployment of high-yielding 
uniform rice varieties, especially semidwarf rice. However, the wide deployment 
of well-adapted uniform varieties consequently made rice more vulnerable to 
both biotic and abiotic stressors (Figure 2). Many major rice-growing countries 
today including China, India, Japan, Korea, Brazil, the USA, the Philippines, and 
Thailand have been experiencing old and new obstacles that inhibit the stable 
production of rice. As such, the question of whether the current methods of rice 
cultivation are sufficient, or whether we are there yet, or have plateaued, remains 
unanswered.

2. Major challenges and opportunities for rice grains

Major challenges and opportunities for rice grains are embedded during rice 
propagation, protection, postharvest pest management, processing, and market-
ing (Figure 2). First, rice diseases have had a major impact on the stability of rice 
production. For example, the famine in Bengal, India, in 1942 was mainly due to 
rice brown spot disease [2], and a rice blast epidemic in Korea caused a major food 
shortage in the 1970s [3]. The most common rice diseases are caused by fungal and 
bacterial pathogens. Fungal diseases include rice blast, sheath blight, false smut, 
rice brown spot, rice stackburn, leaf smut (Figure 3), and grain discoloration 
diseases include rice blast, bacterial panicle blight, false smut, and kernel smut 
(Figure 4).

Bacterial diseases include bacterial blight and bacterial panicle blight  
(Figure 4c). Insects are another type of stressor for rice production, whose impor-
tance varies with the country, location, and time. Rice water weevil (Lissorhoptrus 
oryzophilus), rice stink bug (Oebalus pugnax), fall armyworm (Spodoptera fru-
giperda), rice stalk borer (Chilo plejadellus), and grasshoppers (Orthoptera) are 
commonly found in the southern USA. For decades, the common remedy for pest 
management has been an increased application of pesticides and the alteration of 
cultural practices with limited use of natural genetic resistance. Most rice patho-
gens and insects adapt to their food sources through genetic changes, resulting 

Figure 2. 
Diagram showing the major challenges of rice protection.
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in more virulent races. Consequently, rice pests are becoming more resistant to 
pesticides and newly deployed resistance genes.

Rice thrives in a wide range of geographic and climatic regions, especially where 
many other crops would fail. As a semiaquatic crop, rice uniquely requires a lot 
of water as evident by its Chinese name, “water grain.” A lack of sufficient clean 
water is problematic for producing healthy and safe rice as the presence of water 
is particularly critical during the rice vegetative and reproductive growth stages. 
There are numerous reasons for the current limit in clean water supply for rice 
production: depletion of groundwater, increased water usage by human consump-
tion, and contamination due to improper disposal of industrial waste and pesticide 

Figure 3. 
Photographs showing examples of rice diseases on leaf, sheath, and grains. (a) Leaf blast caused by M. oryzae; 
(b) sheath blight caused by Rhizoctonia solani; (c) brown spot caused by Cochliobolus miyabeanus, called 
Helminthosporium leaf spot; (d) stackburn caused by Alternaria padwickii; (e) rice leaf smut caused by 
Entyloma oryzae; and (f) straighthead disorder. Pictures were taken from diseased plants under greenhouse 
and field conditions in Stuttgart, Arkansas, USA.



Protecting Rice Grains in the Post-Genomic Era

4

grains feed more than 3.5 billion people [1]. Rice germinates under a wide range of 
temperatures, from 10 to 40°C, and requires about 3–6 months to mature. There 
are two primary methods of rice production: transplanting of rice seedlings from 
a nursery to paddy rice fields to ensure uniformity and weed control and sowing 
seeds in a rice field directly to conserve labor. Rice production was particularly 
enhanced during the green revolution through the deployment of high-yielding 
uniform rice varieties, especially semidwarf rice. However, the wide deployment 
of well-adapted uniform varieties consequently made rice more vulnerable to 
both biotic and abiotic stressors (Figure 2). Many major rice-growing countries 
today including China, India, Japan, Korea, Brazil, the USA, the Philippines, and 
Thailand have been experiencing old and new obstacles that inhibit the stable 
production of rice. As such, the question of whether the current methods of rice 
cultivation are sufficient, or whether we are there yet, or have plateaued, remains 
unanswered.

2. Major challenges and opportunities for rice grains

Major challenges and opportunities for rice grains are embedded during rice 
propagation, protection, postharvest pest management, processing, and market-
ing (Figure 2). First, rice diseases have had a major impact on the stability of rice 
production. For example, the famine in Bengal, India, in 1942 was mainly due to 
rice brown spot disease [2], and a rice blast epidemic in Korea caused a major food 
shortage in the 1970s [3]. The most common rice diseases are caused by fungal and 
bacterial pathogens. Fungal diseases include rice blast, sheath blight, false smut, 
rice brown spot, rice stackburn, leaf smut (Figure 3), and grain discoloration 
diseases include rice blast, bacterial panicle blight, false smut, and kernel smut 
(Figure 4).

Bacterial diseases include bacterial blight and bacterial panicle blight  
(Figure 4c). Insects are another type of stressor for rice production, whose impor-
tance varies with the country, location, and time. Rice water weevil (Lissorhoptrus 
oryzophilus), rice stink bug (Oebalus pugnax), fall armyworm (Spodoptera fru-
giperda), rice stalk borer (Chilo plejadellus), and grasshoppers (Orthoptera) are 
commonly found in the southern USA. For decades, the common remedy for pest 
management has been an increased application of pesticides and the alteration of 
cultural practices with limited use of natural genetic resistance. Most rice patho-
gens and insects adapt to their food sources through genetic changes, resulting 

Figure 2. 
Diagram showing the major challenges of rice protection.

5

Introductory Chapter: Protecting Rice Grains in the Post-Genomic Era: Are We There Yet?
DOI: http://dx.doi.org/10.5772/intechopen.86390

in more virulent races. Consequently, rice pests are becoming more resistant to 
pesticides and newly deployed resistance genes.

Rice thrives in a wide range of geographic and climatic regions, especially where 
many other crops would fail. As a semiaquatic crop, rice uniquely requires a lot 
of water as evident by its Chinese name, “water grain.” A lack of sufficient clean 
water is problematic for producing healthy and safe rice as the presence of water 
is particularly critical during the rice vegetative and reproductive growth stages. 
There are numerous reasons for the current limit in clean water supply for rice 
production: depletion of groundwater, increased water usage by human consump-
tion, and contamination due to improper disposal of industrial waste and pesticide 

Figure 3. 
Photographs showing examples of rice diseases on leaf, sheath, and grains. (a) Leaf blast caused by M. oryzae; 
(b) sheath blight caused by Rhizoctonia solani; (c) brown spot caused by Cochliobolus miyabeanus, called 
Helminthosporium leaf spot; (d) stackburn caused by Alternaria padwickii; (e) rice leaf smut caused by 
Entyloma oryzae; and (f) straighthead disorder. Pictures were taken from diseased plants under greenhouse 
and field conditions in Stuttgart, Arkansas, USA.



Protecting Rice Grains in the Post-Genomic Era

6

contamination [4]. The abiotic stressors of rice include extreme temperatures during 
the seedling and reproductive stages; high concentrations of salt; soil heavy metals 
including cadmium (Cd), lead (Pb), and arsenic (As); and drought. Straighthead is 
the most common abiotic disorder in the USA (Figure 3f). However, the importance 
of abiotic stress varies with the region in which the rice is being grown.

It is evident that human life in the twenty-first century is much better than that 
of past centuries due to continued economic growth. As more people are being 
liberated from starvation, a demand for improved infrastructure to accommodate 
the incoming population has increased [5]. However, global urban land expansion 
often encroaches on croplands necessary for rice production. It was predicted that 
urban expansion will result in the loss of approximately 1.8–2.4% of croplands 
by 2030 [6]. Most of these land losses take place in the productive lands in top 

Figure 4. 
Examples of rice diseases under field and greenhouse conditions. (a) Rice blast disease showing leaf and kernel 
blast; (b) sheath blight disease showing symptoms on leaf and stems; (c) bacterial panicle blight disease in a 
field (3 days after detached leaves from five susceptible rice varieties were inoculated with B. glumae), top;  
(d) rice false smut disease with two 2× enlarged detached smut balls in the top; (e) rice false smut disease in a 
field showing the late stage of false smut balls; (f) rice kernel smut with two 3× enlarged smut kernels on the 
top (all pictures were based on predicted symptoms of rice in greenhouses and fields in Crowley, Louisiana,  
and Stuttgart, Arkansas, USA).
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rice-producing countries in Asia. As a result, the lost croplands were predicted to be 
responsible for 3–4% of worldwide crop production loss in 2000 [6].

Despite rice being a critical food crop for humanity, the monetary value of rice 
is extremely low. Farmers must grow rice in the interest of the continued survival of 
humanity, but increasing the crop value could cause an instability in food security 
and, as a result, society as well. Therefore, rice is not a competitive crop compared 
to many other nonessential agricultural products that generate higher income. Rice 
investment, as such, is among the lowest in many parts of the world. The current 
obvious challenge is developing methods of protecting rice grains despite its insuf-
ficient funding and resources. Today, the majority of rice is grown by small-scale 
farmers for local consumption [7]. The global market is less than 10% of total rice 
production with unique restrictions on the trade. Accordingly, the rice market is 
volatile and distorted [8]. Clearly, it is safe to conclude that human intervention is 
the most impacting factor that directly influences the outcomes of the interactions 
of rice with pests and with environmental conditions (Figure 5).

The mission of this book is not to solve the problems of yesterday but to solve 
those of today and tomorrow. It was estimated that rice yield must increase by 
more than 1.2% annually to meet the demand for food security as of 2005 [9]. The 
ability to sustainably grow rice is essential for the continued growth of the human 
population on the planet Earth. However, a shortage of labor will drive the adoption 
of direct seeding rather than transplanting and will impact the uniformity of space 
for each individual plant creating a microclimate conducive to disease epidemics. 
Additionally, water shortage will not only reduce the productive growth of rice 
plants but will also result in more crop losses caused by rice blast disease [10]. It 
is of utmost importance that each of us, everywhere, increases the efficiency of 
developing long-lasting resistance to stressors. In order to achieve this goal, a better 
understanding of the available scientific knowledge of rice host-pathogen interac-
tions and its optimal environment (climate and human resources, marketing and 
rice utilization) will be needed.

Rice was the first food crop whose genome sequence was determined [11–13]. 
Shortly after, high-resolution genetic maps, expression maps, databases, and 
bioinformatics tools for rice research were developed [14–17]. These genomic 
resources were used to develop a basic molecular toolbox for rice breeding and crop 

Figure 5. 
Graphic presentation of primary factors that impact the rice bowl. The human intervention of host-pathogen-
environment interactions is the key factor for securing the rice bowl. The Rice bowl at the center was taken with 
an iPhone.
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protection. Most recently, advances with next-generation DNA sequencing, coupled 
with rapidly developed bioinformatics tools, have paved a road for a deeper under-
standing of genetics and genomics of rice, pathogens, and host-pathogen interac-
tions under changing environmental conditions [18, 19] (Figure 6).

The majority of chapters in this book describe the current update on plant 
resources, genomics, and methods for crop protection and production. This book 
also includes the methods to improve the market value of rice and better cultural 
practices and rice processing to ensure profits and marketability of rice grains. 
These tools, resources, and knowledge are implemented interchangeably into the 
current efforts to produce rice sustainably (Figure 5).

3. Conclusion

The book presents the power of genetics, genomics, and modern cultural prac-
tices for the production of one of the most important food crops, rice. The strategies 
and knowledge extracted from various rice resources, discovered resistance genes, 
observed mechanisms of host-pathogen interactions, cultural practices of rice 
labor, and rice processing and utilization of rice grains and husk are highlighted. 
It is anticipated that the knowledge in this book will guide stable rice production, 
protection, processing, and marketing. This book may also be useful for students 
and specialists who are interested in plant pathology, genetics, molecular biology, 
physiology, agronomy, and biological engineering.
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Chapter 2

Genetics and Breeding System for 
Cytoplasmic and Genetic Male 
Sterility in Rice
Christian De Guzman and James Oard

Abstract

The initial discovery of cytoplasmic male sterile (CMS) three-line system made 
it possible to produce hybrids that significantly increase rice yields compared to 
its inbred counterparts. Further genetic and molecular studies help elucidate the 
mechanisms involved in CMS male sterility. Additional CMS types were also discov-
ered with similar genetic control from wild sources by interspecific hybridization. 
While the three-line system was a success, the two line system using photoperiod 
genetic male sterile (PGMS), thermosensitive genetic male sterile (TGMS) and pho-
toperiod and thermosensitive genetic male sterile (PTGMS) were becoming more 
popular due to the ease in breeding and with more hybrid combinations generated 
compared to the CMS types. Inheritance and molecular studies showed that the trait 
is controlled by one or more recessive genes depending on the genetic background 
and environmental conditions. Due to the sensitivity of the lines to temperature 
and/or photoperiod, unique breeding procedures were followed. Methods involved 
the use of growth chamber, timing of planting, and selection of suitable locations. 
These practices successfully maintained sterility for hybrid seed production or 
reversion to fertility for seed multiplication of parental male sterile lines.

Keywords: cytoplasmic male sterile (CMS), genetic male sterile, hybrid rice, 
photoperiod, thermosensitive

1. Introduction

The use of hybrid greatly increased rice production worldwide due to the 
improved yields, better tolerance to pest, diseases and environmental stress com-
pared to inbred varieties. The discovery of cytoplasmic male sterility was the major 
milestone to the development of hybrid rice [1]. Further discovery of two line male 
sterility made hybrid breeding more efficient and further increased the probability 
in finding the best performing hybrid combinations [2].

Two different male sterility systems are available for hybrid seed production 
(Figure 1). The first is a cytoplasmic male sterility (CMS) which is a three-line 
system that uses a male sterile line, a restorer line and a maintainer line. The male 
sterility is more stable albeit more complicated to breed and maintain [3]. The 
second is the two-line male sterility system that uses a genetic male sterile which is 
controlled by temperature, photoperiod or both. The use of this system is increas-
ing due to the ease in breeding, finding more heterotic combinations, and in seed 
multiplication of parental male sterile lines. However, hybrid seed production may 
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be catastrophic if there are severe changes in environmental conditions [4]. Both 
systems proved effective in hybrid rice production which increased yields by up 
to 20% therefore, increased farm profitability and has contributed significantly in 
addressing global food security.

Heterosis in hybrid rice minimize the impact of reduced yields brought by 
diseases compared to the inbred counterpart. However, due to narrow genetic 
diversity of the male sterile parent, they became vulnerable to pathogens and pests 
resulting to the loss of its yield potential [5]. This makes it difficult for growers to 
recover the high cost of seed and F1 production. It became apparent that discovering 
new sources of male sterility to increase genetic diversity and further introgression 
of resistance genes are necessary to secure the yield gain in hybrid rice [6].

This chapter focuses on the discovery of rice male sterility, genetics, mecha-
nisms and procedures in multiplication and handling of male sterile rice for hybrid 
rice breeding.

2. Cytoplasmic male sterile (CMS) rice lines

Development and cultivation of hybrid rice started in China with the initial 
work of rice breeder Yuan Longping. As early as 1964, Yuan Longping have tested 
different male sterile lines however, no stable sterility exists and the group started 
resorting to making distant hybridization by crossing wild rice with cultivated 
rice. In 1970, a wild-abortive type cytoplasmic male sterile rice CMS-WA were 
discovered which eventually leads to the release of the first hybrid rice in 1976. By 
1980’s, hybrid rice accounts to about 55% of the total rice planting area in China [7, 
8]. More CMS types were discovered that further expand the diversity in hybrid rice 
three-line system. These were developed by direct crossing or backcross breeding 
from two different species, subspecies or different cultivars [9]. The major type of 
CMS systems with their cytoplasm and nucleus sources are shown in Table 1.

Figure 1. 
Comparison of two-line and three-line hybrid rice breeding system. A: two line hybrid system; S—genetic male 
sterile, R—restorer/pollen fertile, F1—hybrid. B: three line hybrid system A—CMS line, B—maintainer line, 
R—restorer line with restorer gene, F1—hybrid.
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There were more than 60 types of CMS systems discovered in China alone but 
most of them may only be classified in three types CMS-BT (Boro II), CMS-WA 
(wild abortive), and CMS-HL (Honglian) [10, 11]. The three major types produces 
pollen that lack starch or are starch deficient while CMS-LD and CMS-CW produces 
morphologically normal pollen grains but were unable to fully germinate [12]. In 
CMS-WA, pollen abortion occur at a uninucleate stage primarily during microspore 
development [13]. The result is an irregularly shaped and lightly stained pollen 
when treated with 1% iodine potassium iodide solution (I2KI). The genotype of 
sporophytic tissues determines pollen abortion. In CMS-BT, pollen abortion occurs 
at trinucleate stage with pollen lightly stained due to deficiency of starch and 
spherical in shape rather than irregular [14]. In CMS-HL, pollen abortion appears at 
binucleate stage and the pollen is spherical in shape but without starch. Restoration 
to fertility in all CMS type except CMS-WA are all gametophytic therefore produc-
ing half of the pollen fertile in the F1 generation (Figure 2).

2.1 Genetics and mechanism of cytoplasmic male sterility (CMS)

Sterility in CMS is controlled by the interaction of genes in the cytoplasm and 
the nucleus. The sterility factor S is located in the mitochondrial DNA while the rf 
(restorer of fertility) allele is located in the nucleus. The plant is sterile (A line) if it 
carries both the S factor and the recessive allele rf. Maintainer line (B line) carries 
the rf allele but has a different cytoplasmic factor N which allows the plant to be 
fertile. The B-line has the ability to make the S line produce seeds after crossing but 
the progeny remains sterile thus useful for S line seed multiplication. Restorers (R 
line) is the diverse pollen fertile parent that carries the dominant Rf gene that when 
crossed to B line restores fertility in the F1 (Figure 3) [15].

CMS-BT genes were the first to be identified that has the mitochondrial open 
reading frame orf79 [16] and is co-transcribed with B-atp-orf79. Similarly, 
CMS-HL carries the mitochondrial atp6-orfH79 in which orfH79 and orf79 are 98% 
identical in DNA sequence [9]. In CMS-WA orf224, orf284 and orf288 were discov-
ered with one still unknown segment. Together they encode a 325-residue protein 
with three transmembrane segments that are believed to be responsible for CMS 
trait [17]. A B-atp-orf79 like structures were also found in CMS-LD that may be 
link to male sterility but in CMS-CW, no similar structures were identified, thus the 
specific cytoplasmic factor is still unknown [17].

A total of six restorer of fertility genes (Rf) in rice have been discovered. These are 
Rf1a, Rf1b, Rf2, Rf4, Rf5, and Rf17. These genes were classified as pentatricopeptide 
repeat (PPR) proteins which are RNA binding and act in post-transcriptional mRNA 
process in cell organelles [18]. Rf1a and Rf1b restores fertility in CMS-BT while in 
CMS-HL, 50% fertile pollen can be restored by either Rf5 or Rf6. If both present in 

MS type Male sterility source

Cytoplasm Nucleus

CMS-BT Chinsurah Boro II (indica) Liming (japonica)

CMS-HL Hong lian (Oryza rufipogon) Liantanzao (indica)

CMS-CW Chinese wild W1 (Oryza rufipogon) Reimei (japonica)

CMS-WA Wild abortive (Oryza rufipogon) Erjiunan (indica)

CMS-LD Burmese “Lead rice” (indica) Fujisaka 5 (japonica)

Table 1. 
Primary CMS male sterility systems utilized in hybrid rice production.
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be catastrophic if there are severe changes in environmental conditions [4]. Both 
systems proved effective in hybrid rice production which increased yields by up 
to 20% therefore, increased farm profitability and has contributed significantly in 
addressing global food security.

Heterosis in hybrid rice minimize the impact of reduced yields brought by 
diseases compared to the inbred counterpart. However, due to narrow genetic 
diversity of the male sterile parent, they became vulnerable to pathogens and pests 
resulting to the loss of its yield potential [5]. This makes it difficult for growers to 
recover the high cost of seed and F1 production. It became apparent that discovering 
new sources of male sterility to increase genetic diversity and further introgression 
of resistance genes are necessary to secure the yield gain in hybrid rice [6].

This chapter focuses on the discovery of rice male sterility, genetics, mecha-
nisms and procedures in multiplication and handling of male sterile rice for hybrid 
rice breeding.

2. Cytoplasmic male sterile (CMS) rice lines

Development and cultivation of hybrid rice started in China with the initial 
work of rice breeder Yuan Longping. As early as 1964, Yuan Longping have tested 
different male sterile lines however, no stable sterility exists and the group started 
resorting to making distant hybridization by crossing wild rice with cultivated 
rice. In 1970, a wild-abortive type cytoplasmic male sterile rice CMS-WA were 
discovered which eventually leads to the release of the first hybrid rice in 1976. By 
1980’s, hybrid rice accounts to about 55% of the total rice planting area in China [7, 
8]. More CMS types were discovered that further expand the diversity in hybrid rice 
three-line system. These were developed by direct crossing or backcross breeding 
from two different species, subspecies or different cultivars [9]. The major type of 
CMS systems with their cytoplasm and nucleus sources are shown in Table 1.

Figure 1. 
Comparison of two-line and three-line hybrid rice breeding system. A: two line hybrid system; S—genetic male 
sterile, R—restorer/pollen fertile, F1—hybrid. B: three line hybrid system A—CMS line, B—maintainer line, 
R—restorer line with restorer gene, F1—hybrid.
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CMS-HL, Rf5 and Rf6 restores 75% of fertile pollen in the F1. Further analysis by 
sequencing and cloning concluded that Rf1 is the same gene as Rf5 located in chromo-
some 10 [19]. Rf3 and Rf4 restores fertility in CMS-WA and are located in chromosome 
1 and 10 respectively with the latter recently cloned [20]. CMS-LD fertility can be 
restored by Rf1 or Rf2 while CMS-CW can only be restored by a single gene Rf17 [12].

2.2 Breeding and diversification of CMS sources

Diversification of both CMS maintainers and restorer lines are very important 
to guarantee the continued progress of finding the best hybrid combinations. 

Figure 2. 
A schematic presentation of the five well-studied rice CMS types. Abbreviations for cytoplasm sources are RWA 
for wild-abortive Oryza rufipogon, RRA for red-awned O. rufipogon, and RW1 for Chinese wild rice (O. 
rufipogon) accession W1; IBT and ILD for indica Boro-II type and Lead rice, respectively. Nucleus sources are 
either indica (I) or japonica (J) [7].

Figure 3. 
Schematic diagram of CMS three line system. Rfrf = nuclear gene homozygote recessive, RfRf = nuclear gene 
homozygote dominant, Rfrf = nuclear gene heterozygous, N = cytoplasmic factor (fertile), s = cytoplasmic 
factor (sterile).
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Extensive evaluation of lines and backcross breeding were employed to improve 
the lines and adapt to a particular environment [21]. Furthermore, new maintain-
ers and restorers were developed from the original donors. A new CMS source was 
discovered in Dongxiang wild rice by continuous backcrossing to the indica variety 
Zongzao 35 [10]. In another study, a new source was found from interspecific cross 
of an indica with an African rice (Oryza glaberrima Steud.) that showed similarity to 
the sporophytic type CMS-WA [22].

3. Discovery of genetic male sterile lines

Although the CMS three-line system greatly increased yields in hybrid rice, 
there are difficulties and limitations on its use. One of the difficulties is the need 
to simultaneously develop maintainer lines (B lines) by subsequent nucleus sub-
stitution of the original CMS line with the B lines through repeated backcrossing. 
Furthermore, there are also limited choices available for restorer lines (R lines) with 
only about 5% of the current existing lines can be used that carries the restorer gene 
[7]. The discovery of genetic male sterility or photoperiod and/or thermosensitive 
male sterile lines addresses these problems. These lines responds to photoperiod, 
temperature or a combination of both which cause the plant to be fertile or sterile 
depending on the critical daylength or temperature [23]. With the two-line system 
using genetic male sterile, there is no need to develop a maintainer line and any 
fertile line can be used as a restorer. This greatly reduce the time and resources in 
making hybrid combination and parental seed production. Moreover, it broadens 
the available choices of restorers that can generate more combinations which in turn 
increases the probability of finding the best hybrids [4].

Extensive studies suggest that genetic male sterile lines can be broadly classified 
into three categories; photoperiod genetic male sterile (PGMS), thermosensitive 
genetic male sterile (TGMS), and photoperiod and thermosensitive genetic male 
sterile (PTGMS) [15, 24, 25]. The first reported genetic male sterile came from 
spontaneous mutant in a japonica cultivar Nongken 58 discovered in Hubei China 
and were later called as Nongken 58S [2]. Further studies after its discovery revealed 
that the male sterility is regulated mainly by photoperiod and thus referred to as 
photoperiod genetic male sterile (PGMS). Nongken 58S showed complete pollen 
sterility when grown under long day conditions (>14 h), fertility was restored when 
subjected to <10 h of light under controlled environment [26].

A thermosensitive type of male sterility was discovered in a spontaneous mutant 
AnnongS-1 (Ans-1) in 1997. The pollen remained sterile at both long and short day 
when exposed to 33°C and reverts back to fertile when the temperature reached 
24°C [27]. Additional lines exhibiting thermosensitivity were also discovered in 
Zhu1S, Hengnong 1S and Guangzhang 63S where the fertility rates vary at different 
controlled temperatures regardless of daylength [28–30].

The third classification of genetic male sterility affects both photoperiod and 
temperature. Pei’ai 64S is a line derived from the original male sterile mutant 
Nongken 58S with genetic backgrounds such as indica and javanica [31]. A study 
conducted on the response of Pei’ai 64S and another line 8902S showed fertility 
under long daylength (>14.5 h) and low temperature (24°C) or short daylength 
(10 h) and high temperature (28°C) conditions, but were consistently sterile at long 
daylength (14 h) and high temperature conditions (28°C) [32].

3.1 Genetics of male sterility

Numerous genetic studies concluded that genetic male sterility can be controlled 
by single, two genes or multiple genes depending on the genetic background and 
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sterile (PTGMS) [15, 24, 25]. The first reported genetic male sterile came from 
spontaneous mutant in a japonica cultivar Nongken 58 discovered in Hubei China 
and were later called as Nongken 58S [2]. Further studies after its discovery revealed 
that the male sterility is regulated mainly by photoperiod and thus referred to as 
photoperiod genetic male sterile (PGMS). Nongken 58S showed complete pollen 
sterility when grown under long day conditions (>14 h), fertility was restored when 
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The third classification of genetic male sterility affects both photoperiod and 
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by single, two genes or multiple genes depending on the genetic background and 
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the environment. The original Nongken 58S when crossed to conventional indica 
and japonica lines produced F1’s that are all fertile [15]. The F2 reciprocal crosses to 
Nongken 58S concluded that that male sterility is controlled by a single recessive 
gene [33]. Further studies showed similar results when Nongken 58S (sterile) and 
Nongken 58 (fertile) were crossed showing a typical single gene recessive segregation 
in the F2 population under long day conditions [34, 35]. A single locus segregation of 
genetic male sterile lines was also reported in several TGMS lines under long day and 
high temperature field conditions [29, 30, 36, 37]. Previous research also discovered 
two gene recessive segregation when Nongken 58S was crossed to an indica variety. 
F2 segregation exhibited a ratio of 15 fertile: 1 sterile pollen fertility [2]. Several 
indica derived male sterile lines such as Pei’ai 64S displayed similar genetic ratios 
[31, 38, 39]. Additional studies detected segregation that followed either a bimodal 
or a continuous distribution in some populations of genetic male steriles [26, 40].

Studies conducted under US conditions on indica male sterile line 2008S origi-
nated from China showed that male sterility is controlled by two or three recessive 
genes depending on the location and year of planting (Figure 4). When planted in 

Figure 4. 
Male sterile line 2009S grown in the greenhouse (A) and in the field (C). 2008S male sterile line grown in the 
greenhouse (B) and in the field (D). Both lines exhibited 100% sterility when grown at H. Rouse Caffey Rice 
Research Station in Crowley, Louisiana USA under high temperature and long day conditions.
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Stuttgart Arkansas USA, 2008SxCL131 F2 population fit a three-gene model, while 
the same population planted in Crowley, Louisiana USA segregated in two-gene 
model during 2013. In 2014, the 2008S/Cypress population fit both 15:1 and 63:1 
ratios in Arkansas, whereas 2008S/CL131 only fit a 15:1 segregation ratio. In the 
same year at Crowley, Louisiana a single 15:1 ratio exhibited in 2008SxCypress, and 
only a three-gene model was found for 2008SxCL131 [4].

Another male sterile line 2009S currently used by the LSU Agcenter for their 
hybrid rice breeding program shows a single gene recessive inheritance (Figure 4). 
Field trials carried out in Crowley Louisiana over 2 years (2013–2014) in two F2 and 
four BC1F2 populations showed consistent results both in seed and pollen fertilities 
[25, 41]. A comparison of the pollen sterility frequency distribution is presented in 
Figure 5 for 2008S and 2009S F2 populations.

3.2 Candidate genes and mechanism of genetic male sterile rice

Several candidate genes were identified in controlling male sterility in 
PGMS lines. More recent studies using Nongken 58S discovered that the gene in 
LOC_Os12g36030 which was previously mapped as pms3 and is also allelic to p/
tms12-1 located on chromosome 12 regulates photoperiod genetic male sterility. 
The single nucleotide polymorphism (SNP) mutation located in non-coding region 
increased the methylation on the promoter which in turn reduced transcription of 
LOC_Os12g36030.The reduced transcription caused the pre-programmed cell death 
in developing anthers causing pollen sterility [42, 43].

A second study conducted in PTGMS line Pei’ai 64S revealed that the gene 
LOC_Os07g12130 previously mapped as pms1(t) encodes a protein containing 
Myb-like DNA binding domain that affect the transcription of a protein responsible 
for the photo-thermosensitive response. RT-PCR results showed that mRNA levels 
of LOC_Os07g12130 changes at different photoperiod and temperature conditions 
[31]. However, the gene is yet to be cloned and further study needs to be conducted. 
De Guzman [4] sequenced both locus in male sterile line 2008S and found both 
SNPs present. When QTLs were analyzed in two segregating populations using both 
single marker analysis and interval mapping, each locus and their interaction gives 
significant effects [25].

For lines exhibiting thermosensitivity, candidate genes associated with TGMS 
lines were mapped on chromosome 2. QTL mapping using bulk segregant analysis 
approach (BSA) identified the ptgms2-1 locus [30]. Further analysis showed 

Figure 5. 
Pollen sterility distribution of F2 plants in populations of 2008S/CL131 and 2009S/10HB020 male sterile lines 
planted in 2013 at H. Rouse Caffey Rice Research Station, Crowley LA USA.
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LOC_Os02g12290 encode a ribonuclease Z gene that when the SNP is present, it 
created a premature stop codon rendering the RNase ZS1 defective. The mechanism 
described that when the mutant male sterile is exposed under high temperature 
(28°C), it induced the accumulation of mRNA ribosomal protein UbL40 in micro-
spore mother cell that were not processed by the defective RNase ZS1 enzyme conse-
quently causing pollen degeneration. At lower temperatures (23°C), UBL40 mRNAs 
levels remained low allowing production of normal pollen. This mutation was 
reported in TGMS varieties Guangzhang 63S, Ans-1 and Zhu1S [28]. Zhang [44] 
discovered that the locus tms5, ptgms2-1 and tms9 were allelic and were all mapped 
to chromosome 2 that contains the similar ribonuclease Z gene. De Guzman [25] 
sequenced the locus LOC_Os02g12290 in line 2009S and discovered the same SNP 
present in TGMS lines. Inheritance studies on F2 and BC1F2 showed similar segrega-
tion ratios. SNP marker were developed using CEL1 nuclease to identify association 
of the marker to the trait and showed that the markers were able to predict 95–100% 
of male sterile lines in F2 and BC1F2 population [41].

3.3 Breeding and production of genetic male sterile rice

Since PTGMS and TGMS have different responses to temperature and photo-
period, methods in seed multiplication and breeding varies including selection of 
specific location and time of planting. On PTGMS lines, weak and strong photo-
periodic responses were reported [45]. In strong photoperiodic response such as in 
long daylength, the critical sterility inducing temperature (CST) is low (21°C) and 
at short daylength high (25–26°C).

For a PTGMS lines with weak photoperiodism, the (CST) is about 22°C under 
short daylength. In China, Chen [45] suggested that seed production of this type 
should be bred during autumn in Guangdong and Guangxi, and in winter in Hainan 
province. Cold water irrigation treatment has been used extensively in lines with 
both weak and strong photoperiod. This solved the problem of low yields in multi-
plication of PTGMS lines such as Pei’-ai 64 s with low CST [46].

For TGMS lines, there is no weak or strong photoperiodism, thus timing and 
selection of location is important for seed production of male steriles and hybrids. 
On most TGMS lines, the ideal CST is about 22.5°C. Seed production are also treated 
with continuous cold water irrigation to increase seed yield during the winter [46].

In the US, RiceTec of Alvin Texas successfully used both ptgms and tgms lines 
however, seed production locations are unknown and specific methods of seed 
multiplications of male sterile lines are undisclosed.

In Louisiana USA, the LSU AgCenter initiated the hybrid rice breeding program 
in 2009 using ptgms and cytoplasmic male sterile lines obtained via a Material 
Transfer Agreement with the Guangxi Academy of Agricultural Sciences, Nanning, 
China. Test crosses made from these lines showed equal or superior grain and head 
rice yield compared to the current RiceTec commercial varieties. However, high 
chalk, lodging, and late maturities were observed that warrant the development 
of male sterile with improved agronomic traits and are suitable to the southern 
US conditions [47]. The breeding cycle starts with crosses of adapted lines to male 
sterile lines to produce F1’s. Seeds from hybrids then harvested and spaced planted. 
Single plant selections of male sterile lines were performed by looking at sterile pol-
len stained with 1% I2KI under the microscope during early heading. Plants suitable 
for generation advance were selected with the following characteristics: 98–100% 
pollen sterile, 60–80 cm in height, short flag leaf, intermediate tillering and with 
compact growth habit. Selected plants were uprooted, placed in one gallon pots and 
transferred in the greenhouse. The plants were ratooned by cutting ~9–10 cm from 
the soil line. The ratoons are allowed to grow up to early booting stage where the 
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majority of the shoots have the measurement distance of about of 1–3 cm between 
the flag leaf collar to the leaf node or at about the early booting stage (meiotic 
division of pollen mother cell). Plants are then subsequently treated in a growth 
chamber with temperatures 22°C during the night and 28°C during the day at 11 h 
daylength for 10 d. After treatment, plants are then transferred to the greenhouse 
for 30–35 days for the seed to mature (Figure 6). Seed multiplication were car-
ried out in Puerto Rico agricultural experiment station planted during October to 
November [48, 49].

4. Introgression of disease resistance in hybrid rice

Introgression of disease resistance traits in hybrid rice becomes a necessity 
largely due to the narrow genetic diversity of both CMS and genetic male sterile 
sources. A study showed leading hybrids from China that was introduced in Africa 
were out yielded by inbred checks due to non-adaptability and susceptibility to 
diseases and pests [50]. There were also reported insect and disease incidence in 
China that are more frequent in hybrid rice than on inbred varieties [5]. Research 
institutes such as the International Rice Research Institute (IRRI) was aware of 
these issues and has continued to develop new CMS, maintainer, restorers and 
genetic male steriles in diverse background. Current improvement on hybrid rice 
focuses on incorporation of resistance gene identified from inbred and wild sources. 
For instance, blast resistance genes have been introgressed in maintainer, restorer 
and S lines through hybridization, backcross and marker assisted selection (MAS) 
[6]. In the early 2000, varieties with multiple bacterial panicle blight resistance 
were released in Indonesia and China. These varieties were developed using MAS 
and produced significant yield gain demonstrated in farmer’s field [51].

Figure 6. 
Methods of selection and production of male sterile lines in LSU Agcenter hybrid rice breeding program.
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both weak and strong photoperiod. This solved the problem of low yields in multi-
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On most TGMS lines, the ideal CST is about 22.5°C. Seed production are also treated 
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In the US, RiceTec of Alvin Texas successfully used both ptgms and tgms lines 
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China. Test crosses made from these lines showed equal or superior grain and head 
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chalk, lodging, and late maturities were observed that warrant the development 
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US conditions [47]. The breeding cycle starts with crosses of adapted lines to male 
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len stained with 1% I2KI under the microscope during early heading. Plants suitable 
for generation advance were selected with the following characteristics: 98–100% 
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majority of the shoots have the measurement distance of about of 1–3 cm between 
the flag leaf collar to the leaf node or at about the early booting stage (meiotic 
division of pollen mother cell). Plants are then subsequently treated in a growth 
chamber with temperatures 22°C during the night and 28°C during the day at 11 h 
daylength for 10 d. After treatment, plants are then transferred to the greenhouse 
for 30–35 days for the seed to mature (Figure 6). Seed multiplication were car-
ried out in Puerto Rico agricultural experiment station planted during October to 
November [48, 49].

4. Introgression of disease resistance in hybrid rice

Introgression of disease resistance traits in hybrid rice becomes a necessity 
largely due to the narrow genetic diversity of both CMS and genetic male sterile 
sources. A study showed leading hybrids from China that was introduced in Africa 
were out yielded by inbred checks due to non-adaptability and susceptibility to 
diseases and pests [50]. There were also reported insect and disease incidence in 
China that are more frequent in hybrid rice than on inbred varieties [5]. Research 
institutes such as the International Rice Research Institute (IRRI) was aware of 
these issues and has continued to develop new CMS, maintainer, restorers and 
genetic male steriles in diverse background. Current improvement on hybrid rice 
focuses on incorporation of resistance gene identified from inbred and wild sources. 
For instance, blast resistance genes have been introgressed in maintainer, restorer 
and S lines through hybridization, backcross and marker assisted selection (MAS) 
[6]. In the early 2000, varieties with multiple bacterial panicle blight resistance 
were released in Indonesia and China. These varieties were developed using MAS 
and produced significant yield gain demonstrated in farmer’s field [51].

Figure 6. 
Methods of selection and production of male sterile lines in LSU Agcenter hybrid rice breeding program.
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5. Future aspect

CMS and genetic male sterility revolutionize rice production due to its contribu-
tion to the development of hybrid rice. Elucidation of physiological and molecular 
mechanism leads to the establishment of the process involved in breeding male 
sterile and hybrids. The increase in yield and tolerance to biotic and abiotic stress 
are largely due to the effect of heterosis. However, the narrow genetic diversity pres-
ents a challenge as very few sources of male sterility are used. Improving parental 
lines by incorporation of genes with resistance to biotic and abiotic conditions are 
essential to secure the yield advantage of hybrids over inbreds. Different methods 
can be used to add genetic diversity to the hybrids. Mutation, MAS and interspecific 
hybridization are a proven approach to incorporate targeted traits as well as discov-
ering new genes from wild relatives. Genomic selection as well as gene editing will 
likely play a significant role in future improvement of rice hybrids.
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Chapter 3

The Utilization of Rice Blast 
Resistance Genes in Hybrid Rice 
Breeding in China
Junjie Xing, Huafeng Deng and Longping Yuan

Abstract

Hybrid rice has demonstrated promises of yield gain for over several decades 
since its conception and massive deployment in China. One of the common 
bottlenecks of hybrid rice is the availability of suitable breeding lines as parents 
to produce marketable rice grains. Due to limitation of genetic diversity of breed-
ing parent, hybrid rice is extremely vulnerable to rice blast disease caused by the 
fungal pathogen Magnaporthe oryzae. M. oryzae is a highly adaptive fungus that 
often gains new virulence to reduce crop resistance resulting in massive yield loss 
and crop failure. To secure yield gain of hybrid rice, identification and integration 
of diverse sources of resistance genes into hybrid rice are super critical. In this 
chapter, we will present strategies to identify, characterize, and stack effective 
blast resistance genes in hybrid rice breeding in China.

Keywords: rice blast, resistance gene, hybrid rice

1. Introduction

In China, the research on hybrid rice has gone on for more than 50 years. 
Professor Yuan first found the male sterility in 1964 and started hybrid rice research 
in China and, subsequently, creatively proposed the three-line, two-line, and one-
line breeding conception [1]. Three-line hybrid rice was defined as restorer line, 
cytoplasmic male sterile line, and maintainer line; two-line hybrid rice was defined 
as restorer line and photo-thermosensitive genic male sterile; one-line hybrid rice 
was defined to maintain the heterosis by diploid line through apomixes [2]. Until 
now, hybrid rice breed with three-line or two-line method has successfully been 
applied in rice production.

From 1975, hybrid rice has gone through fast-speed development. More than 
5000 varieties have been authorized by the government and planted for more than 
500 million hm2 in China and play important function for national food safety 
[3, 4]. Rice blast disease caused by Magnaporthe oryzae is popular and devastative 
on rice. The vulnerability of hybrid rice to rice blast brought huge yield damage. 
The utilization of resistant varieties was the most economical and environmental 
method to control the rice blast. Up to now, more than 90 resistance (R) genes 
have been identified, in which more than 20 genes are cloned [5]. Hence, rice lines 
containing major resistant genes have been widely used directly or indirectly as 
parents of hybrid rice. In this chapter, we will introduce the utilization of resistance 
genes in hybrid rice breeding.
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2. The utilization of rice blast resistance genes

2.1 Identification of the resistant rice parents

The resistance level of parents is directly related with the resistance performance 
of hybrid rice. The resistance evaluation for breeding lines is a very important 
prerequisite work for resistance breeding of hybrid rice. For traditional breed-
ers, field nursery or artificial inoculation with blast isolates in greenhouse was 
normally used for resistance identification. Amounts of rice lines with middle or 
high resistance have been identified in different provinces with diverse ecology. 
The detailed information was listed in Table 1. These identified rice materials 
provided rich selection as parents or resistant resource for hybrid rice breeding. 
As we know, genetic mechanism of rice blast resistance followed the gene for gene 
interaction. It was unclear about background and resistant genes in these materials, 
and the presence of one R gene masked another R gene; and also, the stationary 
field nursery only can stand for limited ecological districts. Hence, blast evaluation 
cannot identify any particular resistance gene, and it will lead to huge uncertainty 
in resistance of later generations in breeding. Phenotype identification cooperated 
with precise analysis of resistant genes will more effectively serve for hybrid rice 
resistance breeding.

2.2 Characterization and stack effective R genes in hybrid rice

Following the clone of resistant genes and the development of related functional 
molecular makers, marker screening has been widely applied on resistance identi-
fication and innovation of parents of hybrid rice. Up to now, molecular makers of 
blast resistance genes, Pi2, Pi9, Pi1, Pib, Pita, Pid2, Pikh, Pigm, and Pish, have been 
developed and used on detecting the related R genes [17–25]. In Jiangsu, a total of 
544 rice materials were assessed for blast resistance and resistance genes distribu-
tion by inoculation and marker screening; results showed that 968, Xiushui 134, 
Jia 58, Jindao 263, Huaidao 20, Yandao 10, and Gumei 4 contained the majority of 
resistance genes; and Pi5, Pita, Pi9, and Pib exhibited high resistance to six major 
blast races [14]. In South China, with functional marker of Pi1, Pik-p, Pikh, Pi2, Pi9, 

Province Resistance resource Reference

Sichuan IR99–35, Miyang 46, IR 1544, Tetep, Gumei 2, 6326, Suhui162, and Suhui 
527

[6, 7]

Heilongjiang Suijing 12, Mudanjiang 26, Longdun 105, Longjing 20, Longjing 31, 
Dongnong 415, Songjing 9, Longdao 12, Hejiang 23, and Wuyoudao 3

[8]

Guangdong Sanhuangzhan 2 Hao, Qingliuai 1 Hao, Jingxian 89, IR36, and 28 Zhan [9]

Hunan Xiangzao 143, Fengyuanyou 299, Jinyou 207, Liangyou 222, Quanfengyou 
610, Hanyou 983, Lvyinzhan, Bingyou C278, Yuenongsimiao, and 
Zhuoliangyou 249

[10, 11]

Hubei Zhenke, Jinlong 1, Fanyu 1, Ningwan 1, Sanqizao, Nanjing 15, Aiyinnuo, 
Jinzao 47, Yunjin 23, and Quanzhen 10

[12, 13]

Fujian Yixiangyou 673, Dyou 15, Gangyou 148, Guyou 527, Jiafuzan, and Teyou 
627

[14, 15]

Jiangsu Longjing 968, Xiushui 134, Jia 58, Jindao 263, Huaidao 20, Yandao 10, and 
Gumei 4

[16]

Table 1. 
Selected rice varieties with different resistant resources to blast in China.
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Piz-t, Pita, and Pii, 328 hybrid rice combinations were screened, in which Pita and 
Pii were found in high frequency, but Pi2 and Pi1 displayed highly effective resis-
tance contribution to local rice [26]. In Sichuan Province, with molecular markers 
closely linked to Pi-9, Pi-2, Pi-kh, and Pi-km, general rice parents of hybrid rice 
were analyzed and selected for the resistance resources [27]. The R gene screening 
make breeders directly utilize related resistance resources on purpose.

The hybridization, backcross, and marker-assisted selection (MAS) were the 
general method for the introduction of R genes into the restorer line, maintainer 
line, and sterile line of hybrid rice. MAS conduced to selectively breeding based 
on the genotype and accelerate the breeding course [28]. The procedure for MAS 
was shown in Figure 1. As we know, R genes, such as Pi9, Pi2, Pi1, and Pigm, have 
been reported to show relatively high resistance in different districts in China 
[29–31]. Hence, these R genes were often used for improvement of rice blast 

Figure 1. 
The breeding course with marker-assisted selection and backcross.

R genes used Variety improved Variety type Reference

Pi9 Yandao 6 Hao General cultivar [32]

Pi25 Xiangwanxian 13 General cultivar [33]

Pi1, Pi2 and Pi33 Jin 23B Maintainer line [34]

Pi1 and Pi2 Rongfeng B Maintainer line [35]

Pid(t), Pib and Pita G46B Maintainer line [36]

Pi9 R599 Maintainer line [37]

Pi9 R288 Maintainer line [38]

Pi9 Shuhui527, Minghui 86, and Minhui 3301 Restorer line [39]

Pigm(t) Chunhui 350 Restorer line [40]

Pi9 and Pi49 Chuang 5S Sterile line [41]

Pi25 Zhenda A Sterile line [42]

Pi47 and Pi48 C815S Sterile line [43]

Pi9 03S Sterile line [44]

Pi1 GD-8S Sterile line [45]

Pi1 and Pi2 Peiai64S Sterile line [46]

Table 2. 
The improved rice varieties of different types with MAS technique.
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resistance (Table 2). Recently, a new class resistance gene Ptr just cloned encoded 
an atypical protein and conferred broad-spectrum disease resistance and will pro-
vide diverse selection for resistance improvement [47]. To breeding rice cultivars 
with durable blast resistance, stacking several resistance genes still was the most 
effective method. To stack resistance gene purposefully, spectrum of each resis-
tance gene must be determined, and also, the identification of differential blast 
races/isolates that distinguished each resistance gene in different districts was 
critical for ensuring the effectiveness of resistance gene stacking [48].

3. Conclusions

With identification in the rice blast field nursery or functional marker detect-
ing of major R genes, the amount of blast resistance resources was identified and 
provides diverse selections for hybrid rice resistance breeding. However, the recent 
finding showed that Pita required Ptr to function revealed that part of single R gene 
may be not functional as we thought originally [47], and further function analysis 
of more R genes may be necessary.

For conventional rice breeding, all blast R genes must be stacked into breeding 
lines to be effective, whereas hybrid rice can stack blast R genes into two parents. 
For hybrid rice breeding, blast resistance was only a part of index, and other agro-
nomic traits also need to be considered. Lines of Chuang 5 S stacked Pi9 and Pi49 
have been found obvious differences on plant height, spike length, spike number 
and stigma exertion rate with the receptor, even though the blast resistance has 
improved [41]. Hence, blast resistance breeding for hybrid rice was a synthetic work 
that contained resistance innovation and excellent agronomic trait selection.

In this chapter, it introduced the progress on identification of resistance 
resources and the utilization of blast resistance genes. Traditional cross technique, 
combined with MAS, has been used to transfer different major R genes into par-
ent’s lines to improve the resistance of hybrid rice and achieved remarkable results. 
Following the improvement of blast resistance of the authorized varieties, it grate-
fully contributed to decrease the damage of rice blast disease and played important 
function on protection of rice production safety in China.
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Chapter 4

A Toolbox for Managing Blast and 
Sheath Blight Diseases of Rice in 
the United States of America
Yulin Jia, Melissa H. Jia, Xueyan Wang and Haijun Zhao

Abstract

Rice blast disease caused by the fungus Magnaporthe oryzae and rice sheath 
blight disease caused by the fungus Rhizoctonia solani are two major hurdles for 
stable rice production worldwide. Presently, fungicides are still needed to manage 
these two devastating fungal pathogens. After two decades of research efforts, a 
toolbox has been assembled with the following components: (1) insight into patho-
gen genomic identity and pathogen avirulence (AVR) genes that can be used to 
enhance plant breeding; (2) new mapping populations and germplasm and genetic 
stocks that can be used as starting materials to identify effective host resistance (R) 
genes; (3) user-friendly disease evaluation methods that can be used to accelerate 
the identification and utilization of R genes; (4) validated effective R genes that 
are readily available for improving genetic resistance; (5) host genetic markers that 
can be used to accelerate the development of new resistant germplasms/cultivars; 
and (6) an improved understanding of resistance mechanisms that can facilitate 
the engineering of resistance in commercial varieties. Appropriate employment of 
these tools in breeding and crop protection will reduce production costs and create 
an environmentally benign, sustainable rice production system.

Keywords: resource, resistance gene, avirulence gene, interaction, innate immunity

1. Introduction

In the twentieth century, researchers around the globe focused on studying 
plant pathogens to develop effective pesticides and cultural practices. Since the late 
twentieth century, this focus has shifted to identifying resistant resources, effective 
resistance (R) genes, and deploying them in precision agricultural systems. Rice 
has been grown in the United States for over 300 years and is concentrated in the 
Southern US, including the states of Arkansas, Mississippi, Missouri, Louisiana, 
Texas, and California. Among them, Arkansas is located in south-central USA at 
~35° N latitude, 92° W longitude and produces ~50% of the total rice production 
in the USA. The total annual acreage of rice in the USA is presently about 1.5 mil-
lion hectares, producing about 2% of the total world rice production. Rice is being 
consumed domestically and/or utilized as by-products. Recently, more rice is being 
consumed domestically, but the majority of rice produced in the USA is exported. 
As a result, the USA is one of the top exporting countries in the international mar-
ket. Rice production in the USA has evolved to a highly mechanized, flood intensive 
irrigated system with the use of airplanes, tractors, computers, lasers, fertilizers, 
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twentieth century, this focus has shifted to identifying resistant resources, effective 
resistance (R) genes, and deploying them in precision agricultural systems. Rice 
has been grown in the United States for over 300 years and is concentrated in the 
Southern US, including the states of Arkansas, Mississippi, Missouri, Louisiana, 
Texas, and California. Among them, Arkansas is located in south-central USA at 
~35° N latitude, 92° W longitude and produces ~50% of the total rice production 
in the USA. The total annual acreage of rice in the USA is presently about 1.5 mil-
lion hectares, producing about 2% of the total world rice production. Rice is being 
consumed domestically and/or utilized as by-products. Recently, more rice is being 
consumed domestically, but the majority of rice produced in the USA is exported. 
As a result, the USA is one of the top exporting countries in the international mar-
ket. Rice production in the USA has evolved to a highly mechanized, flood intensive 
irrigated system with the use of airplanes, tractors, computers, lasers, fertilizers, 
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Figure 1. 
Photographs showing symptoms of leaf and panicle blast and asexual spores of rice blast fungus. (A) Panicle 
damage caused by blast; (B) severe blast lesions on rice seedlings affecting rice seedling establishment; (C) blast 
lesions on a rice leaf after diseased leaf from a field was placed in a petri dish with a prewetted filter paper for 
24 h; and (D) four asexual spores of the rice blast fungus [9]. The pictures were taken either with an iPhone, 
with a dissecting microscope, or with a Nikon eclipse microscope.

and pesticides at its disposal. Yield per hectare is currently about 7.5 tons/hectare [1] 
and has been one of the top breeding priorities. Rice breeding programs in the USA 
are associated with private companies such as Rice Tech Inc., BASF, and major state 
university agriculture experiment stations, consisting of one or more rice breeders, 
pathologists, and other scientists. Additionally, the USDA Agriculture Research 
Service (ARS) has conducted research in Stuttgart, Arkansas, since 1931 [2]. Soon 
after the establishment of the USDA, ARS, Dale Bumpers National Rice Research 
Center (DB NRRC, 1998), the molecular plant pathology program has been per-
forming translational research to tackle the major constraints of rice production.

1.1 Rice blast disease

One of the major constraints for rice production in the USA is rice blast. 
Blast disease of rice is caused by the filamentous fungus Magnaporthe oryzae 
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(synonymous with Pyricularia oryzae) which belongs to the M. grisea species 
complex. The M. grisea species complex is known to infect a wide range of mono-
cots causing numerous diseases. However, infection of M. oryzae is highly specific 
to its host—rice (Oryza sativa) [3]. The infection of a M. oryzae isolate to an alterna-
tive species was only demonstrated under greenhouse conditions [4]. M. oryzae 
is a polycyclic pathogen that can reproduce 3–5 generations during a single crop 
season depending on geographic regions [5]. M. oryzae can survive in debris and 
seeds from previous crop seasons, and the fungi carrying debris and seeds are the 
primary sources of inoculum for blast epidemics [6–8]. Infection of M. oryzae starts 
with asexual conidia. The conidia germinate within a few hours after attachment 
and penetrate the host cells. Visible symptoms on rice leaves can be seen as early as 
5 days after initial contact. A single blast lesion can produce thousands of conidia 
within a week and these conidia can spread to another rice plant through air, dew/
water, and physical contact. Each conidium is capable of causing the loss of a single 
rice panicle (Figure 1).

1.2 Sheath blight disease

The soil-borne, necrotrophic Rhizoctonia solani species have a wide range of host 
plant species. The anastomosis group AG1-IA of R. solani infects rice and causes 
sheath blight disease. R. solani is a monocyclic fungus. The life cycle of R. solani 
begins with mycelia growth from sclerotia soon after attachment onto rice seed-
lings/plants. The mycelia then move upward along the sheaths and leaves of rice 
plants, ultimately resulting in damages on the sheaths, leaves, and grains. The life 
cycle ends with the formation of overwintering structures, sclerotia on the sheaths, 
leaves, seeds, and in soils [10] (Figure 2).

Figure 2. 
Photographs showing sheath blight disease on the sheaths, leaves, and grains (A and B) and young mycelia 
sheath blight fungus with 45 and 90° angles (C). Pictures were taken with an iPhone or with a Nikon eclipse 
microscope.
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(synonymous with Pyricularia oryzae) which belongs to the M. grisea species 
complex. The M. grisea species complex is known to infect a wide range of mono-
cots causing numerous diseases. However, infection of M. oryzae is highly specific 
to its host—rice (Oryza sativa) [3]. The infection of a M. oryzae isolate to an alterna-
tive species was only demonstrated under greenhouse conditions [4]. M. oryzae 
is a polycyclic pathogen that can reproduce 3–5 generations during a single crop 
season depending on geographic regions [5]. M. oryzae can survive in debris and 
seeds from previous crop seasons, and the fungi carrying debris and seeds are the 
primary sources of inoculum for blast epidemics [6–8]. Infection of M. oryzae starts 
with asexual conidia. The conidia germinate within a few hours after attachment 
and penetrate the host cells. Visible symptoms on rice leaves can be seen as early as 
5 days after initial contact. A single blast lesion can produce thousands of conidia 
within a week and these conidia can spread to another rice plant through air, dew/
water, and physical contact. Each conidium is capable of causing the loss of a single 
rice panicle (Figure 1).

1.2 Sheath blight disease

The soil-borne, necrotrophic Rhizoctonia solani species have a wide range of host 
plant species. The anastomosis group AG1-IA of R. solani infects rice and causes 
sheath blight disease. R. solani is a monocyclic fungus. The life cycle of R. solani 
begins with mycelia growth from sclerotia soon after attachment onto rice seed-
lings/plants. The mycelia then move upward along the sheaths and leaves of rice 
plants, ultimately resulting in damages on the sheaths, leaves, and grains. The life 
cycle ends with the formation of overwintering structures, sclerotia on the sheaths, 
leaves, seeds, and in soils [10] (Figure 2).

Figure 2. 
Photographs showing sheath blight disease on the sheaths, leaves, and grains (A and B) and young mycelia 
sheath blight fungus with 45 and 90° angles (C). Pictures were taken with an iPhone or with a Nikon eclipse 
microscope.
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1.3 The epidemics, climate, and damages

In the Southern US, rice blast disease can be found annually and occasionally 
results in significant crop damages. However, sheath blight disease occurs more 
often than blast disease partially due to high-density cultivation. An extended 
dew period and light are known to stimulate sporulation of M. oryzae. Light rain is 
known to keep plant surfaces wet and create near 100% relative humidity, helping 
the attachment and penetration of the conidia of M. oryzae. High humid condi-
tions also favor the growth, infection, and spread of R. solani to other leaves and 
other plants [10]. In California, there is no rain during the rice-growing season. As 
a result, significant yield loss due to blast has not been reported [11]. Sheath blight 
disease has not been reported in California either despite a phenotypically similar 
disease, the aggregate sheath spot of rice caused by Rhizoctonia oryzae-sativae [12], 
commonly occurring. Presently, substantial fungicides have been used to prevent 
crop losses of these fungal diseases in the USA.

2. Pathogen genomic identity and pathogen avirulence (AVR) genes

Knowledge of pathogen populations is important to identify effective R genes 
and develop long-lasting strategies to prevent crop loss due to diseases. DNA 
fingerprint based on MGR586, mitochondrial DNA Restriction Fragment Length 
Polymorphism (RFLP), mating type, vegetative compatibility, virulence, DNA 
sequencing, simple sequence repeat (SSR) markers, and avirulence (AVR) gene 
analyses have been interchangeably used to characterize M. oryzae populations 
[13–20]. The genetic identity of blast populations evaluated by SSR is not signifi-
cantly different among rice production areas in the Southern US. The identity, 
however, is significantly different over the past 6 decades [19], suggesting that the 
environmental dynamics overtime such as weather, deployed rice varieties, and soil 
fertility in these years may play important roles in shaping the genetic identity of 
blast fungi. The pathogenicity of blast races (isolates) has been routinely evaluated 
with the international rice differential system since 1960s [20]. The most commonly 
found blast races are IB1, IB17, IB49, and IC17 while IA1, IA37, IA65, IA69, IA113, 
IB21, IB25, IB37, IB41, IC1, IC9, IE1k, IG1, and IH1 are the least commonly found 
blast races in the Southern US, whereas in California, IG1 is the only predominant 
blast race [19]. Similar blast races to those in the Southern US were also found in the 
winter nursery for the Southern US rice breeders in Puerto Rico [21].

The fungi purified from sheath blight-like diseased samples were evaluated 
with DNA markers, anastomosis grouping, speed of in vitro growth, and infection 
assays with detached leaf and microchamber assays [22]. All sheath blight-causing 
agents in 102 rice samples were determined to be R. solani with a diagnostic DNA 
marker derived from a ribosomal DNA internal transcribed spacer. Anastomosis 
grouping tests were conducted in cooperation with Dr. Craig Rothrock’s lab 
(Department of Plant Pathology, University of Arkansas, Fayetteville, Arkansas, 
USA). A total of 13 testers, namely, (ID Al 1-4, AG-B1); (ID521, AG-9); (ID CI, 
AG-8); (ID1529, AG-7); (NTA3-1, AG-6); (ID ST6-1, AG-5); (ID AH-1, AG-4); 
(ID W14 L, AG-3); (ID RI-64, AG2-2); (ID F56 L, AG2-1); (ID M43, AG1-1C); (ID 
Cs-Ka, AG1-IA); and (ID SFBV-1, AG1-IB), from different hosts were used. All the 
102 isolates were determined to be IG1-IA. Three groups—fast growing (such as 
RR0321-4, RR0319-8, RR0101-1); intermediate growing (such as RR0305, RR0316-
1); and slow growing (such as RR0316-1, RR0140-1, RR0141-1)—were identified 
by measuring the growth of each isolate in a nutrient-supported petri dish. The 
speeds of growth were found to be closely correlated with the lengths of disease 
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lesions in the detached leaves of two rice varieties, suggesting that the fast-growing 
isolates were more virulent than those of slow-growing isolates [22]. These charac-
terized isolates have been used to identify genetic resistance and molecular studies 
ever since.

3.  Mapping populations and improved rice germplasm and genetic 
stocks

3.1 Mapping populations

Rice germplasms with different R resources is a prerequisite for developing 
improved rice varieties with R genes providing overlapped resistance to vari-
ous blast races (isolates). In the Southern US, tropical japonica rice varieties are 
mainly grown, whereas in the state of California, temperate japonica rice varieties 
are grown. Major resistant resources to M. oryzae in the Southern US are mainly 
from indica rice varieties such as Tetep, Te Qing, and Zhe733. Complete resistant 
resources to R. solani have not been identified; however, moderate resistance from 
rice germplasms such as Jasmine 85 has been identified. These resistant resources 
were used to develop mapping populations and adaptive germplasms through single 
seed descend and doubled haploid breeding strategies (Figure 3 and Table 1).

3.2 Improved rice germplasms and genetic stocks

Germplasms with improved resistance to both blast and sheath blight diseases 
are helpful for rice breeders to develop new rice cultivars [34]. Four rice germ-
plasms, LJRIL103 (PI 660982), LJRIL158 (PI 660983), LJRIL186 (PI 660984), and 
LJRIL220 (PI 660985), with resistance to both blast and sheath blight diseases were 

Figure 3. 
Photograph showing a view of the rice research plots of USDA ARS DBNRRC and the University of Arkansas 
Rice Research Center, Stuttgart, Arkansas, USA, 2016. Most rice resources and mapping populations were 
advanced in similar field plots. The picture was taken with a drone in 2016.
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other plants [10]. In California, there is no rain during the rice-growing season. As 
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commonly occurring. Presently, substantial fungicides have been used to prevent 
crop losses of these fungal diseases in the USA.
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The fungi purified from sheath blight-like diseased samples were evaluated 
with DNA markers, anastomosis grouping, speed of in vitro growth, and infection 
assays with detached leaf and microchamber assays [22]. All sheath blight-causing 
agents in 102 rice samples were determined to be R. solani with a diagnostic DNA 
marker derived from a ribosomal DNA internal transcribed spacer. Anastomosis 
grouping tests were conducted in cooperation with Dr. Craig Rothrock’s lab 
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RR0321-4, RR0319-8, RR0101-1); intermediate growing (such as RR0305, RR0316-
1); and slow growing (such as RR0316-1, RR0140-1, RR0141-1)—were identified 
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lesions in the detached leaves of two rice varieties, suggesting that the fast-growing 
isolates were more virulent than those of slow-growing isolates [22]. These charac-
terized isolates have been used to identify genetic resistance and molecular studies 
ever since.

3.  Mapping populations and improved rice germplasm and genetic 
stocks
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Rice germplasms with different R resources is a prerequisite for developing 
improved rice varieties with R genes providing overlapped resistance to vari-
ous blast races (isolates). In the Southern US, tropical japonica rice varieties are 
mainly grown, whereas in the state of California, temperate japonica rice varieties 
are grown. Major resistant resources to M. oryzae in the Southern US are mainly 
from indica rice varieties such as Tetep, Te Qing, and Zhe733. Complete resistant 
resources to R. solani have not been identified; however, moderate resistance from 
rice germplasms such as Jasmine 85 has been identified. These resistant resources 
were used to develop mapping populations and adaptive germplasms through single 
seed descend and doubled haploid breeding strategies (Figure 3 and Table 1).

3.2 Improved rice germplasms and genetic stocks

Germplasms with improved resistance to both blast and sheath blight diseases 
are helpful for rice breeders to develop new rice cultivars [34]. Four rice germ-
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LJRIL220 (PI 660985), with resistance to both blast and sheath blight diseases were 
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identified. They were identified from 800 progenies of a cross between US-adapted 
rice germplasm Lemont with Jasmine 85 [26]. These germplasms contain suitable 
agronomic traits in addition to the aromatic nature of LJRIL103, LJRIL158, and 
LJRIL186. Disease resistance and aromatic genes were tagged with DNA makers to 
ensure their incorporations.

Loss-of-function mutants can help identify the functionality of the corre-
sponding wild-type allele [35]. For example, lesion mimic mutants (LMMs) with 
a phenotype resembling hypersensitive cell death without pathogen attack are 
useful for studying the molecular basis of plant innate immunity. A rice LMM was 
identified from the rice cultivar Katy after treatment with fast neutrons [36]. The 
severe lesion mimic phenotype of LMM1 can be induced by blast pathogens and 
water-related stress, respectively (M.S. Jia and Y. Jia, unpublished data). LMM1 
has an enhanced resistance to both blast and sheath blight disease [36]. Genetic 
analysis suggests that a single recessive gene is responsible for the lesion mimic 
phenotype in LMM1. Further characterization of the underlying gene in LMM1 
will help elucidate the mechanisms of plant innate immunity and abiotic stress 
responses.

The abovementioned mapping populations, characterized rice germplasms 
and genetic stocks, are now being used to map and clone R genes to both rice 
blast and sheath blight disease and develop DNA markers for marker-assisted 
breeding [37].

4. User-friendly disease evaluation methods

In the Southern US, genetic resistance to M. oryzae was investigated by Drs. 
Atkins, Johnston, and Marchetti [20, 38, 39]. Analyses of disease reactions to 

Name of genetic 
sources

Plant 
identification

Key 
information

Number Year of 
release

Reference

C/M doubled haploid GSOR 
200001–200325

Sheath blight 
resistance

325 2006 [23]

Early/Katy mapping 
population

GSOR 
100361–100600

Blast resistance 240 2007 [24]

K/Z mapping 
population

GSOR100001–
100355

Molecular 
map/blast 
resistance

355 2007 [25]

SB5 mapping 
population

GSOR 
101601–102,174

Blast and 
sheath blight 

resistance

574 2009 [26]

Katy//M202 
backcrossing lines

GSOR 
102501–102544

Blast resistance 42 2012 [27]

Weedy red rice 
mapping population 1

GSOR 
303101–303287

Blast 187 2015 [28]

Weedy red rice 
mapping population 2

GSOR 
303301–303536

Blast and 
sheath blight 

resistance

236 2015 [28]

USDA core collection GSOR 
310001–311795

Blast resistance 1795 2015 [29–33]

Table 1. 
List of major genetic resources for blast and sheath blight resistance in the USA. Most of the rice germplasms are 
available at USDA-GSOR (www.ars.usda.gov/GSOR).
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Figure 4. 
Photographic presentation of the massive production of the sheath blight inoculant for field evaluation. Step 1: 
mixing A (corn chips) and B (rye) in a 2:1 weight ratio, adding water, and autoclaving twice. Step 2: growing 
mycelia in petri dishes containing PDA media until the appearance of white sclerotia (C). Step 3: mixing 
mycelia from C with a mixture of A and B from step 1, and incubating in a sterilized plastic or metal container 
for 3–5 days until the appearance of white sclerotia (D and E). Step 4: air drying mycelia and sclerotia in 
brown bags at 24°C with a fan (F). Step 5: grinding mycelia with a grinder (G) before inoculating plants 
under field conditions.

Figure 5. 
Photographic presentation of two controlled sheath blight evaluation methods. (1) Detached leaf method: 
mycelia grown on PDA media (A), and PDA plugs removed from a were placed onto detached leaves (6–12 cm 
in length) (B) at 24°C for 3 days. Symptoms of detached leaves from rice varieties jasmine 85 and M202 after 
inoculations with three R solani isolates versus the control PDA without pathogens (C and D). (2) Soft-drink 
bottle method: PDA plugs from A were placed onto the bottom of sheaths (E) and covered with 2-L soft-drink 
bottles (F) for 3–5 days until stable symptoms appeared. Length of lesions was measured for both methods as the 
severity of disease reactions.
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mixing A (corn chips) and B (rye) in a 2:1 weight ratio, adding water, and autoclaving twice. Step 2: growing 
mycelia in petri dishes containing PDA media until the appearance of white sclerotia (C). Step 3: mixing 
mycelia from C with a mixture of A and B from step 1, and incubating in a sterilized plastic or metal container 
for 3–5 days until the appearance of white sclerotia (D and E). Step 4: air drying mycelia and sclerotia in 
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Figure 5. 
Photographic presentation of two controlled sheath blight evaluation methods. (1) Detached leaf method: 
mycelia grown on PDA media (A), and PDA plugs removed from a were placed onto detached leaves (6–12 cm 
in length) (B) at 24°C for 3 days. Symptoms of detached leaves from rice varieties jasmine 85 and M202 after 
inoculations with three R solani isolates versus the control PDA without pathogens (C and D). (2) Soft-drink 
bottle method: PDA plugs from A were placed onto the bottom of sheaths (E) and covered with 2-L soft-drink 
bottles (F) for 3–5 days until stable symptoms appeared. Length of lesions was measured for both methods as the 
severity of disease reactions.
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M. oryzae have been performed under field conditions where complex biotic 
and abiotic factors impacting the inheritance of resistance were encountered 
resulting in inconsistencies of disease reactions. In 1999, Dr. Marchetti and his 

Figure 6. 
Parafilm method for sheath blight disease evaluation: a PDA containing mycelia (A) in a petri dish containing 
mycelia after 3 days of culturing at 30°C was removed and covered with parafilm and wrapped onto the second 
youngest leaf for 3–5 days (B) until stable symptoms appeared. A rating scale based on visual length and area of 
symptoms was assigned as indicated, with 0 representing immunity and 9 representing extreme susceptibility (C).
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colleagues demonstrated that disease reactions under an upland blast nursery 
were reliable to identify R genes among breeding lines [40]. Under greenhouse 
conditions, the phenotypes of rice to M. oryzae are categorized as 0–5 where 
0 represents complete immunity, 1 represents hypersensitive cell death show-
ing tiny brown spots, 2 represents infected lesions without mycelia, and, for 
susceptible reactions, 3–5 exhibit different sizes of lesions with visible mycelia 
coincident with different levels of resistance [32]. Phenotypes evaluated under 
the upland rice blast nursery were verified with 200 individuals of a mapping 
population under greenhouse conditions at DBNRRC [41]. Since then, the 
greenhouse methods have been used to determine the inheritance and genetic 
mechanisms of blast resistance [32, 41, 42]. In 2015, several IRRI monogenic 
lines generously donated by IRRI were added to further identify blast R genes 
under greenhouse conditions [43].

The early evaluation of sheath blight relied on replicated field plot experiments 
with fungal mycelia grown in corn chips or rye (Figure 4).

Disease reactions were scored by visually rating the disease severity on the sheaths 
and leaves of whole plants. The results of the evaluations are useful for mapping 
R genes. As an alternative, greenhouse methods such as detached leaf, soft-drink 
bottles, and parafilm methods were developed to validate and verify the function of 
R genes (Figures 5 and 6). These greenhouse methods are being used routinely for 
initial R gene discovery because they use less time, labor, land, and fertilizer.

5. Effective R genes

5.1 Effective major R genes

A total of 14 known major blast R genes have been used in the USA since 1960s. 
Table 2 lists their chromosomal locations, representing germplasms, DNA markers 
to monitor respective R genes, and the avirulent and virulent races of these selected 
rice germplasms (Table 2). Based on field observations, most blast R genes are 
dominant whereas a single haplotype of R gene is effective for resistance. Among 
them, six dominant blast R genes Pia, Piks, Pi66(t), Pikh, Pikm, and Pi43(t)/Pi1, 
and one recessive R gene pid were on chromosome 11. Comprehensively, one was 
found on chromosome 2, two on chromosome 6, one on chromosome 8, one on 
chromosome 9, and two dominants on chromosome 12. Three of the dominant R 
genes, Pi9, Pi42(t), and Pi43(t), provide resistance to all races, while Pita2/Ptr is 
effective to all races except IE1k.

The genetic markers linked or derived from the cloned R genes were developed 
to predict resistance function and to monitor the existence of each of the R genes 
[31–33, 44–52]. Differential blast races were identified (Table 2) and have been 
used to validate their predicted resistance efficacies.

5.2 Effective minor R genes

Distinct phenotyping variation of rice after infection via M. oryzae in differ-
ent rice germplasms and in the same germplasm at different growth stages under 
greenhouse [53] and field conditions are also referred as dilatory, partial, field, and 
adult resistance interchangeably [54]. A total of 11 blast R quantitative trait loci 
(QTLs) responsible for a phenotypic variation ranging from 5.17 to 26.53% were 
identified with different blast races under greenhouse conditions [55] (Table 3) 
and verified with different blast isolates/races [56]. Using the same method, four 
additional blast R QTLs were identified from different rice germplasms [57].
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colleagues demonstrated that disease reactions under an upland blast nursery 
were reliable to identify R genes among breeding lines [40]. Under greenhouse 
conditions, the phenotypes of rice to M. oryzae are categorized as 0–5 where 
0 represents complete immunity, 1 represents hypersensitive cell death show-
ing tiny brown spots, 2 represents infected lesions without mycelia, and, for 
susceptible reactions, 3–5 exhibit different sizes of lesions with visible mycelia 
coincident with different levels of resistance [32]. Phenotypes evaluated under 
the upland rice blast nursery were verified with 200 individuals of a mapping 
population under greenhouse conditions at DBNRRC [41]. Since then, the 
greenhouse methods have been used to determine the inheritance and genetic 
mechanisms of blast resistance [32, 41, 42]. In 2015, several IRRI monogenic 
lines generously donated by IRRI were added to further identify blast R genes 
under greenhouse conditions [43].

The early evaluation of sheath blight relied on replicated field plot experiments 
with fungal mycelia grown in corn chips or rye (Figure 4).

Disease reactions were scored by visually rating the disease severity on the sheaths 
and leaves of whole plants. The results of the evaluations are useful for mapping 
R genes. As an alternative, greenhouse methods such as detached leaf, soft-drink 
bottles, and parafilm methods were developed to validate and verify the function of 
R genes (Figures 5 and 6). These greenhouse methods are being used routinely for 
initial R gene discovery because they use less time, labor, land, and fertilizer.

5. Effective R genes

5.1 Effective major R genes

A total of 14 known major blast R genes have been used in the USA since 1960s. 
Table 2 lists their chromosomal locations, representing germplasms, DNA markers 
to monitor respective R genes, and the avirulent and virulent races of these selected 
rice germplasms (Table 2). Based on field observations, most blast R genes are 
dominant whereas a single haplotype of R gene is effective for resistance. Among 
them, six dominant blast R genes Pia, Piks, Pi66(t), Pikh, Pikm, and Pi43(t)/Pi1, 
and one recessive R gene pid were on chromosome 11. Comprehensively, one was 
found on chromosome 2, two on chromosome 6, one on chromosome 8, one on 
chromosome 9, and two dominants on chromosome 12. Three of the dominant R 
genes, Pi9, Pi42(t), and Pi43(t), provide resistance to all races, while Pita2/Ptr is 
effective to all races except IE1k.

The genetic markers linked or derived from the cloned R genes were developed 
to predict resistance function and to monitor the existence of each of the R genes 
[31–33, 44–52]. Differential blast races were identified (Table 2) and have been 
used to validate their predicted resistance efficacies.

5.2 Effective minor R genes

Distinct phenotyping variation of rice after infection via M. oryzae in differ-
ent rice germplasms and in the same germplasm at different growth stages under 
greenhouse [53] and field conditions are also referred as dilatory, partial, field, and 
adult resistance interchangeably [54]. A total of 11 blast R quantitative trait loci 
(QTLs) responsible for a phenotypic variation ranging from 5.17 to 26.53% were 
identified with different blast races under greenhouse conditions [55] (Table 3) 
and verified with different blast isolates/races [56]. Using the same method, four 
additional blast R QTLs were identified from different rice germplasms [57].
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Chr. Name of 
R gene

Selected 
germplasm

Marker Name of blast races Reference

Avirulence Virulence

2 Pi-b Saber, Te-Qing RM208, Pib 
dom

IB1, IB45, 
IH1, IG1, 
IC17, IE1, 

IE1k

IB49, 
IB54

[31]

6 Piz(t) Zenith RM527, 
AP4791, 

AP5659-1, 
AP5659-5

IH1, IG1, 
IC17, IE1k

IA45, 
IB1, IB49, 

IB54, 
IB33

[32]

6 Pi9 IR9660-
48-1-1-2 

(GSOR310687)

KS6/KS28 IA45, IB1, 
IB49, IB54, 
IB45, IH1, 
IG1, IC17, 
IE1, IE1k

[33]

8 Pi42(t) Zhe733 RM72 IA45, IB1, 
IB49, IB54, 
IB45, IH1, 
IG1, IC17, 
IE1, IE1k

[44]

9 Pii Dawn IH1 [39]

11 Pia Bluebonnet IB1 [39]

11 Pikh Lebonnet RM224 IB45, IB54, 
IH1, IG1

IB49 [45]

Piks M2354 E/P
RM224

IB54 IA45, 
IB49, 
IB33, 
IB45, 

IH1, IG1, 
IC17, IE1, 

IE1k

[46]

11 Pi66(t) DGWG IB54 IB45, 
IC17, IG1, 

IH1

[47]

11 Pikm Tsuyuake Q/P
RM224

IB45, IB54, 
IH1, IG1

IC17 [46]

11 Pi43(t)/
Pi1

Zhe733 RM1233 IA45, IB1, 
IB49, IB54, 
IB45, IH1, 
IG1, IC17, 
IE1, IE1k

[44]

11 Pid Lebonnet IB1 IA45, 
IB49, 
IB54, 
IB45, 

IH1, IG1, 
IC17, IE1, 

IE1k

[45]

12 Pita Katy YL100/YL102, 
YL155/YL87

IB49, IC17 IE1k [29, 
48–50]

12 Ptr 
(Pita2)

Katy HJ16–12 IA45,IB1, 
IB49, IB54, 
IB45, IH1, 
IG1, IC17, 

IE1

IE1k [51, 52]

Table 2. 
DNA markers and resistance efficacies of deployed blast R genes in the USA since 1960 (Figure 7).
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Figure 7. 
Graphic presentation of resistance spectra of blast R genes in the USA. The common races, name of R genes, 
and chromosomal locations are indicated.

QTL Chr. Blast 
race

Marker 
interval

Nearest marker 
locus (physical 
location in MB)

Phenotypic 
variation 

(%)

Nearest 
major R 

genes

qBLAST 3 3 IB45 RM251–
RM338

RM282 (12.4) 5.17

qBLAST8.1 8 IB49 RM6863–
RM72

RM1148 (4.0) 6.69 Pi36

qBLAST8.2 8 IC17 RM310–
RM72

RM72 (6.8) 7.22

qBLAST9.1 9 IB54 RM257–
RM108

RM257 (17.7) 4.64

qBLAST9.2 9 IC17 RM257–
RM107

RM108 (17.9) 7.62 NBS-LRR

qBLAST9.3 9 IC17 RM107–
RM245

RM215 (21.2) 4.49

qBLAST11 11 IB45 RM206–
RM224

RM224 (27.8) 26.53 Pikm/Pik

IB54 RM206–
RM224

RM224 (27.8) 19.6

qBLAST12.1 12 IB1 RM6998–
OSM89

OSM89 (7.9) 5.44 Pi-ta/Ptr

qBLAST12.2 IB49 RM247–
RM277

OSM89 (7.9) 9.7

ID1 RM247–
RM277

OSM89 (7.9) 10.18

Chr. indicates chromosome, MB indicates megabase pair, NBS-LRR indicates the protein with nucleotide-binding 
sites—leucine-rich repeat domain is often encoded by the R gene.

Table 3. 
List of minor resistance genes to rice blast disease with indicated nearby major R genes and NBS-LRR proteins [55, 56].
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R gene

Selected 
germplasm

Marker Name of blast races Reference

Avirulence Virulence

2 Pi-b Saber, Te-Qing RM208, Pib 
dom

IB1, IB45, 
IH1, IG1, 
IC17, IE1, 

IE1k

IB49, 
IB54

[31]

6 Piz(t) Zenith RM527, 
AP4791, 

AP5659-1, 
AP5659-5

IH1, IG1, 
IC17, IE1k

IA45, 
IB1, IB49, 

IB54, 
IB33

[32]

6 Pi9 IR9660-
48-1-1-2 

(GSOR310687)

KS6/KS28 IA45, IB1, 
IB49, IB54, 
IB45, IH1, 
IG1, IC17, 
IE1, IE1k

[33]

8 Pi42(t) Zhe733 RM72 IA45, IB1, 
IB49, IB54, 
IB45, IH1, 
IG1, IC17, 
IE1, IE1k

[44]

9 Pii Dawn IH1 [39]

11 Pia Bluebonnet IB1 [39]

11 Pikh Lebonnet RM224 IB45, IB54, 
IH1, IG1

IB49 [45]

Piks M2354 E/P
RM224

IB54 IA45, 
IB49, 
IB33, 
IB45, 

IH1, IG1, 
IC17, IE1, 

IE1k

[46]

11 Pi66(t) DGWG IB54 IB45, 
IC17, IG1, 

IH1

[47]

11 Pikm Tsuyuake Q/P
RM224

IB45, IB54, 
IH1, IG1

IC17 [46]

11 Pi43(t)/
Pi1

Zhe733 RM1233 IA45, IB1, 
IB49, IB54, 
IB45, IH1, 
IG1, IC17, 
IE1, IE1k

[44]

11 Pid Lebonnet IB1 IA45, 
IB49, 
IB54, 
IB45, 

IH1, IG1, 
IC17, IE1, 

IE1k

[45]

12 Pita Katy YL100/YL102, 
YL155/YL87

IB49, IC17 IE1k [29, 
48–50]

12 Ptr 
(Pita2)

Katy HJ16–12 IA45,IB1, 
IB49, IB54, 
IB45, IH1, 
IG1, IC17, 

IE1

IE1k [51, 52]

Table 2. 
DNA markers and resistance efficacies of deployed blast R genes in the USA since 1960 (Figure 7).

45

A Toolbox for Managing Blast and Sheath Blight Diseases of Rice in the United States of America
DOI: http://dx.doi.org/10.5772/intechopen.86901

Figure 7. 
Graphic presentation of resistance spectra of blast R genes in the USA. The common races, name of R genes, 
and chromosomal locations are indicated.
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Thus far, major sheath blight R genes have not been identified. However, the 
major sheath blight R QTL qShB9-2 responsible for 24.3–27.2% of phenotypical 
variation using microchamber and mist chamber assays, respectively, and other 
nine minor R QTLs to sheath blight were also identified [58, 59]. These sheath blight 
R QTLs were verified with replicated field plot experiments in multiple locations 
[60]. This demonstrated that there exist useful genetic factors that can be used for 
breeding. DNA markers linked to these R QTLs can not only be used to pyramid 
resistance into new rice varieties via marker-assisted breeding but can also be used 
to clone and characterize genes underlying these R QTLs.

6. Resistance effectiveness

M. oryzae is a hemi-biotrophic organism with an extended period of biotrophic 
invasion that forced the evolution of robust major blast R genes in host. The resistance 
mediated by major blast R genes follows the gene-for-gene model where the R genes in 
rice detect the corresponding AVR genes in M. oryzae in triggering resistance responses 
[61]. The existence of AVR-Pita1 in US blast populations suggest that AVR-Pita1 may 
play an important role in fitness and pathogenicity. Ironically, what is needed for 
pathogens to survive also makes the pathogen less virulent and fit. This never-ending 
booming-and-busting cycle of host-pathogen interactions presents a unique opportu-
nity to develop durable resistance. In the Southern US, after the blast epidemics in 1980s, 
a blast-resistant rice variety Katy was released in 1990 [62]. Katy contains a cluster of 
major R genes at the Pi-ta locus from the landrace indica variety Tetep and Piks from 
tropic variety Newbonnet [41]. Further analysis of Katy revealed that there are three 
linked blast R genes, Pi-ta and Pi-ta2/Ptr genes near the centromere of rice chromo-
some 12. Pi-ta is a classical R gene with NBS-LRR [63] and Ptr, which is allelic to Pi-ta2, 
encodes a predicted protein with four armadillo repeats [52]. Ptr was shown to confer 
resistance to a wide range of blast races except for IE1k and help Pi-ta with unknown 
mechanisms [52]. To date, a handful of rice varieties with the Pita, Pita2/Ptr cluster in 
a linkage block including Katy, Drew, Madison, Kaybonnet, Cybonnet, Banks, Ahrent, 
Catahoula, and Templeton have been released in the Southern US since 1990 [64–66]. 
Amei and colleagues showed that the Pi-ta gene has been bred into cultivated species 
of rice for decades [67]. The counter resistance from the pathogen usually occurs after 
breeders release a new resistant rice variety [68]. One of the counter resistance strategies 
of M. oryzae is to alter the structural integrity and expression of the AVR genes. The blast 
races (isolates) with partial, complete deletions, point mutations altering amino acids, 
and transposon insertions at the AVR-Pita1 locus have been found in commercial rice 
fields in the Southern US since the release of Pi-ta [16–18]. The resistance mediated by 
the Pi-ta/Pi-ta2/Ptr gene cluster has been stable for over two decades. Consistently, most 
blast populations were found to carry AVR-Pita1 [16–18] that verified the durability of 
resistance mediated by Pi-ta/Pi-ta2/Ptr. The observed resistance durability could be due 
to the lack of deployment of rice cultivars with the Pi-ta/Pi-ta2/Ptr genes to force the 
loss of AVR-Pita1. This is consistent with the fact that limited Pi-ta/Pi-ta2/Ptr containing 
rice varieties have been grown due to moderate yield advantages compared to other rice 
varieties lacking the genes since their releases [69]. Alternatively, it is also fully possible 
that AVR-Pita1 is important for the survival of M. oryzae with unknown mechanisms.

7. Summary

In the USA, any rice cultivar with one or two major blast R genes will continue to 
be effective to prevent rice blast disease. On the other hand, a combination of major 
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R QTLs, suitable plant architecture, and growth rate should be considered to prevent 
sheath blight disease. A defense gene expression and cell reaction study suggested that 
strong resistance responses mediated by Pi-ta could be initiated as early as 24 h after 
pathogen inoculation [70]. However, the molecular mechanisms underlying Pi-ta or Ptr-
mediated disease resistance pathways [71], the interactions between major blast R genes 
and R QTL [74], the role of micro RNA/long noncoding RNA in rice disease resistance 
[72–75], and the relation of resistance versus productivity are still largely unclear [69]. 
Therefore, a clear understanding of the abovementioned plant innate immunity systems 
will be required for engineering resistance via genome editing. The lack of robust major 
R genes to R. solani may be due to the saprophytic nature of R. solani where the pathogen 
feed on the dead tissue of rice plants. Comparative analysis of defense genes in differ-
ent hosts of R. solani may help identify useful R genes [76]. The genome of R. solani 
is mosaic and the draft sequence of R. solani IG1-IA genome is readily available [77]. 
Moving forward, the completion of whole genome sequencing will be the next urgent 
step to identify clues to manage R. solani. In brief, continued identification and charac-
terization of R genes will be essential to safeguard rice crops. Ultimately, fungicides will 
be significantly reduced to prevent rice blast and sheath blight diseases in the future.

Acknowledgements

The authors thank Michael Lin, Tracy Bianco, Heather Box, Alan Sites, and Laduska 
Sells of USDA ARS DBNRRC and Mary Jia of Arkansas Schools of Math, Sciences 
and the Arts; Dr. Guangjie Liu of University of Arkansas Rice Research and Extension 
Center for excellent technical assistance; and Tyler Franzen for a photo taken by a 
drone. Special thanks are also given to all other scientists and supporting staff members 
of DB NRRC, and UA RREC for their continued support and useful discussion and 
interactions with the Molecular Plant Pathology program. For critical reviews we thank 
Drs. Trevis Huggins and Yong-Bao Pan of USDA ARS and two anonymous reviewers.  
USDA is an equal opportunity provider and employer.

Author details

Yulin Jia1*, Melissa H. Jia1, Xueyan Wang1,2 and Haijun Zhao1

1 USDA ARS, Dale Bumpers National Rice Research Center, Stuttgart, Arkansas, 
USA

2 University of Arkansas Rice Research and Extension Center, Stuttgart, Arkansas, 
USA

*Address all correspondence to: yulin.jia@ars.usda.gov

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



Protecting Rice Grains in the Post-Genomic Era

46

Thus far, major sheath blight R genes have not been identified. However, the 
major sheath blight R QTL qShB9-2 responsible for 24.3–27.2% of phenotypical 
variation using microchamber and mist chamber assays, respectively, and other 
nine minor R QTLs to sheath blight were also identified [58, 59]. These sheath blight 
R QTLs were verified with replicated field plot experiments in multiple locations 
[60]. This demonstrated that there exist useful genetic factors that can be used for 
breeding. DNA markers linked to these R QTLs can not only be used to pyramid 
resistance into new rice varieties via marker-assisted breeding but can also be used 
to clone and characterize genes underlying these R QTLs.

6. Resistance effectiveness

M. oryzae is a hemi-biotrophic organism with an extended period of biotrophic 
invasion that forced the evolution of robust major blast R genes in host. The resistance 
mediated by major blast R genes follows the gene-for-gene model where the R genes in 
rice detect the corresponding AVR genes in M. oryzae in triggering resistance responses 
[61]. The existence of AVR-Pita1 in US blast populations suggest that AVR-Pita1 may 
play an important role in fitness and pathogenicity. Ironically, what is needed for 
pathogens to survive also makes the pathogen less virulent and fit. This never-ending 
booming-and-busting cycle of host-pathogen interactions presents a unique opportu-
nity to develop durable resistance. In the Southern US, after the blast epidemics in 1980s, 
a blast-resistant rice variety Katy was released in 1990 [62]. Katy contains a cluster of 
major R genes at the Pi-ta locus from the landrace indica variety Tetep and Piks from 
tropic variety Newbonnet [41]. Further analysis of Katy revealed that there are three 
linked blast R genes, Pi-ta and Pi-ta2/Ptr genes near the centromere of rice chromo-
some 12. Pi-ta is a classical R gene with NBS-LRR [63] and Ptr, which is allelic to Pi-ta2, 
encodes a predicted protein with four armadillo repeats [52]. Ptr was shown to confer 
resistance to a wide range of blast races except for IE1k and help Pi-ta with unknown 
mechanisms [52]. To date, a handful of rice varieties with the Pita, Pita2/Ptr cluster in 
a linkage block including Katy, Drew, Madison, Kaybonnet, Cybonnet, Banks, Ahrent, 
Catahoula, and Templeton have been released in the Southern US since 1990 [64–66]. 
Amei and colleagues showed that the Pi-ta gene has been bred into cultivated species 
of rice for decades [67]. The counter resistance from the pathogen usually occurs after 
breeders release a new resistant rice variety [68]. One of the counter resistance strategies 
of M. oryzae is to alter the structural integrity and expression of the AVR genes. The blast 
races (isolates) with partial, complete deletions, point mutations altering amino acids, 
and transposon insertions at the AVR-Pita1 locus have been found in commercial rice 
fields in the Southern US since the release of Pi-ta [16–18]. The resistance mediated by 
the Pi-ta/Pi-ta2/Ptr gene cluster has been stable for over two decades. Consistently, most 
blast populations were found to carry AVR-Pita1 [16–18] that verified the durability of 
resistance mediated by Pi-ta/Pi-ta2/Ptr. The observed resistance durability could be due 
to the lack of deployment of rice cultivars with the Pi-ta/Pi-ta2/Ptr genes to force the 
loss of AVR-Pita1. This is consistent with the fact that limited Pi-ta/Pi-ta2/Ptr containing 
rice varieties have been grown due to moderate yield advantages compared to other rice 
varieties lacking the genes since their releases [69]. Alternatively, it is also fully possible 
that AVR-Pita1 is important for the survival of M. oryzae with unknown mechanisms.

7. Summary

In the USA, any rice cultivar with one or two major blast R genes will continue to 
be effective to prevent rice blast disease. On the other hand, a combination of major 
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R QTLs, suitable plant architecture, and growth rate should be considered to prevent 
sheath blight disease. A defense gene expression and cell reaction study suggested that 
strong resistance responses mediated by Pi-ta could be initiated as early as 24 h after 
pathogen inoculation [70]. However, the molecular mechanisms underlying Pi-ta or Ptr-
mediated disease resistance pathways [71], the interactions between major blast R genes 
and R QTL [74], the role of micro RNA/long noncoding RNA in rice disease resistance 
[72–75], and the relation of resistance versus productivity are still largely unclear [69]. 
Therefore, a clear understanding of the abovementioned plant innate immunity systems 
will be required for engineering resistance via genome editing. The lack of robust major 
R genes to R. solani may be due to the saprophytic nature of R. solani where the pathogen 
feed on the dead tissue of rice plants. Comparative analysis of defense genes in differ-
ent hosts of R. solani may help identify useful R genes [76]. The genome of R. solani 
is mosaic and the draft sequence of R. solani IG1-IA genome is readily available [77]. 
Moving forward, the completion of whole genome sequencing will be the next urgent 
step to identify clues to manage R. solani. In brief, continued identification and charac-
terization of R genes will be essential to safeguard rice crops. Ultimately, fungicides will 
be significantly reduced to prevent rice blast and sheath blight diseases in the future.
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Abstract

Rice blast, caused by the fungus Magnaporthe oryzae (anamorph: Pyricularia 
oryzae), is a ubiquitous disease that threatens rice production in the USA and 
worldwide. Growing resistant cultivars is the most economical and effective way to 
manage this disease. Multiple races exist in the M. oryzae population in the USA. It 
is necessary to know the resistance spectrum of rice cultivars to the prevalent rice 
blast races in the areas where they are grown. Twelve isolates of M. oryzae collected 
from the southern US rice-growing region were used in this study. The genetic 
diversity of these isolates was evaluated with genetic and molecular methods, 
and the pathogenicity to different rice blast resistance genes was determined by 
the disease reaction of two sets of near-isogenic lines containing one blast R gene 
per line. From 2005 to 2016, about 200 Uniform Regional Rice Nursery (URRN) 
breeding lines have been tested with 9–12 reference isolates annually, and a total of 
2377 breeding lines have been tested. The varieties with good resistance to rice blast 
disease have been identified. The results could be useful for the management of rice 
blast disease in the southern US rice production area.
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1. Introduction

Rice is one of the most important staple food crops worldwide, feeding over 
half of the world’s population [1]. The demand for rice continues to increase with 
the increase in the global population. The USA grows approximately 1.5 million 
hectares of rice annually and produces about 8–11 million metric tons of rice 
valued at 3.6 billion dollars (Figure 1) [2] . Although the USA is a relatively small 
rice producer accounting for less than 2% of the total rice production worldwide, 
it is a major rice exporter that occupies 6–13%, with an average of 10%, of the 
world rice export market (Figure 1), making the USA one of the top rice exporters 
in the world [3].

Rice blast disease, caused by the fungus Magnaporthe oryzae (anamorph: 
Pyricularia oryzae), is one of the most important diseases on rice worldwide and is 
responsible for approximately 30% of rice production losses globally [1, 4]. A wide 
range of management practices have been used to reduce losses from rice blast. 
For example, cultural practices such as crop rotation, controlling the timing and 
amount of nitrogen applied, and managing the flood depth in the field may reduce 
the impact of blast [5]. A number of fungicides also are effective in managing rice 
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1. Introduction

Rice is one of the most important staple food crops worldwide, feeding over 
half of the world’s population [1]. The demand for rice continues to increase with 
the increase in the global population. The USA grows approximately 1.5 million 
hectares of rice annually and produces about 8–11 million metric tons of rice 
valued at 3.6 billion dollars (Figure 1) [2] . Although the USA is a relatively small 
rice producer accounting for less than 2% of the total rice production worldwide, 
it is a major rice exporter that occupies 6–13%, with an average of 10%, of the 
world rice export market (Figure 1), making the USA one of the top rice exporters 
in the world [3].

Rice blast disease, caused by the fungus Magnaporthe oryzae (anamorph: 
Pyricularia oryzae), is one of the most important diseases on rice worldwide and is 
responsible for approximately 30% of rice production losses globally [1, 4]. A wide 
range of management practices have been used to reduce losses from rice blast. 
For example, cultural practices such as crop rotation, controlling the timing and 
amount of nitrogen applied, and managing the flood depth in the field may reduce 
the impact of blast [5]. A number of fungicides also are effective in managing rice 
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blast disease [4]; however, it is not a preferred management option due to envi-
ronmental concerns and cost. Growing resistant cultivars is the most economical 
and effective way to manage this disease [4, 6]. Many rice blast R genes have been 
characterized, some of which have been widely used in rice breeding programs 
worldwide [6–8]. The R genes recognize the corresponding specific avirulence 
genes from the pathogen and initiate defense mechanism [9]. For example, the R 
gene Pita can interact with the counterpart AVR-Pita from the pathogen and confer 
resistance [10]. However, the changes in avirulence genes can result in the loss of 
function of the corresponding R genes. For example, the R gene Pita has deployed 
in rice cultivars in the southern USA and provided durable resistance for a long 
period of time [11], but the resistance of the Pita gene was overcome by race IE1k 
in 2004 [12].

The population of M. oryzae in the southern USA has been intensively studied 
[13–18]. Multiple races exist in the M. oryzae population in the USA. For example, 
race IB49 and IC17 were the most prevalent races in Arkansas [13–15], with occa-
sional epidemics due to race IE1k or “race K” type isolates [12]. Near-isogenic lines, 
each containing a targeted blast resistant gene, in either a Japonica-type variety 
Lijiangxingtuanheigu (LTH) background [19] or Indica-type CO39 background 
[20], have been used for race identification in Asia [21]. In the USA, the M. oryzae 
population has been intensively studied [13–18, 22], but the relationship between 
races to individual rice blast R genes in the USA is largely unknown [22]. In addi-
tion, it is necessary to evaluate the resistance spectrum of newly developed rice 
breeding lines to the prevalent rice blast races in the southern US rice-growing 
region before they are released.

The objective of this study was to summarize the disease reactions of a wide 
range of rice germplasm from the Uniform Regional Rice Nursery (URRN) lines to 
12 reference isolates of the rice blast pathogen from 2005 to 2016.

Figure 1. 
Rice production in the USA and its percentages of world total rice production and export. Mha, million 
hectare; MMT, million metric tons.
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2. Diversities of the 12 US reference isolates of M. oryzae

2.1 Twelve US reference isolates of M. oryzae

Twelve isolates of M. oryzae, collected from the southern USA, were used as 
reference isolates to test the URRN lines during 2005–2016 (Table 1). Among 
them, six isolates (49D, #24, A119, A264, A598, IB33) were collected from AR; four 
isolates (TM2, ID13, ZN7, and ZN15) were collected from TX; one isolate, IB54, 
from LA; and one isolate, ZN46, from FL (Table 1). These isolates represented 10 
races, including IB49 (49D, A119, and A598), IB33, IB54, IC1 (ZN46), IC17 (A264), 
ID13, IE1 (ZN7), IE1k (TM2), and IG1 (#24). Most isolates were used each year on a 
different set of URRN lines. Isolate IB33 has been tested in 11 years but not in 2007. 
Isolate IB54 has not been tested until 2009. Isolate ID13 has been tested in 7 years, 
but not in 2005, 2007, 2009, 2013, and 2014.

2.2 Genetic diversity of the 12 reference isolates

The genetic diversity of the 12 reference isolates was evaluated by vegetative 
compatibility analysis [13] and molecular methods. Vegetative compatibility 
analysis indicated that three isolates A598, ZN15, and ZN46 belonged to vegetative 
compatibility group (VCG) US-01; isolates TM2, #24, and A264 belonged to VCG 
US-02; two isolates 49D and A119 belonged to VCG US-03; and other two isolates 
IB33 and IB54 belonged to VCG US-04 (Table 1). The VCG of isolate ID13 was not 
determined.

Using Pot 2 primers [23], the repetitive element-based polymerase chain reaction 
(Rep-PCR) was used to DNA fingerprint the 12 reference isolates. The amplicon 
patterns of 49D, IB33, and IB54 based on Pot 2 primers were identical; TM2 and ZN7 
were identical to each other; isolate 24 and A264 were identical to each other, but 
they had one extra band compared to that of TM2 and ZN7; ZN15 and ZN46 had 
similar patterns (Figure 2). The mating types of these isolates were determined by 
using mating-type-specific primers [24]. The results suggested that six isolates, 49D, 

Isolate Vegetative compatibility group (VCG) Mating type RACE Year Origin

49D US-03 I IB49 1985 AR

TM2 US-02 II IE1K 2004 TX

#24 US-02 II IG1 1992 AR

A119 US-03 II IB49 1992 AR

A264 US-02 II IC17 1993 AR

A598 US-01 I IB49 1992 AR

IB33 US-04 I IB33 AR

IB54 US-04 I IB54 1959 LA

ID13 II ID13 1982 TX

ZN7 US-02 II IE1 1995 TX

ZN15 US-01 I IB1 1996 TX

ZN46 US-01 I IC1 1996 FL

Table 1. 
Background information on the 12 US reference isolates of M. oryzae used in this study.
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Twelve isolates of M. oryzae, collected from the southern USA, were used as 
reference isolates to test the URRN lines during 2005–2016 (Table 1). Among 
them, six isolates (49D, #24, A119, A264, A598, IB33) were collected from AR; four 
isolates (TM2, ID13, ZN7, and ZN15) were collected from TX; one isolate, IB54, 
from LA; and one isolate, ZN46, from FL (Table 1). These isolates represented 10 
races, including IB49 (49D, A119, and A598), IB33, IB54, IC1 (ZN46), IC17 (A264), 
ID13, IE1 (ZN7), IE1k (TM2), and IG1 (#24). Most isolates were used each year on a 
different set of URRN lines. Isolate IB33 has been tested in 11 years but not in 2007. 
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but not in 2005, 2007, 2009, 2013, and 2014.

2.2 Genetic diversity of the 12 reference isolates

The genetic diversity of the 12 reference isolates was evaluated by vegetative 
compatibility analysis [13] and molecular methods. Vegetative compatibility 
analysis indicated that three isolates A598, ZN15, and ZN46 belonged to vegetative 
compatibility group (VCG) US-01; isolates TM2, #24, and A264 belonged to VCG 
US-02; two isolates 49D and A119 belonged to VCG US-03; and other two isolates 
IB33 and IB54 belonged to VCG US-04 (Table 1). The VCG of isolate ID13 was not 
determined.

Using Pot 2 primers [23], the repetitive element-based polymerase chain reaction 
(Rep-PCR) was used to DNA fingerprint the 12 reference isolates. The amplicon 
patterns of 49D, IB33, and IB54 based on Pot 2 primers were identical; TM2 and ZN7 
were identical to each other; isolate 24 and A264 were identical to each other, but 
they had one extra band compared to that of TM2 and ZN7; ZN15 and ZN46 had 
similar patterns (Figure 2). The mating types of these isolates were determined by 
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Isolate Vegetative compatibility group (VCG) Mating type RACE Year Origin

49D US-03 I IB49 1985 AR

TM2 US-02 II IE1K 2004 TX

#24 US-02 II IG1 1992 AR
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Background information on the 12 US reference isolates of M. oryzae used in this study.
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A598, IB33, IB54, ZN15, and ZN46, belonged to mating type I, while other six isolates 
TM2, #24, A119, A264, ID13, and ZN7 belonged to mating type II (Figure 3).

Seven avirulence genes were assessed using specific primers to each gene  
(Table 2) [25–28]. The entire AVR-Pita fragment could be amplified from nine 
isolates with primers YL149/YL169, but not from isolates TM2, IB33, and ID1. The 
coding regions of the avirulence gene AVR-Pib was found in all 12 reference isolates 
(amplified with the AVR-Pib F3/R3 primers); however, the promoter region of the 
AVR-Pib gene (amplified with the AVR-Pib F2/R2 primers) was not found in isolates 
49D, IB33, and IB54. The avirulence gene AVR-Pikm was only found in four isolates, 
49D, IB33, IB54, and ID13. The other four avirulence genes, AVR-CO39, AVR-Pi9, 
AVR-Pikz, and AVR-Piz-t, were present in all 12 reference isolates (Figure 4).

2.3 Testing the US reference isolates on IRRI near-isogenic rice lines

2.3.1 IRRI rice blast near-isogenic lines

The 12 US reference isolates were tested on 31 LTH NILs (containing 24 blast R 
genes) and 20 CO39 NILs (containing 14 R genes) in three independent tests, with 
two replications in each test. Two cultivars, M204 and Francis, were included as 
susceptible controls.

2.3.2 Inoculation of blast pathogen and disease screening

Rice seed was planted in plastic trays filled with river sand mixed with potting 
soil in the greenhouse at the University of Arkansas, Fayetteville, AR, USA. Iron 

Figure 2. 
Rep-PCR band patterns of 12 reference isolates amplified with Pot 2 primers.

Figure 3. 
Mating type analysis of the 12 reference blast isolates.
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sulfate was applied to the newly emerged seedlings. The plants were fertilized with 
Miracle-Gro All-Purpose Plant Food 20-20-20 once a week during each test. Plants 
were inoculated approximately 14–20 days after planting. Each isolate was grown 
on rice bran agar (RBA) [13] for approximately 7–10 days and then reinoculated on 
new RBA plates for 7–10 days. Spores were collected in cold water and adjusted to a 
concentration of 200,000 spores/ml per isolate. Each tray was inoculated with 50 ml 
of inoculum mixed with 0.02% Tween 20 with an air compressor sprayer. After 

Target gene Primer name Sequences

AVR-Pita YL149 TGACCGCGATTCCCTCCATT

YL169 CGACCGTTTCCGCC

AVR1-CO39 AVR1-CO39F1 GATCTGTAAATTACATA

AVR1-CO39R1 GGATCCGCCGTCGCCTCC

AVR-Pi9 AVRPi9F CTG CTC CAT CTT GTT TGG CC

AVRPi9R CAC TAG TAC AAG CAC TAA CC

AVR-Pib AVR-PibF2 TGGAGAAGACTTTGATGC

AVR-PibR2 TAGTTGCCATTATGCGTTC

AVR-PibF3 ATGCGTTCCTCAACCACTTT

AVR-PibR3 TTATTCCACGGTATATTTGCTGCC

AVR-Pikz AVR-PikzF TGACGCAGCTTGAGTTGT

AVR-PikzR TCCGAGCAATCAACTCTG

AVR-Pikm AVR-PikmF TTATCGCCCCTATATTGC

AVR-PikmR TTATCGCCCCAACACGGA

AVR-Piz-t AVR-Piz-tF ATGCAGTTCTCAACCATC

AVR-Piz-tR CTATTGGCGCTGAGCCT

Table 2. 
Primers used to amplify seven avirulence genes from the 12 US reference isolates of M. oryzae.

Figure 4. 
Detection of seven avirulence genes in the 12 US reference isolates of M. oryzae.
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A598, IB33, IB54, ZN15, and ZN46, belonged to mating type I, while other six isolates 
TM2, #24, A119, A264, ID13, and ZN7 belonged to mating type II (Figure 3).

Seven avirulence genes were assessed using specific primers to each gene  
(Table 2) [25–28]. The entire AVR-Pita fragment could be amplified from nine 
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coding regions of the avirulence gene AVR-Pib was found in all 12 reference isolates 
(amplified with the AVR-Pib F3/R3 primers); however, the promoter region of the 
AVR-Pib gene (amplified with the AVR-Pib F2/R2 primers) was not found in isolates 
49D, IB33, and IB54. The avirulence gene AVR-Pikm was only found in four isolates, 
49D, IB33, IB54, and ID13. The other four avirulence genes, AVR-CO39, AVR-Pi9, 
AVR-Pikz, and AVR-Piz-t, were present in all 12 reference isolates (Figure 4).

2.3 Testing the US reference isolates on IRRI near-isogenic rice lines

2.3.1 IRRI rice blast near-isogenic lines

The 12 US reference isolates were tested on 31 LTH NILs (containing 24 blast R 
genes) and 20 CO39 NILs (containing 14 R genes) in three independent tests, with 
two replications in each test. Two cultivars, M204 and Francis, were included as 
susceptible controls.

2.3.2 Inoculation of blast pathogen and disease screening

Rice seed was planted in plastic trays filled with river sand mixed with potting 
soil in the greenhouse at the University of Arkansas, Fayetteville, AR, USA. Iron 
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sulfate was applied to the newly emerged seedlings. The plants were fertilized with 
Miracle-Gro All-Purpose Plant Food 20-20-20 once a week during each test. Plants 
were inoculated approximately 14–20 days after planting. Each isolate was grown 
on rice bran agar (RBA) [13] for approximately 7–10 days and then reinoculated on 
new RBA plates for 7–10 days. Spores were collected in cold water and adjusted to a 
concentration of 200,000 spores/ml per isolate. Each tray was inoculated with 50 ml 
of inoculum mixed with 0.02% Tween 20 with an air compressor sprayer. After 

Target gene Primer name Sequences

AVR-Pita YL149 TGACCGCGATTCCCTCCATT

YL169 CGACCGTTTCCGCC

AVR1-CO39 AVR1-CO39F1 GATCTGTAAATTACATA

AVR1-CO39R1 GGATCCGCCGTCGCCTCC

AVR-Pi9 AVRPi9F CTG CTC CAT CTT GTT TGG CC

AVRPi9R CAC TAG TAC AAG CAC TAA CC

AVR-Pib AVR-PibF2 TGGAGAAGACTTTGATGC

AVR-PibR2 TAGTTGCCATTATGCGTTC

AVR-PibF3 ATGCGTTCCTCAACCACTTT

AVR-PibR3 TTATTCCACGGTATATTTGCTGCC

AVR-Pikz AVR-PikzF TGACGCAGCTTGAGTTGT

AVR-PikzR TCCGAGCAATCAACTCTG

AVR-Pikm AVR-PikmF TTATCGCCCCTATATTGC

AVR-PikmR TTATCGCCCCAACACGGA

AVR-Piz-t AVR-Piz-tF ATGCAGTTCTCAACCATC

AVR-Piz-tR CTATTGGCGCTGAGCCT

Table 2. 
Primers used to amplify seven avirulence genes from the 12 US reference isolates of M. oryzae.

Figure 4. 
Detection of seven avirulence genes in the 12 US reference isolates of M. oryzae.
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inoculation, the plants were incubated at 100% relative humidity in a mist chamber 
at approximately 22°C for 24 h, allowed to dry for 2–3 h before being moved to the 
greenhouse. The inoculated plants were incubated in the greenhouse for 6 days. On 
the 7th day after inoculation, 15–20 plants of each line were scored according to a 
standard 0–9 disease rating scale developed by IRRI [22]. Lines rated 0 to 3 were 
considered resistant, whereas those rated 4–9 were considered susceptible.

2.3.3 Virulence of US reference isolates of M. oryzae on IRRI rice NILs

Among the blast reference isolates, IB33, 49D, and TM2 were the most virulent 
isolates, whereby only 8–13 (15.7–21.6%) of the NILs were resistant. Isolates IB54, 
ID13, and #24 were the least virulent isolates with 33–38 (64.7–74.5%) of the NILs 
being resistant. Other isolates were intermediate in virulence (Table 3).

NILs containing gene Pi3(t) were susceptible to all reference isolates tested. NILs 
containing R genes Pia, Pi19(t), Pii, Piks, and Pizt, were only resistant to one isolate. 
Those lines containing Pikh, Pikp, and Pita were resistant to two isolates. NILs con-
taining the R genes, Pi1, Pi7(t), Pik, Pikp, Pikm, Pit, and Piz, were resistant to three 
isolates. NILs containing Pi9(t) or Pi12(t) were resistant to all isolates (Table 4). Lines 
containing genes Pib, Pi11(t), and Pita-2/Ptr [29] were resistant to 9 or 11 isolates. 

ID Gene 49D TM2 24 A119 A264 A598 IB33 IB54 ID13 ZN7 ZN15 ZN46

IB49 IE1K IG1 IB49 IC17 IB49 IB33 IB54 ID13 IE1 IB1 IC1

IRBLA-A Pia S S S S S S S R S S S S

IRBLA-C Pia S S S S S S S R S S S S

IRBLI-F5 Pii S S S S S S R R S S S S

IRBLKS-F5 Piks S S S S S S S R S S S S

IRBLKS-S Piks S S S S S S R R S S S S

IRBLK KA Pik S S R S S S S R R S S S

IRBLKP-K60 Pikp S S R S S S S S R S S S

IRBLKH-K3 Pikh S S R S S S S S R S S S

IRBLZ FU Piz S R S S R S S S R S S S

IRBLZ 5-CA Piz-5 R S S R R R R R R R R S

IRBLZT-T Piz-t S S S S S S S R S S S S

IRBLTA CT 2 Pita S S R S R S S S S S S S

IRBLB-B Pib S R R R R R S S R R R R

IRBLT-K59 Pit S S S R R S S R S S S S

IRBLSH-S Pish R R R R R R R R R R R R

IRBLSH-B Pish S S R R R R S R S S R S

Line A598 ZN15 ZN46 24 A264 ZN7 TM2 49D A119 IB33 IB54 ID13

R 16 21 17 33 31 15 13 11 27 8 38 34

% 31.4 41.2 33.3 64.7 60.8 29.4 25.5 21.6 52.9 15.7 74.5 66.7

S 35 30 34 18 20 36 38 40 24 43 13 17

% 68.6 58.8 66.7 35.3 39.2 70.6 74.5 78.4 47.1 84.3 25.5 33.3

Table 3. 
Number and percentage of rice NILs resistant or susceptible to blast isolates.
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ID Gene 49D TM2 24 A119 A264 A598 IB33 IB54 ID13 ZN7 ZN15 ZN46

IB49 IE1K IG1 IB49 IC17 IB49 IB33 IB54 ID13 IE1 IB1 IC1

IRBL 1-CL Pi1 S S R S S S S R R S S S

IRBL 3-CP 4 Pi3 S S S S S S S S S S S S

IRBL 5-M Pi5(t) S S R R R S S R R S R S

IRBL 7-M Pi7(t) S S R R R S S S R S S S

IRBL 9-W Pi9 R R R R R R R R R R R R

IRBL 12-M Pi12(t) R R R R R R R R R R R R

IRBL 19-A Pi19(t) S S S S R S S S S S S S

IRBLKM TS Pikm S S R S S S S R R S S S

IRBL 20-IR 
24

Pi20 S S S R R R S R R S R R

IRBLTA 2-PI Pita-2 R S R R R R S R R R R R

IRBLTA 2-RE Pita-2 R S R R R R S R R R R R

IRBLTA CP 1 Pita S S R S S S S R S S S S

IRBL 11-ZH Pi11(t) S R R R R R S R R R R R

IRBLZ 5-CA 
(R)

Piz-5 R R S R R S R R R S R S

LJXTHG LTH S S S R R S S R S S S S

IR 85430 Pish S R R R R S S R R S R R

IR 85424 Pish S R R R R S S R R S R R

IR 93322 Pish S R R R R S S R R S R R

IR 85417 Pib S R R R R R S R R R R R

IR 85427 Piz-5 R S S R R R R R R S R R

IR 85429 Piz-t S R R R R R S R R R R R

IR 85413 Pi5(t) S R S R R S S R R S S S

IR 85423 Piks S S S S S S S R S S S S

IR 85420 Pik S S R S S S S R R S S S

IR 85419 Pik S S R S S S S R R S S S

IR 85421 Pikm S S R S S S S R R S S S

IR 85422 Pikp S S R S S S S R R S S S

IR 85411 Pi1 S S R S S S S R R S S S

IR 85414 Pi7(t) S S R S R S S R R S S S

IR 85426 Pita S S R R R S S R S R S S

IR 93324 Pita S S R R R S S R S R S S

IR 93323 Pita-2 R S R R R R R R R R R R

IR 85425 Pita-2 R S R R R R S R R R R R

IR 93325 Pita-2 R S R R R R S R R R R R

CO39 Pia S S S S S S S S S S S S

Table 4. 
Disease responses of rice NILs to US Magnaporthe oryzae reference isolates.
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inoculation, the plants were incubated at 100% relative humidity in a mist chamber 
at approximately 22°C for 24 h, allowed to dry for 2–3 h before being moved to the 
greenhouse. The inoculated plants were incubated in the greenhouse for 6 days. On 
the 7th day after inoculation, 15–20 plants of each line were scored according to a 
standard 0–9 disease rating scale developed by IRRI [22]. Lines rated 0 to 3 were 
considered resistant, whereas those rated 4–9 were considered susceptible.

2.3.3 Virulence of US reference isolates of M. oryzae on IRRI rice NILs

Among the blast reference isolates, IB33, 49D, and TM2 were the most virulent 
isolates, whereby only 8–13 (15.7–21.6%) of the NILs were resistant. Isolates IB54, 
ID13, and #24 were the least virulent isolates with 33–38 (64.7–74.5%) of the NILs 
being resistant. Other isolates were intermediate in virulence (Table 3).

NILs containing gene Pi3(t) were susceptible to all reference isolates tested. NILs 
containing R genes Pia, Pi19(t), Pii, Piks, and Pizt, were only resistant to one isolate. 
Those lines containing Pikh, Pikp, and Pita were resistant to two isolates. NILs con-
taining the R genes, Pi1, Pi7(t), Pik, Pikp, Pikm, Pit, and Piz, were resistant to three 
isolates. NILs containing Pi9(t) or Pi12(t) were resistant to all isolates (Table 4). Lines 
containing genes Pib, Pi11(t), and Pita-2/Ptr [29] were resistant to 9 or 11 isolates. 

ID Gene 49D TM2 24 A119 A264 A598 IB33 IB54 ID13 ZN7 ZN15 ZN46

IB49 IE1K IG1 IB49 IC17 IB49 IB33 IB54 ID13 IE1 IB1 IC1
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IRBLKS-S Piks S S S S S S R R S S S S

IRBLK KA Pik S S R S S S S R R S S S

IRBLKP-K60 Pikp S S R S S S S S R S S S

IRBLKH-K3 Pikh S S R S S S S S R S S S

IRBLZ FU Piz S R S S R S S S R S S S

IRBLZ 5-CA Piz-5 R S S R R R R R R R R S

IRBLZT-T Piz-t S S S S S S S R S S S S

IRBLTA CT 2 Pita S S R S R S S S S S S S

IRBLB-B Pib S R R R R R S S R R R R

IRBLT-K59 Pit S S S R R S S R S S S S

IRBLSH-S Pish R R R R R R R R R R R R

IRBLSH-B Pish S S R R R R S R S S R S

Line A598 ZN15 ZN46 24 A264 ZN7 TM2 49D A119 IB33 IB54 ID13

R 16 21 17 33 31 15 13 11 27 8 38 34

% 31.4 41.2 33.3 64.7 60.8 29.4 25.5 21.6 52.9 15.7 74.5 66.7

S 35 30 34 18 20 36 38 40 24 43 13 17
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ID Gene 49D TM2 24 A119 A264 A598 IB33 IB54 ID13 ZN7 ZN15 ZN46

IB49 IE1K IG1 IB49 IC17 IB49 IB33 IB54 ID13 IE1 IB1 IC1

IRBL 1-CL Pi1 S S R S S S S R R S S S

IRBL 3-CP 4 Pi3 S S S S S S S S S S S S

IRBL 5-M Pi5(t) S S R R R S S R R S R S

IRBL 7-M Pi7(t) S S R R R S S S R S S S

IRBL 9-W Pi9 R R R R R R R R R R R R

IRBL 12-M Pi12(t) R R R R R R R R R R R R

IRBL 19-A Pi19(t) S S S S R S S S S S S S

IRBLKM TS Pikm S S R S S S S R R S S S

IRBL 20-IR 
24

Pi20 S S S R R R S R R S R R

IRBLTA 2-PI Pita-2 R S R R R R S R R R R R

IRBLTA 2-RE Pita-2 R S R R R R S R R R R R

IRBLTA CP 1 Pita S S R S S S S R S S S S

IRBL 11-ZH Pi11(t) S R R R R R S R R R R R

IRBLZ 5-CA 
(R)

Piz-5 R R S R R S R R R S R S

LJXTHG LTH S S S R R S S R S S S S

IR 85430 Pish S R R R R S S R R S R R

IR 85424 Pish S R R R R S S R R S R R

IR 93322 Pish S R R R R S S R R S R R

IR 85417 Pib S R R R R R S R R R R R

IR 85427 Piz-5 R S S R R R R R R S R R

IR 85429 Piz-t S R R R R R S R R R R R

IR 85413 Pi5(t) S R S R R S S R R S S S

IR 85423 Piks S S S S S S S R S S S S

IR 85420 Pik S S R S S S S R R S S S

IR 85419 Pik S S R S S S S R R S S S

IR 85421 Pikm S S R S S S S R R S S S

IR 85422 Pikp S S R S S S S R R S S S

IR 85411 Pi1 S S R S S S S R R S S S

IR 85414 Pi7(t) S S R S R S S R R S S S

IR 85426 Pita S S R R R S S R S R S S

IR 93324 Pita S S R R R S S R S R S S

IR 93323 Pita-2 R S R R R R R R R R R R
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Table 4. 
Disease responses of rice NILs to US Magnaporthe oryzae reference isolates.
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Four loci provided resistance to reference isolate 49D (race IB49) or IB33 (race IB33), 
7 loci were resistant to isolate TM2 (race k), and 14, 16, and 17 loci were resistant to 
isolate IB54, isolate #24 (race IG1), and isolate ID13, respectively.

Discrepancy in disease reactions was observed among lines putatively con-
taining the same target R genes. One NIL (IRBLSH-S), containing Pish, was 
resistant to all blast reference isolates, while four Pish containing lines were only 
resistant to six to eight isolates. Both NILs IRBLZT-T (in LTH background) and 
IR 85429 (in CO39 background) contain R gene Pizt. NIL IRBLZT-T was resistant 
to one isolate, while IR 85429 was resistant to 10 isolates. These discrepancies 
may have resulted due to a number of reasons including linkage drag from 
different donor parents. The R genes in the NILs also need to be confirmed with 
specific molecular markers.

Thus, NILs containing Pia, Pi3, Pi19(t), and Pi12(t) were not useful for dif-
ferentiating races of the US reference isolates tested. Resistance loci Pi9(t), Pi12(t), 
Pib, Pi11(t), and Pita-2 were the most effective R genes to the panel of US reference 
isolates evaluated and could be exploited to improve resistance to rice blast disease 
in the USA.

3.  Evaluation of resistance of the US rice breeding lines to reference 
isolates of M. oryzae

3.1 Uniform Regional Rice Nursery (URRN) breeding lines

About 200 rice breeding lines, developed by the rice breeders from Arkansas, 
Louisiana, Mississippi, and Texas, were subjected to annual disease evaluations 
to the reference blast isolates at the University of Arkansas, Fayetteville, AR, in 
addition to the evaluation of yield and agronomic traits at various locations. A total 
of over 2000 breeding lines were tested during 2005–2016. The rice cultivars M204 
and Francis were included in each test as the susceptible controls. The inoculation 
and disease scoring procedures were as described previously.

3.2 Pathogenicity of the reference isolates on the URRN lines

The susceptible control Francis was susceptible to all 12 isolates, while M204 
was susceptible to 11 isolates but resistant to isolate IB54. Each year, in each test, the 
two susceptible controls consistently showed susceptible disease reactions with the 
disease rating scores ranging from 4 to 9, respectively.

The percentage of breeding lines resistant to each isolate in each year was 
quantified (Figure 5). The isolate IB33 was the most virulent isolate out of the 12 
reference isolates tested, with 71.2–98% of the lines evaluated as susceptible for the 
11 years tested. Overall 1963 out of 2177 lines tested (90.2%) were susceptible to 
IB33. Isolate 49D (race IB49) was highly virulent, with 70–90% of the lines tested 
susceptible for 10 of the 12 years examined. In 2007, however, 21.5% in 2007 and 
48.7% in 2016 were evaluated as susceptible. Out of the 2377 lines tested in 12 years, 
1673 lines (70.4%) were susceptible to 49D. Isolate TM2 (IE1k) was also considered 
highly virulent. In 2014 and 2015, about 75% of the lines were susceptible to TM2. 
In other years, over than 50% of the lines were susceptible. The lines tested in 2007 
had the lowest percentage (33.5%) of susceptibility to this isolate. Overall, 1361 
out of 2377 breeding lines (57.3%) were susceptible to TM2. Three isolates ID13, 
IB54, and #24 (IG1) were the least virulent; the percentages of susceptible breeding 
lines ranged between 7.5–26.7, 13.5–27.5, and 10.5–28.3%, respectively. Overall, the 
percentages of susceptible breeding lines to these three isolates were 18.7, 21.0, and 
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19.2%. The other six isolates were intermediately virulence on the lines tested with 
40 to 50% of breeding lines were susceptible. In 2006, over 80% of the breeding 
lines were susceptible to isolate A119 (race IB49), but in the following years, only 25 
to 50% of lines were susceptible to this isolate. In 12 years, 970 out of 2377 breeding 
lines (40.8%) were susceptible to A119.

3.3 Disease reaction of US rice breeding lines to the 12 reference isolates

All 12 reference isolates have been tested in 2010–2013 and 2016. In these 5 
years, there were 45 lines that were rated as completely resistant to all isolates, and 
101 lines only susceptible to one isolate. In 2010, there were 10 lines resistant to all 
isolates, 11 lines only susceptible to IB33, and 1 each only susceptible to TM2 and 
IB54. A total of 20 lines had no resistance to the 12 isolates. There were 14 lines from 
the 2011 set of germplasm that were resistant to all 12 isolates, 11 lines only suscep-
tible to IB33, 1 only susceptible to TM2, and 2 only susceptible to 49D, and 8 lines 
susceptible to all 12 isolates. Five lines tested in 2012 were resistant to all 12 isolates, 
12 lines were only infected by IB33, 1 and 3 lines were only susceptible to ID13 or 
49D, respectively, while 7 lines were susceptible to all 12 lines. In 2013, 14 lines were 
evaluated as resistant to all isolates, 13 lines were only susceptible to IB33, 1 each 
only susceptible to ID13 or ZN7, 4 each only susceptible to 49D or TM2, while 5 lines 
were susceptible to all 12 isolates. Out of the 200 URRN lines tested in 2016, only 2 
lines were resistant to all 12 isolates, 1 line only susceptible to TM2, 2 lines only sus-
ceptible to 49D, 32 lines were only susceptible to IB33, and 4 lines were susceptible 
to all 12 lines. In 2006 and 2008, 11 isolates were tested, but not IB54, 2 and 6 lines 
were resistant, and 28 and 13 lines were susceptible to all 11 isolates, respectively. In 
2009, 2014, and 2015, isolate ID13 was not tested, but other 11 isolates were. There 
were 3, 1, and 4 lines resistant to and 11, 14 and 9 lines susceptible to all 11 isolates. 
In 2005, both IB54 and ID13 were not tested. No variety was found to be resistant 
to all 10 isolates tested. There were nine lines only susceptible to one isolate, six of 
them were susceptible to isolate IB33, and one each susceptible to 49D, TM2, and 
A598. There were 19 lines susceptible to all 10 isolates. Nine isolates were tested in 
2007, but not IB33, IB54, and ID13. There were 60 lines resistant and 4 lines suscep-
tible to all 9 isolates tested in 2007.

Figure 5. 
Percentage of breeding lines resistant to each of the 12 reference US isolates of M. oryzae in each year from 2005 
to 2016.
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Four loci provided resistance to reference isolate 49D (race IB49) or IB33 (race IB33), 
7 loci were resistant to isolate TM2 (race k), and 14, 16, and 17 loci were resistant to 
isolate IB54, isolate #24 (race IG1), and isolate ID13, respectively.

Discrepancy in disease reactions was observed among lines putatively con-
taining the same target R genes. One NIL (IRBLSH-S), containing Pish, was 
resistant to all blast reference isolates, while four Pish containing lines were only 
resistant to six to eight isolates. Both NILs IRBLZT-T (in LTH background) and 
IR 85429 (in CO39 background) contain R gene Pizt. NIL IRBLZT-T was resistant 
to one isolate, while IR 85429 was resistant to 10 isolates. These discrepancies 
may have resulted due to a number of reasons including linkage drag from 
different donor parents. The R genes in the NILs also need to be confirmed with 
specific molecular markers.

Thus, NILs containing Pia, Pi3, Pi19(t), and Pi12(t) were not useful for dif-
ferentiating races of the US reference isolates tested. Resistance loci Pi9(t), Pi12(t), 
Pib, Pi11(t), and Pita-2 were the most effective R genes to the panel of US reference 
isolates evaluated and could be exploited to improve resistance to rice blast disease 
in the USA.

3.  Evaluation of resistance of the US rice breeding lines to reference 
isolates of M. oryzae

3.1 Uniform Regional Rice Nursery (URRN) breeding lines

About 200 rice breeding lines, developed by the rice breeders from Arkansas, 
Louisiana, Mississippi, and Texas, were subjected to annual disease evaluations 
to the reference blast isolates at the University of Arkansas, Fayetteville, AR, in 
addition to the evaluation of yield and agronomic traits at various locations. A total 
of over 2000 breeding lines were tested during 2005–2016. The rice cultivars M204 
and Francis were included in each test as the susceptible controls. The inoculation 
and disease scoring procedures were as described previously.

3.2 Pathogenicity of the reference isolates on the URRN lines

The susceptible control Francis was susceptible to all 12 isolates, while M204 
was susceptible to 11 isolates but resistant to isolate IB54. Each year, in each test, the 
two susceptible controls consistently showed susceptible disease reactions with the 
disease rating scores ranging from 4 to 9, respectively.

The percentage of breeding lines resistant to each isolate in each year was 
quantified (Figure 5). The isolate IB33 was the most virulent isolate out of the 12 
reference isolates tested, with 71.2–98% of the lines evaluated as susceptible for the 
11 years tested. Overall 1963 out of 2177 lines tested (90.2%) were susceptible to 
IB33. Isolate 49D (race IB49) was highly virulent, with 70–90% of the lines tested 
susceptible for 10 of the 12 years examined. In 2007, however, 21.5% in 2007 and 
48.7% in 2016 were evaluated as susceptible. Out of the 2377 lines tested in 12 years, 
1673 lines (70.4%) were susceptible to 49D. Isolate TM2 (IE1k) was also considered 
highly virulent. In 2014 and 2015, about 75% of the lines were susceptible to TM2. 
In other years, over than 50% of the lines were susceptible. The lines tested in 2007 
had the lowest percentage (33.5%) of susceptibility to this isolate. Overall, 1361 
out of 2377 breeding lines (57.3%) were susceptible to TM2. Three isolates ID13, 
IB54, and #24 (IG1) were the least virulent; the percentages of susceptible breeding 
lines ranged between 7.5–26.7, 13.5–27.5, and 10.5–28.3%, respectively. Overall, the 
percentages of susceptible breeding lines to these three isolates were 18.7, 21.0, and 
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19.2%. The other six isolates were intermediately virulence on the lines tested with 
40 to 50% of breeding lines were susceptible. In 2006, over 80% of the breeding 
lines were susceptible to isolate A119 (race IB49), but in the following years, only 25 
to 50% of lines were susceptible to this isolate. In 12 years, 970 out of 2377 breeding 
lines (40.8%) were susceptible to A119.

3.3 Disease reaction of US rice breeding lines to the 12 reference isolates

All 12 reference isolates have been tested in 2010–2013 and 2016. In these 5 
years, there were 45 lines that were rated as completely resistant to all isolates, and 
101 lines only susceptible to one isolate. In 2010, there were 10 lines resistant to all 
isolates, 11 lines only susceptible to IB33, and 1 each only susceptible to TM2 and 
IB54. A total of 20 lines had no resistance to the 12 isolates. There were 14 lines from 
the 2011 set of germplasm that were resistant to all 12 isolates, 11 lines only suscep-
tible to IB33, 1 only susceptible to TM2, and 2 only susceptible to 49D, and 8 lines 
susceptible to all 12 isolates. Five lines tested in 2012 were resistant to all 12 isolates, 
12 lines were only infected by IB33, 1 and 3 lines were only susceptible to ID13 or 
49D, respectively, while 7 lines were susceptible to all 12 lines. In 2013, 14 lines were 
evaluated as resistant to all isolates, 13 lines were only susceptible to IB33, 1 each 
only susceptible to ID13 or ZN7, 4 each only susceptible to 49D or TM2, while 5 lines 
were susceptible to all 12 isolates. Out of the 200 URRN lines tested in 2016, only 2 
lines were resistant to all 12 isolates, 1 line only susceptible to TM2, 2 lines only sus-
ceptible to 49D, 32 lines were only susceptible to IB33, and 4 lines were susceptible 
to all 12 lines. In 2006 and 2008, 11 isolates were tested, but not IB54, 2 and 6 lines 
were resistant, and 28 and 13 lines were susceptible to all 11 isolates, respectively. In 
2009, 2014, and 2015, isolate ID13 was not tested, but other 11 isolates were. There 
were 3, 1, and 4 lines resistant to and 11, 14 and 9 lines susceptible to all 11 isolates. 
In 2005, both IB54 and ID13 were not tested. No variety was found to be resistant 
to all 10 isolates tested. There were nine lines only susceptible to one isolate, six of 
them were susceptible to isolate IB33, and one each susceptible to 49D, TM2, and 
A598. There were 19 lines susceptible to all 10 isolates. Nine isolates were tested in 
2007, but not IB33, IB54, and ID13. There were 60 lines resistant and 4 lines suscep-
tible to all 9 isolates tested in 2007.

Figure 5. 
Percentage of breeding lines resistant to each of the 12 reference US isolates of M. oryzae in each year from 2005 
to 2016.
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4. Discussion

Growing resistant cultivars has been demonstrated to be the most economical 
and effective way to manage rice blast disease. During 2005 to 2016, 2377 breeding 
lines were evaluated for disease resistance to the 12 reference isolates. Breeding lines 
resistant to all isolates have been found in each year of the period except 2005. Some 
lines were only susceptible to the most virulent isolate IB33. The use of the lines that 
have the broadest level of resistance to the spectrum of reference isolates would 
reduce the loss due to rice blast disease.

Based on the international differential cultivars and nomenclature, isolates 
A119, A598, and 49D are classified as race IB49 [18]. The disease reactions of many 
NILs tested to these three isolates were identical. However, these three isolates can 
be differentiated by some NILs (R genes), as Pib, Pi11(t), and Pi20 containing lines 
were resistant to A119 and A598 but susceptible to 49D; Pi5(t) and Pit containing 
lines were resistant to A119 but susceptible to 49D and A598. These results indicated 
that a set of differential cultivars should be chosen to more clearly demarcate races 
within the US rice blast pathogen population.

Any mutation, insertion, or deletion of the avirulence genes in the pathogen could 
cause the changes in its pathogenicity, thus resulting in the loss of function of the cor-
responding R gene and disease development. The coding region of AVR-Pib was found 
in all 12 reference isolates, but the promoter region was not amplified from isolates 
49D, IB33, and IB54, and this may explain why the Pib gene containing line IRBLB-B 
cannot provide resistance to these three isolates. Some of the avirulence genes in the 
US population of M. oryzae have been studied [17, 18, 25]. However, the variation of 
other avirulence genes in the US population of M. oryzae needs to be evaluated.

Specific primers were used to detect the presence/absence of seven avirulence 
genes. Three avirulence genes, AVR1-CO39, AVR-Pi9, AVR-Pikz, AVR-Pizt, were 
present in all 12 reference isolates. According to the gene-for-gene concept [9], the 
corresponding R genes Pi-CO39 line, Pi9, Pikz, and Piz-t would interact with these 
avirulence genes and initiate the defense response. It is unknown how many aviru-
lence gene/R gene pairs could be involved in the resistance recognition process. 
When AVR-Pita1 was introduced into strains that were virulent on Pita containing 
cultivars, those transformed strains lost their pathogenicity on Pita containing 
cultivars [30], suggesting that one R gene recognized one corresponding avirulence 
gene to initiate the resistance response. If this is the case, then cultivar CO39 and 
lines carrying Pi9, Pikz, and Piz-t, would have broad-spectrum resistance to the US 
isolates. It has been shown that Pi9 containing line IRBL 9-W had resistance to all 12 
reference isolates, but this is in contrast to the results of the NILs carrying Pi-CO39, 
Pikz, and Piz-t based on the reference isolates. If these avirulence genes in the 
reference isolates are functional, then the critical avirulence gene or combination of 
avirulence genes needs to be further evaluated for managing the disease.

A number of R genes to the blast pathogen disease have been identified from rice  
[4, 6–8]. Although more than 20 R genes were incorporated into the NILs, only Pi9, 
Pi11(t), Pi12(t), Pib, and Pita-2 showed broad spectrum of resistance to the reference 
isolates of M. oryzae found in the southern USA. The R gene Pita-2 has been widely used in 
US rice breeding programs, and has been effective, but incorporation of other R genes to 
develop more durable resistant cultivars will help to reduce the impact of rice blast disease.

5. Conclusions

The population of M. oryzae in the southern USA is very diverse. Breeding lines 
with broad spectrum of resistance to the reference isolates have been developed, 
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Chapter 6

Sustainable Strategies for 
Managing Bacterial Panicle Blight 
in Rice
Xin-Gen Zhou

Abstract

Bacterial panicle blight (BPB) is present in more than 18 countries and has 
become a global disease in rice. BPB is highly destructive and can cause significant 
losses of up to 75% in yield and milling quality. BPB is caused by Burkholderia 
glumae or B. gladioli, with the former being the primary cause of the disease. 
Outbreaks of BPB are triggered by conditions of high temperatures in combina-
tion with high relative humidity at heading. The disease cycle starts with primary 
infections from infected seed, soil, and irrigation water, and subsequent secondary 
infections result from rain splash and panicle contact. Limited management options 
are available for control of BPB. There are only several cultivars including hybrids 
with partial resistance available currently. Twelve quantitative trait loci (QTLs) 
associated with the partial resistance have been identified. Oxolinic acid is an effec-
tive antibacterial compound for control of BPB in Japan, but it is not labeled for use 
on rice in the USA and many other countries. Sustainable control of BPB relies on 
integrated use of available management strategies of exclusion, genetic resistance, 
chemical control, biocontrol, and cultural practice. Developing and use of resistant 
cultivars is the best strategy to minimize the damage caused by BPB and maximize 
rice production in the long term.

Keywords: rice, bacterial panicle blight, seedling rot, grain rot, QTLs,  
Pseudomonas glumae, Burkholderia glumae, Burkholderia gladioli, disease control, IPM, 
epidemiology, genetic resistance, chemical control, biocontrol, cultural practice

1. Introduction

Bacterial panicle blight (BPB), caused primarily by Burkholderia glumae, has 
become a threat to rice production globally. BPB has the potential to cause significant 
losses in grain yield and milling quality in epidemic years. The disease causes several 
types of damage, including seedling blight, sheath rot, floret sterility, grains not 
filling or aborted, and milling quality reduction, resulting in a reduction of yield 
by up to 75% [1–4]. In Japan, BPB has become one of the major rice diseases. Severe 
outbreaks of this disease occurred on more than 69,000 ha in 2013 and 30,000 ha 
in 2015 [5, 6]. In the USA, BPB has recently become as one of the most important 
diseases in rice in terms of economic importance. A survey found that the disease 
was present in approximately 60% of Louisiana rice fields [7]. In the Southern USA, 
significant yield losses from BPB were reported in 1995, 1996, 1998, 2000, 2010, and 
2011 [1, 8–11]. In Louisiana, yield losses for severely infected fields reached 40% in 
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1995 and 1998 [1, 8]. In Arkansas, BPB was so severe in 2010 that yield losses were 
estimated at 50% in susceptible cultivars [9]. In Texas, the outbreaks of BPB resulted 
in an estimate of 10–20% yield loss in the Texas Rice Belt in 2010 [10, 11]. Outbreaks 
of this disease also occurred in rice under organic production systems in 2010 in 
Texas [11]. In the disease-yield loss field study, we found BPB was highly destructive 
and could cause yield losses ranging from 1 to 59% (83–4883 kg/ha), with yield loss 
increasing approximately 5% (455 kg/ha) for every unit increase in BPB severity on 
the rating scale of 0–9 [12]. Based on annual rice production in the Mid-South USA 
in 2003–2013, it is estimated that BPB caused $61 million USD of damage that would 
feed 1.1 million people annually (Aaron Shew, personal communication).

Effective management of BPB is critical to minimizing the damage caused by the 
disease and maximizing production returns. However, limited options for manage-
ment of the disease are available currently. No single genes or quantitative trait loci 
(QTLs) for complete resistance to BPB have been found so far [13, 14]. Only a few rice 
cultivars with partial resistance are available for commercial use. No chemical control 
options are available in the USA although oxolinic acid has been used as a major control 
measure for BPB in Japan for more than two decades [15]. Resistant populations of  
B. glumae to oxolinic acid have been found [16–19], which limits increasing use of this 
antibiotic compound for management of BPB. Oxolinic acid is not labeled for use on 
rice in the USA and many other countries. Compared to extensive research and signifi-
cant advances made on management of sheath blight caused by Rhizoctonia solani and 
rice blast caused by Magnaporthe oryzae, very limited research has been conducted on 
the development of effective and sustainable management options for control of BPB.

In this article, we focus on the review of recent advances on the development of 
management strategies for BPB, including exclusion, genetic resistance, chemical 
control, biological control, and cultural practice. In addition, world distribution 
of the pathogen, characteristic symptoms of BPB, and current understanding of 
epidemics of BPB are also included. Two review articles covering the pathogenesis 
of B. glumae and the detection of BPB have been published previously [20, 21]. 
The terms “BPB” and “grain rot” have been used interchangeably in the literature. 
However, BPB has been commonly used in the USA and Latin America, while grain 
rot in Japan and other countries [20]. The term BPB is used in this review article.

2. Pathogens

Since the first description of Burkholderia glumae (formerly Pseudomonas glumae 
Kurita and Tabei) as the bacterial pathogen causing rice seedling rot and grain rot 
in Japan in 1955 [22], BPB has been reported in more than 18 countries distrib-
uted in Africa, Asia, Latin America, and North America (Table 1). The total rice 
production from these countries accounted for more than 65% of total world rice 
production in 2018 [23]. BPB has become an increasingly important global disease 
in rice. In addition to B. glumae, B. gladioli has also been identified as another 
bacterial pathogen causing the BPB disease. Infection with B. gladioli produces the 
same symptoms as infection with B. glumae. The disease caused by B. gladioli has 
been reported in Arkansas (USA), China Japan, Louisiana (USA), Panama, and the 
Philippines, where B. glumae is also co-present (Table 1). In the USA, the cause of 
the BPB was not known at the time when epidemics of BPB occurred in 1995. In 
1996–1997, however, when evaluating bacterial isolates from rice tissue for their 
ability to control the rice sheath blight fungus R. solani, investigators in Louisiana 
accidentally found that some of the B. glumae isolates caused panicle blighting 
symptoms when greenhouse grown rice plants were spay inoculated [44]. This led 
to the discovery of B. glumae as the causal agent of the BPB disease.
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BPB of rice can be caused by either B. glumae or B. gladioli. However, the former 
is the primary cause of the disease. The study of Nandakumar et al. [1] found 
that 76 and 5% of the bacterial strains collected were B. glumae and B. gladioli, 
respectively. In a field survey conducted in Mississippi using PCR analysis, it was 
found that 84% of rice panicle samples collected were positive for B. glumae and 
12% of the samples positive for B. gladioli [38]. In a recent survey conducted in nine 
rice-producing counties of Arkansas, all 45 virulent bacterial isolates studied were 
B. glumae, and no B. gladioli isolates were identified [9]. In addition, the B. glumae 
pathogen tends to be more virulent and causes more damage to rice plants when 
compared to the B. gladioli pathogen [20, 33].

3. Symptoms

The symptoms of BPB include seedling blight, sheath rot, and panicle blighting 
[1–4]. These symptoms can be induced by either B. glume or B. gladioli. Virulent 
bacterial strains produce the yellow-pigmented toxin toxoflavin on King’s B 
agar medium (Figure 1), while avirulent strains do not produce this toxin [1]. 
Production of toxoflavin is an essential factor to induce the development of the 
symptoms on rice seedlings and grains [34, 45, 46].

Country Year BPB pathogen Reference

Japan 1955 B. glumae [22, 24]

Taiwan (China) 1983 B. glume [25]

Columbia 1989 B. glumae [26]

Latin America 1989 B. glumae [26]

Vietnam 1993 B. glumae [27]

Japan 1996 B. gladioli [28, 29]

The Philippines 1996 B. glume and B. gladioli [30–32]

Louisiana (USA) 2001 B. glume and B. gladioli [1, 33]

Korea 2003 B. glumae [34]

China 2007 B. glumae [35]

Panama 2007 B. glume and B. gladioli [36]

Nicaragua 2008 B. glumae [37]

Arkansas (USA) 2009 B. glume and B. gladioli [1, 9]

Mississippi (USA) 2009 B. glumae [1]

Texas (USA) 2009 B. glumae [1, 10]

Honduras 2011 B. glumae Lex Ceamer, personal communication

Mississippi (USA) 2012 B. gladioli [38]

Costa Rica 2014 B. glumae [39]

Ecuador 2014 B. glumae [40]

South Africa 2014 B. glumae [41]

India 2015 B. glumae [42]

China 2018 B. gladioli [43]

Table 1. 
Countries reported with the presence of bacterial panicle blight (BPB) caused by Burkholderia glumae  
and B. gladioli in rice as of January 2019.
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Unlike rice sheath blight and blast, BPB is difficult to be diagnosed based on the 
symptoms on panicles. Similar symptoms on panicles can be caused by many abiotic 
and biotic factors including heat, insect damage, and secondary microorganisms [3, 
4, 47]. However, BPB has the symptoms that can be distinguished from other causes. 
BPB occurs sporadically on individual plants or in circular or oval patterns in the 
field (Figures 2 and 3). In contrast, common panicle blanking, caused by abiotic 
stress such as from excessive heat, develops in the field more uniformly and does not 
form apparent foci. There are three important characteristics of BPB that separate 
it from other panicle disorders: (1) BPB often does not appear to prevent successful 
pollination although it can affect individual glumes or whole panicles (Figure 4). 
Thus, seed may be present on the panicle unlike panicle sterility that is caused by 
heat stress. (2) Infected florets initially have discoloration ranging from light green 
to light brown on the basal portion of the glumes with a reddish-brown margin 
separating this area from the rest that becomes straw-colored later (Figures 4 and 5).  
(3) The rachis or branches of the panicle remain green for a while at the base of each 
floret, even after the glumes desiccate and turn tan (Figures 4 and 5). Florets at 
the latest stages of infection usually appear to be gray or black due to the abundant 
growth of saprophytic fungi on the surface (Figure 5). The disease can cause linear 
lesions on sheaths with a distinct reddish-brown border and a gray and necrotic 
center, resulting in sheath rot (Figure 6A) and stem rot (Figure 6B). On the leaves, 
lesions are circular to oval with a smooth reddish-brown border and a gray or straw-
colored center (Figure 6C). If the infected plants are young, this disease can cause 
seedling blighting (Figure 6D) or seeding rot. The symptoms of seedling rot were 

Figure 2. 
A focal pattern of bacterial panicle blight (BPB) on the Presidio (cv) rice panicles (center) in a research plot 
inoculated with Burkholderia glumae at Beaumont, Texas.

Figure 1. 
Colonies of Burkholderia glumae and production of yellow pigment (toxoflavin) by B. glumae on King’s B agar 
plate (right) vs. no pigment production control plate (left). Photo was taken at 3 days after inoculation at 30°C.
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first reported in Japan [22] and frequently occur in young rice plants. However, these 
symptoms on leaves, sheaths, stems, and seedlings are rarely observed under the 
field conditions in the Southern USA [4]. This is one of the reasons why no scouting 
methods have been developed to detect and predict the development of BPB based 
on the symptoms on leaves and sheaths at the early crop growth stages.

Figure 3. 
Symptoms of bacterial panicle blight (BPB) on a Presidio (cv) rice panicle head (arrow) in the field inoculated 
with Burkholderia glumae at the flowering stage at Beaumont, Texas.

Figure 4. 
A close look at the symptoms of bacterial panicle blight (BPB) on Presidio (cv) rice panicles. Photo was taken 
approximately 2 weeks after inoculation with Burkholderia glumae at the flowering stage at Beaumont, Texas.
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Figure 6. 
Symptoms of sheath rot (A), stem rot (B), leaf lesions (C), and seedling blighting (D) caused by Burkholderia glumae 
in Presidio (cv) rice. Rice seedlings were inoculated with B. glumae and maintained in the greenhouse.

4. Epidemiology

The disease cycle and epidemiology of BPB of rice are not completely under-
stood. Both B. glumae and B. gladioli species have been identified as the cause of 
the BPB disease. However, the former has much wider distribution in the world 
as shown in Table 1. The bacteria of both species were also found to be widely 
present in rice seed lots in the studies conducted in China, Japan, the Philippines, 
and the USA [21, 32, 48]. Therefore, infected seeds serve as the primary source of 
inoculum [1]. In addition, Jeong et al. [34] reported that B. glumae could also infect 
other plant species, including tomato, sesame, perilla (an herb), eggplant, and hot 
pepper. The bacteria are capable of inhabiting surface plants and soils under a wide 
range of environments [49, 50]. In a field survey conducted in Mississippi using 
PCR analysis, it was found that 83% of soil samples were positive for B. glumae and 
2% of the soil samples positive for B. gladioli [38]. This survey also found that 85% 
of field irrigation water samples collected were positive for B. glumae and 2% of the 
water samples positive for B. gladioli. Therefore, soil and irrigation water can also 
serve as the sources of inoculum for the spread and development of BPB.

The bacterial pathogen invades germinated seeds, inhabits the roots and lower 
sheaths, and moves up the growing plant as an epiphyte (an organism growing on 
a plant surface, but not as a parasite) [2, 51, 52]. A recent study, using real-time 
fluorescence quantitative PCR to monitor the infection process of B. glumae, finds 

Figure 5. 
Comparison of the developmental symptoms of bacterial panicle blight (BPB) on infected kernels of rice (lower row) 
and healthy kernels (upper row). Photo was taken for rice kernels collected from different Presidio (cv) rice 
plants inoculated with Burkholderia glumae at the flowering stage in the field. Note the occurrence of secondary 
fungal infection on the discolored kernel at the late BPB development stage (lower right end).
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that the bacterium also can directly infect the rice plant by colonizing the vascular 
bundle of lateral roots and then spreading to upper tissues such as leaf sheaths 
and leaf blades through vascular system [53]. Infection by the bacterium occurs at 
flowering by invading rice spikelets through stomata or wound in the epidermis 
of glumes. The bacterium colonizes and multiplies in spikelets quickly after inva-
sion by utilizing intermediate sugars in developing grains [51, 52]. The bacteria are 
spread primarily by splashing and windblown rain and panicle contact, resulting in 
the formation of disease foci that are frequently observed in the field [2, 54, 55].

High temperatures in combinations with high humidity or frequent rain are 
essential for the development of BPB epidemics. The outbreaks of BPB are usually 
triggered by conditions of high temperatures in combination with simultaneously 
high relative humidity during the heading-flowering stages. In the observations of 
Yokoyama and Okuhara [56], the disease developed when minimum daily temperature 
was ≥23°C and moderate rainfall (<30 mm/day) occurred during heading. Tsushima 
et al. [57] found BPB commonly occurred when relative humidity was more than 95% 
for 24 hours during flowering. Lee et al. [58] reported that the disease did not develop 
when the minimum daily temperature was less than 22°C and when relative humidity 
was below 80% during the heading stage. Nandakumar et al. [1] found that the opti-
mum temperature for the growth of B. glumae and B. gladioli ranged from 35 to 40°C.

The outbreaks of BPB in the Southern USA in the epidemic years appeared to be 
related to unusual weather conditions. Weather conditions favorable for the develop-
ment of the disease were high nighttime temperatures and high humidity or frequent 
rainfall during heading and flowering [10]. For example, in the 2010 epidemic year, 
abnormally high minimum (night time) temperatures occurred on June 21 through 
July 10 (Figure 7) when ca. 60% of the Texas rice acreage was near or at heading 
and flowering. During that period, rainfall was frequent and relative humidity was 
95% or above most of the time (Figure 7). The combination of favorable weather 
conditions, high nighttime temperatures and high humidity, occurring at the 
most susceptible stages of rice plants promoted the infection and development of 
BPB. Similar weather patterns were observed in 1995 when a severe epidemic of BPB 
took place in Texas. There were many days with high maximum temperatures 35°C or 

Figure 7. 
Air temperatures and rainfalls during the 2010 growing season of rice at the Beaumont Center, Jefferson County, 
Texas. Note the red-dashed rectangle area showing minimum (night) air temperatures (blue curves) higher above 
the 65-year historical average (the brown curve) and frequent rainfalls (green bars). The dashed rectangle area 
represents the period of June 21 through July 10 that coincided with the heading and flowering stages (source: 
http://beaumont.tamu.edu).
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Figure 6. 
Symptoms of sheath rot (A), stem rot (B), leaf lesions (C), and seedling blighting (D) caused by Burkholderia glumae 
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Figure 5. 
Comparison of the developmental symptoms of bacterial panicle blight (BPB) on infected kernels of rice (lower row) 
and healthy kernels (upper row). Photo was taken for rice kernels collected from different Presidio (cv) rice 
plants inoculated with Burkholderia glumae at the flowering stage in the field. Note the occurrence of secondary 
fungal infection on the discolored kernel at the late BPB development stage (lower right end).

73

Sustainable Strategies for Managing Bacterial Panicle Blight in Rice
DOI: http://dx.doi.org/10.5772/intechopen.84882

that the bacterium also can directly infect the rice plant by colonizing the vascular 
bundle of lateral roots and then spreading to upper tissues such as leaf sheaths 
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for 24 hours during flowering. Lee et al. [58] reported that the disease did not develop 
when the minimum daily temperature was less than 22°C and when relative humidity 
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The outbreaks of BPB in the Southern USA in the epidemic years appeared to be 
related to unusual weather conditions. Weather conditions favorable for the develop-
ment of the disease were high nighttime temperatures and high humidity or frequent 
rainfall during heading and flowering [10]. For example, in the 2010 epidemic year, 
abnormally high minimum (night time) temperatures occurred on June 21 through 
July 10 (Figure 7) when ca. 60% of the Texas rice acreage was near or at heading 
and flowering. During that period, rainfall was frequent and relative humidity was 
95% or above most of the time (Figure 7). The combination of favorable weather 
conditions, high nighttime temperatures and high humidity, occurring at the 
most susceptible stages of rice plants promoted the infection and development of 
BPB. Similar weather patterns were observed in 1995 when a severe epidemic of BPB 
took place in Texas. There were many days with high maximum temperatures 35°C or 

Figure 7. 
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represents the period of June 21 through July 10 that coincided with the heading and flowering stages (source: 
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above, day temperatures above 32°C from 10 am to 12 pm (the flowering time), and 
precipitation from the last week of June through the first week of August (Table 2).  
Heading and flowering occurred on a large percentage of the Texas rice crop during 
that period. These conditions were associated with severe outbreaks of BPB and 
significant yield losses in 1995. Figure 8 shows an example of the severity of this 
disease in 1995 and its association with yield loss for different rice cultivars, with the 
disease severity levels ranging from 1 to 22% of panicles affected.

5. Management strategies

Successful disease control generally relies on employing management strategies 
toward reducing the damage to a manageable and acceptable level. These strategies 

Figure 8. 
Yield (left Y-axis) and bacterial panicle blight (BPB) severity (% panicles affected) (right Y-axis) of eight 
cultivars of rice (X-axis) in naturally infested field at Beaumont, Texas, in 1995 (source: [11]). Error bars are 
present in columns.

Crop 
phenology 
(% heading)

Month Week Days Total 
precipitation 

(cm)≥35°C Mean ≥ 24°C 10 am to noon 
≥32°C

Precipitation

— June 1 0 0 — 0 4.4

7 2 0 3 — 1 2.0

3 3 0 0 0 0 0

6 4 4 1 0 2 8.0

15 July 1 0 5 0 5 4.0

12 2 4 2 0 2 0.7

11 3 4 3 6 2 0.4

10 4 6 5 7 2 4.8

10 August 1 3 1 4 2 2.2

3 2 2 2 6 3 3.5

3 3 4 2 — 3 3.2

3 4 4 1 — 4 2.5

Table 2. 
Summary of rice crops and weather data at Beaumont and Eagle Lake, Texas in 1995.
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are exclusion, genetic resistance, chemical control, biological control, and cultural 
practice. However, for control of the BPB disease at a given geographical area, there 
are few management options available currently. To effectively manage rice BPB, rice 
producers must start with the use of pathogen-free seeds as an exclusion measure, 
plant with partially resistant cultivars, apply with available chemicals or biocontrol 
agents, and use proper cultural practice. Integrated use of these available manage-
ment strategies is the key to the effective and sustainable control of the BPB disease.

5.1 Exclusion

Since the BPB disease has been reported in more than 18 countries (Table 1) and 
the disease is not present in all the rice-producing countries and regions, exclusion of 
the BPB pathogens from a disease-free region is the most effective strategy to prevent 
BPB of rice. Plant quarantine is an effective measure to achieve this goal. For example, 
within the USA, the state of California has employed a plant material quarantine 
procedure to prevent the introduction of the BPB pathogens, other rice pathogens, 
and weed and insect pests into the state from the southern rice-producing USA. A 
similar plant quarantine law has been established and enforced in China to prevent the 
potential importation of the BPB pathogens from foreign countries since 2007 [21].

BPB is seedborne and infected seeds serve as the primary source of inoculum 
[1, 2, 48]. Therefore, the use of certified seeds that are free of the BPB pathogens 
is another effective measure to exclude the disease from a disease-free geographic 
area. Different molecular detection methods including PCR that have been devel-
oped to test rice seed lots [19, 48] can aid in this process. In the USA, the use of 
pathogen-free seeds is recommended to manage the BPB disease. However, using 
PCR procedure to ensure the BPB pathogens free in certified seed has not been 
employed. To reduce the BPB disease, it is recommended that farmers should not 
use the seeds harvested from the fields that are infected with BPB the previous year.

Seed treatment can serve as the last resort to reduce and even eliminate the 
seedborne BPB pathogen populations and to control subsequent head disease to an 
accepted level. Rice seeds treated at 65°C of dry heat for 6 days can eradicate the 
BPB pathogens [26]. Seed treatment with the antibiotic bactericide oxolinic acid 
(Starner®) has been shown to control the bacterial pathogens in naturally and arti-
ficially infected seeds [59]. An antagonistic Pseudomonas spp. strain when applied 
onto seeds was effective to reduce the B. glumae populations in seed and suppress 
seedling rot [60]. Seed treatment with hot water at 60°C for 10 minutes is ineffec-
tive for control of the BPB disease although such seed treatment practice is effective 
to control the rice blast pathogen M. oryzae [61].

5.2 Genetic resistance

Considerable research efforts have been conducted globally to develop resistant 
cultivars as an effective and sustainable strategy for management of BPB of rice. 
Unfortunately, no single genes or quantitative trait loci (QTLs) for complete resis-
tance to BPB have been found so far [13, 14]. Only several rice cultivars with partial 
resistance are available for commercial use. In Japan, BPB resistance breeding research 
efforts started as early as 1975; three partially resistant cultivars were identified 
through a field screening of nine cultivars and lines [62]. No resistant cultivars and 
breeding lines were identified in a study of screening 293 cultivars and lines using 
greenhouse inoculation at the flowering stage in 1983 [63, 64]. From 1985 through 
2013, there were nine reported studies that screened a total of 798 cultivars and 
breeding lines in the field and greenhouse and identified a total of 28 cultivars and 
lines showing partial resistance to BPB [13, 65–73]. Most recently, Mizobuchi et al. 
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are exclusion, genetic resistance, chemical control, biological control, and cultural 
practice. However, for control of the BPB disease at a given geographical area, there 
are few management options available currently. To effectively manage rice BPB, rice 
producers must start with the use of pathogen-free seeds as an exclusion measure, 
plant with partially resistant cultivars, apply with available chemicals or biocontrol 
agents, and use proper cultural practice. Integrated use of these available manage-
ment strategies is the key to the effective and sustainable control of the BPB disease.

5.1 Exclusion

Since the BPB disease has been reported in more than 18 countries (Table 1) and 
the disease is not present in all the rice-producing countries and regions, exclusion of 
the BPB pathogens from a disease-free region is the most effective strategy to prevent 
BPB of rice. Plant quarantine is an effective measure to achieve this goal. For example, 
within the USA, the state of California has employed a plant material quarantine 
procedure to prevent the introduction of the BPB pathogens, other rice pathogens, 
and weed and insect pests into the state from the southern rice-producing USA. A 
similar plant quarantine law has been established and enforced in China to prevent the 
potential importation of the BPB pathogens from foreign countries since 2007 [21].

BPB is seedborne and infected seeds serve as the primary source of inoculum 
[1, 2, 48]. Therefore, the use of certified seeds that are free of the BPB pathogens 
is another effective measure to exclude the disease from a disease-free geographic 
area. Different molecular detection methods including PCR that have been devel-
oped to test rice seed lots [19, 48] can aid in this process. In the USA, the use of 
pathogen-free seeds is recommended to manage the BPB disease. However, using 
PCR procedure to ensure the BPB pathogens free in certified seed has not been 
employed. To reduce the BPB disease, it is recommended that farmers should not 
use the seeds harvested from the fields that are infected with BPB the previous year.

Seed treatment can serve as the last resort to reduce and even eliminate the 
seedborne BPB pathogen populations and to control subsequent head disease to an 
accepted level. Rice seeds treated at 65°C of dry heat for 6 days can eradicate the 
BPB pathogens [26]. Seed treatment with the antibiotic bactericide oxolinic acid 
(Starner®) has been shown to control the bacterial pathogens in naturally and arti-
ficially infected seeds [59]. An antagonistic Pseudomonas spp. strain when applied 
onto seeds was effective to reduce the B. glumae populations in seed and suppress 
seedling rot [60]. Seed treatment with hot water at 60°C for 10 minutes is ineffec-
tive for control of the BPB disease although such seed treatment practice is effective 
to control the rice blast pathogen M. oryzae [61].

5.2 Genetic resistance

Considerable research efforts have been conducted globally to develop resistant 
cultivars as an effective and sustainable strategy for management of BPB of rice. 
Unfortunately, no single genes or quantitative trait loci (QTLs) for complete resis-
tance to BPB have been found so far [13, 14]. Only several rice cultivars with partial 
resistance are available for commercial use. In Japan, BPB resistance breeding research 
efforts started as early as 1975; three partially resistant cultivars were identified 
through a field screening of nine cultivars and lines [62]. No resistant cultivars and 
breeding lines were identified in a study of screening 293 cultivars and lines using 
greenhouse inoculation at the flowering stage in 1983 [63, 64]. From 1985 through 
2013, there were nine reported studies that screened a total of 798 cultivars and 
breeding lines in the field and greenhouse and identified a total of 28 cultivars and 
lines showing partial resistance to BPB [13, 65–73]. Most recently, Mizobuchi et al. 
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[74] identified two tropical japonica cultivars, Kale and Jaguary, with a high level of 
resistance and several indica cultivars with moderate levels of resistance. These culti-
vars could serve as good resistance sources to develop BPB-resistant Japanese temperate 
japonica cultivars that can be adapted for use in Japan. Most of rice cultivars commer-
cially available in Japan are susceptible or very susceptible to the BPB disease [74].

In the USA, a collaborative research effort has been established for decades 
in the southern states of Arkansas, Louisiana, Mississippi, Missouri, and Texas 
through the Uniform Rice Research Nursery (URRN) to evaluate and develop 
rice cultivars with high yielding potential and resistance to BPB, sheath blight, 
rice blast, and other diseases. Annually, more than 200 elite breeding lines and 
cultivars from the southern states’ breeding programs are evaluated in the URRNs 
inoculated with B. glumae at the boot to heading stages. Jupiter, a partially resistant 
cultivar [75–77] is usually included as a check in these multistate evaluations. 
Results of multiyear studies demonstrate that no complete resistance cultivars and 
lines are available and most of the cultivars and lines evaluated are susceptible and 
very susceptible to BPB [[78], Don Groth, personal communication]. However, 
some cultivars and lines demonstrated their partial resistance to BPB. For example, 
Catahoula, Jupiter, Taggart, Rondo, and XL723 (hybrid) were moderately resistant 
to BPB in the field evaluations conducted in Texas (Figure 9). Hybrid cultivars, 
including XL723, XL753, XL760, CLXL729, CLXL 730, and CLXL745, are relatively 
more resistant than most of inbred cultivars [4]. The mechanisms associated with 
BPB resistance in the hybrids are needed to be investigated. In addition, LM-1, a 
mutant line obtained from gamma radiation treatment of the susceptible cultivar, 
Lemont, is resistant to BPB [7, 79]. Some resistant breeding lines have been identi-
fied in the URRN evaluations in Arkansas [80].

In addition to the host resistance research that has been conducted in Japan and the 
USA, resistant cultivars and lines have also been reported in other countries. In Brazil, 
three cultivars were found to be resistant to BPB in the field evaluation [81]. In China, 
one cultivar, named KaohsiugS.7, was reported to show resistance to the disease when 
rice plants were inoculated with B. glumae at the flowering stage in the field [82].

Host resistance such as rice blast resistance can be broadly classified into com-
plete and partial resistance [83]. The complete resistance is of qualitative character 
and race specific, which is controlled by major resistance genes (R genes). However, 
the partial resistance is of quantitative character and non-race specific, which is 
controlled by several minor genes known as quantitative trait loci (QTLs). Unlike 
rice blast resistance having both complete and partial resistances, it is apparent 

Figure 9. 
Mean severities of bacterial panicle blight (BPB) (Y-axis) in 20 rice cultivars (X-axis) over two locations 
(Beaumont and Eagle Lake) in Texas in 2010. Error bars are present in columns.
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that rice BPB resistance has only partial (quantitative) resistance and no complete 
resistance has been found. Pinson et al. [14] provided the first analysis of QTLs of 
rice resistance to BPB, using a population of 300 recombinant inbred lines (RILs) 
derived from a cross between Lemont and TeQing, susceptible and resistant to BPB, 
respectively. Lemon was an American rice cultivar, while TeQing was a cultivar from 
China. Twelve QTLs, namely, qBPB-1-1, qBPB-1-2, qBPB-1-3, qBPB-2-1, qBPB-2-2, 
qBPB-3-1, qBPB-3-2, qBPB-7, qBPB-8-1, qBPB-8-2, qBPB-10, and qBPB-11, were 
identified on seven chromosomes (chromosomes 1, 2, 3, 7, 8, 10, and 11). Among 
these QTLs, eight (qBPB-1-1, qBPB-1-2, qBPB-2-2, qBPB-3-1, qBPB-7, qBPB-8-1, 
qBPB-10, and qBPB-11) were derived from TeQing and four (qBPB-1-3, qBPB-2-1, 
qBPB-3-2, and qBPB-8-2) from Lemont. After this first report of QTL analysis in the 
USA, Mizobuchi et al. [73, 84] also identified one QTL, namely, RBG2, on chromo-
some 1, using a population of 110 backcross inbred lines (BILs) derived from a cross 
between Kale (resistant to BPB) and Hitomebore (susceptible) in Japan. Kale was 
a traditional lowland indica cultivar that originated from India, while Hitomebore 
was a modern lowland temperate japonica cultivar. In addition, Mizobuchi et al. [85] 
also have identified the first and only QTL associated with resistance to seedling 
rot caused by B. glumae from a population of 44 chromosome segment substitution 
lines (CSSLs) derived from a cross between Nona Bohka and Koshihikari, resistant 
and susceptible to seedling rot, respectively. This QTL, namely, RBG1, is located on 
chromosome 10.

The current research evidence suggests that there is no direct correlation in 
genetic resistance between seeding rot and grain rot caused by the same bacterium 
B. glumae [64, 73, 85].

5.3 Chemical control

Oxolinic acid (5-ethyl-5,8-dihydro-8-oxo-[1,3]dioxolo[4,5-g]quinoline-7-car-
boxylic acid, Starner®) is the first chemistry that has been reported to be highly 
effective for control of the BPB disease in rice. This antibacterial compound, a 
quinoline derivative, was first introduced in Japan in 1989 for control of rice seeding 
rot and grain rot [15]. Combined use of oxolinic acid as seed treatment and foliar 
sprays at heading has been reported to be the best strategy for effective control of 
both seeding rot and gain rot diseases [17]. When applied at the heading stage, this 
bactericide is highly effective to inhibit multiplication of B. glumae on spikelets and 
control the BPB disease [15, 51]. In the multiyear field trials conducted in Louisiana 
is Texas, oxolinic acid, when applied at the boot to heading stages, reduced BPB 
severity by up to 88% [86–88]. Oxolinic acid has been used three times per sea-
son for control of BPB in Japan for more than two decades [89]. Unfortunately, 
B. glumae populations resistant to oxolinic acid have been found in rice in Japan 
since 1998 [16, 17, 19, 89, 90]. An amino acid substitution at position 83 in GyrA 
(GyrA83) is responsible for the development of oxolinic acid resistance in the B. 
glumae populations [90]. It has been found that the bacterial populations resistant 
to oxolinic acid are also cross-resistant to other quinoline derivatives [16]. A specific 
PCR method has been developed to detect the oxolinic acid-resistant populations 
of B. glumae [19]. The occurrence of oxolinic acid resistance might limit its increas-
ing use and new registrations for management of BPB in rice. Oxolinic acid is not 
registered for use in rice in the USA and many other countries.

Copper and copper-containing bactericides have also been reported to be 
effective for control of BPB in rice [86, 91–93]. These bacterial products include 
Kocide® 2000 (53.8% copper hydroxide), Kocide® 3000 (46.1% copper hydrox-
ide), Previsto® (5% copper hydroxide), Badge® SC (15.4% copper hydroxide plus 
16.8% copper oxychloride), Badge® X2 (21.5% copper hydroxide plus 23.8% copper 
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[74] identified two tropical japonica cultivars, Kale and Jaguary, with a high level of 
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that rice BPB resistance has only partial (quantitative) resistance and no complete 
resistance has been found. Pinson et al. [14] provided the first analysis of QTLs of 
rice resistance to BPB, using a population of 300 recombinant inbred lines (RILs) 
derived from a cross between Lemont and TeQing, susceptible and resistant to BPB, 
respectively. Lemon was an American rice cultivar, while TeQing was a cultivar from 
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qBPB-3-2, and qBPB-8-2) from Lemont. After this first report of QTL analysis in the 
USA, Mizobuchi et al. [73, 84] also identified one QTL, namely, RBG2, on chromo-
some 1, using a population of 110 backcross inbred lines (BILs) derived from a cross 
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Oxolinic acid (5-ethyl-5,8-dihydro-8-oxo-[1,3]dioxolo[4,5-g]quinoline-7-car-
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control the BPB disease [15, 51]. In the multiyear field trials conducted in Louisiana 
is Texas, oxolinic acid, when applied at the boot to heading stages, reduced BPB 
severity by up to 88% [86–88]. Oxolinic acid has been used three times per sea-
son for control of BPB in Japan for more than two decades [89]. Unfortunately, 
B. glumae populations resistant to oxolinic acid have been found in rice in Japan 
since 1998 [16, 17, 19, 89, 90]. An amino acid substitution at position 83 in GyrA 
(GyrA83) is responsible for the development of oxolinic acid resistance in the B. 
glumae populations [90]. It has been found that the bacterial populations resistant 
to oxolinic acid are also cross-resistant to other quinoline derivatives [16]. A specific 
PCR method has been developed to detect the oxolinic acid-resistant populations 
of B. glumae [19]. The occurrence of oxolinic acid resistance might limit its increas-
ing use and new registrations for management of BPB in rice. Oxolinic acid is not 
registered for use in rice in the USA and many other countries.

Copper and copper-containing bactericides have also been reported to be 
effective for control of BPB in rice [86, 91–93]. These bacterial products include 
Kocide® 2000 (53.8% copper hydroxide), Kocide® 3000 (46.1% copper hydrox-
ide), Previsto® (5% copper hydroxide), Badge® SC (15.4% copper hydroxide plus 
16.8% copper oxychloride), Badge® X2 (21.5% copper hydroxide plus 23.8% copper 
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oxychloride), and Top Cop® (8.4% tric basic copper sulfate). In the field trials 
of Louisiana, a single application of Kocide® 2000 or Top Cop® at the boot stage 
reduced the BPB severity as much as 75%, and grain yield and milling quality were 
improved [86]. In our multiyear field trials conducted in Texas, single applications 
of Kocide® 3000, Badge® SC, Badge® X2, or Previsto® at the heading stage signif-
icantly reduced BPB severity, with the reductions ranging from 42 to 96% [91–93]. 
However, except Previsto® with a relatively lower level of copper-active ingredient, 
all other copper products produced varying degrees of phytotoxicity on sprayed 
leaves and panicles and under certain environmental conditions reduced yields [86, 
91–93]. These copper products have been registered as bactericides and fungicides 
for control of various bacterial and fungal diseases in citrus, tree crops, vegetables, 
vines, and field crop (soybeans, wheat, oats, and barley) in the USA. Probably due 
to their potential phytotoxicity and yield reduction, all these copper products have 
not been registered for management of the BPB disease on rice in the USA.

In addition to oxolinic acid and copper-based bactericides, other bactericides 
such as kasugamycin, probenazole, and pyroquilon are used for management of 
rice seedling rot and grain rot in Japan [16] and Honduras (Lex Ceamer, personal 
communication).

5.4 Biological control

Several studies have been conducted to develop biological control methods as 
a strategy for management of BPB of rice. In Japan, Tsushima and Torigoe [94] 
conducted the first research on the use of bacterial antagonists for control of BPB 
under field conditions. An antagonistic Pseudomonas sp. strain was found to be 
effective to suppress seedling rot when pretreated onto rice seeds prior to planting 
[60]. Furuya et al. [95] also found that rice seedling rot was reduced following seed 
treatment with avirulent strains of B. glumae. Miyagawa and Takaya [96] found that 
an avirulent strain of B. gladioli when applied onto rice panicles was very effective 
to reduce BPB severity. In the USA, five Bacillus amyloliquefaciens strains were found 
to be antagonistic against B. glumae in vitro and reduce BPB severity when applied 
at the heading stage in the field trials conducted in Louisiana [97]. When applied at 
the flowering stage, two strains of Bacillus sp., with antibacterial activities toward 
B. glumae, were demonstrated to reduce BPB severity by as much as 50% and 
increase grain yield by more than 11% in the field trials conducted in Texas [87, 88]. 
In a separate BPB-spread field trial study, one of the strains also showed its ability to 
significantly limit the spatial spread of BPB from a focal point of inoculum [55].

In addition to bacterial biocontrol agents, bacteriophages (also known as phages) 
have been demonstrated to be effective for management of rice seedling rot in Japan. 
Adachi et al. [98] found that two bacteriophages were able to lyse B. glumae and were 
highly effective to control seeding rot when rice seeds were pretreated with them. 
One of the bacteriophages evaluated was even more effective in reducing seeding rot 
than the bactericide ipconazole/copper (II) hydroxide.

5.5 Cultural practice

Few studies have been conducted to understand and develop cultural practices 
that could reduce the incidence and severity of BPB in rice. High levels of nitrogen 
fertility tend to increase the susceptibility of rice plants to the BPB disease. Avoiding 
excessive nitrogen rates can help reduce the damage caused by BPB. In an Arkansas 
study evaluating the effects of nitrogen on BPB severity, it was demonstrated that 
the severity of BPB at the high nitrogen rate (247 kg/ha) was 1.6 times higher than at 
the low rate (168 kg/ha) applied during a cropping season [99]. Under the Southern 
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US rice production systems, early planting or use of early maturing rice cultivars to 
avoid the hottest times of the growing season is another effective approach to reduce 
the damage caused by the disease. In addition, avoiding excessive seeding rates is also 
helpful in reducing the incidence and severity of the disease.

6. Conclusion and prospects

BPB has been reported in more than 18 countries and has become a global rice 
disease. Currently, BPB is one of the major diseases in rice in many countries, 
including Japan, the USA, and Latin America. The disease is highly destructive, 
which can cause almost complete losses in yield and milling quality under the most 
favorable conditions. The outbreaks of BPB are triggered by conditions of high tem-
peratures. With predicted global warming, the disease is likely to be more prevalent 
on a global scale and to cause more damage in epidemic regions in the future [20, 
74]. The global land and ocean surface temperature has been increased by as much 
as 0.85°C over the period of 1880–2012 based on the 2014 IPCC report [100]. Under 
the 1°C warming scenario, it is estimated that the increased damage caused by this 
disease in the Southern USA would result in a $103 million USD annual decrease 
in consumer surplus and a loss of rice production equivalent to feeding 1.9 million 
people (Aaron Shew, personal communication).

Effective management of this bacterial disease is challenging. Unlike most of 
other rice diseases, The BPB disease often develops after the heading stage, and 
typically no symptoms and signs can be observed before heading. Therefore, no 
scouting methods are currently available to detect and predict the development 
of the disease. No standardized seed treatment methods have been developed and 
commercialized specifically to eradicate or reduce the pathogen populations in rice 
seeds. No chemical control agents are labeled for management of the BPB disease in 
most countries, including the USA. The efficacy and increasing use of oxolinic acid 
have been affected by the development of oxolinic acid resistance in the populations 
of B. glumae in Japan and other countries. No commercially available biocontrol 
agents have been developed. Most of commercially available rice cultivars are 
susceptible or very susceptible to BPB.

Therefore, effective and sustainable control of the BPB disease largely depends 
on integrated use of available management options. Plant quarantine is the first 
defense to exclude the BPB pathogens from disease-free countries and regions. The 
use of pathogen-free seed or certified seed is another effective measure to control 
this disease. Planting with cultivars having a resistant level as high as possible is 
always an effective recommendation to reduce the damage caused by the disease. A 
limited number of rice cultivars, including hybrids, with partial resistance to BPB 
are available for commercial use in many countries. Since no source of complete 
resistance has been discovered so far, more research is needed to look for new 
sources of resistance through screening a greater number of germplasm lines, 
including those from other countries and the wild species of Oryza. Continued 
studies are needed to further characterize, fine map, or even clone the QTLs 
associated with BPB resistance that have been identified. More investigations are 
desired to understand the genetic control of BPB resistance in available resistant 
rice cultivars and lines, especially hybrids. These studies may lead to the develop-
ment of molecular makers linked to BPB resistance that can help breeders facilitate 
the selection of BPB resistance in early breeding generations with more confidence. 
Recent advances in rice genomics and newly developed genome editing tools like 
CRISPR may provide new and powerful tools to better understand the mechanisms 
associated with BPB resistance and develop new rice cultivars with a higher level of 
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resistance to BPB in the future. Developing and use of resistant cultivars is the best 
strategy to minimize the damage caused by BPB and maximize rice production in 
the long term.
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Chapter 7

Rice False Smut: An Increasing 
Threat to Grain Yield and Quality
Wen-Ming Wang, Jing Fan and John Martin Jerome Jeyakumar

Abstract

Rice false smut (RFS) is the most important grain disease in rice production 
worldwide. Its epidemics not only lead to yield loss but also reduce grain quality 
because of multiple mycotoxins generated by the causative pathogen, Villosiclava 
virens (anamorph: Ustilaginoidea virens). The pathogen infects developing spikelets 
and specifically converts individual grain into a RFS ball that is established from 
mycelia covered with powdery chlamydospores, sometimes generating sclerotia. 
RFS balls seem to be randomly formed in some grains on a panicle of a plant in the 
paddy field. However, epidemics differ largely among varieties, fields, and seasons. 
This chapter introduces current understanding on the disease, mycotoxins, the 
biology of the pathogen, pathogenesis of RFS, rice resistance, the disease cycle, the 
disease control, and assay.

Keywords: basal defense, biotroph, effector, epiphytic growth, grain filling gene, 
mycotoxin, sclerotium

1. Introduction

Rice production plays a crucial role in our food security. Rice security is not only 
an economic issue but also an important parameter to determine social and politi-
cal stability [1]. Thus, rice research has to be geared up to develop strategies for 
alleviating losses due to pests and diseases. In the past decades, a number of minor 
diseases have attained the status of major importance in rice. One such disease is the 
rice false smut (RFS) disease that is a threat to yield and grain quality.

RFS was previously recorded as a minor disease of rice and considered as a 
symbol of good harvest in old times. In recent years, increasing occurrence of RFS 
has been reported in most major rice growing regions throughout the world, such as 
China, India, and USA [2–5]. The emergence of this disease is believed to be par-
tially due to wide application of hybrid rice varieties, which are mostly susceptible 
to the RFS. The causative agent of RFS is an ascomycete fungal pathogen Villosiclava 
virens (anamorph: Ustilaginoidea virens [Cooke] Takahashi) [6], which specifically 
infects rice flowers and transforms the latter into RFS balls [3]. RFS balls are small 
at first growing slowly and enclosing the floral parts. The early balls were found 
to be slightly flattened and smooth and were covered by a thin membrane. As the 
pathogen growth intensifies, the RFS ball bursts with chlamydospores and becomes 
orange then later yellowish-green or greenish-black (Figure 1A–C). The RFS balls 
generate sclerotia (Figure 1D) when the temperature difference between day and 
night is large in autumn [3]. RFS ball is the only visible symptom of RFS disease.
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The disease induces considerable losses both in yield and quality [7, 8], due to 
the occurrence of RFS balls and increased sterility of kernels adjacent to the balls 
[9]. Moreover, RFS balls produce two types of mycotoxins, i.e., ustiloxin and usti-
laginoidin, which are poisonous to both humans and animals and impose significant 
health hazards by contaminating rice grains and straws [10–12]. For example, 
ustiloxin A causes kidney and liver damage in mice, due to its inhibition activity on 
microtubule assembly and skeleton formation of the eukaryotic cells [11, 13].

RFS balls seem to be randomly formed in some grains of rice panicles in the 
paddy field and are inevitably collected during harvest (Figure 1E, F). The disease 
spread varies within a field or between fields and is considered to be more severe 
in the proximity of drainage channels [14]. Epidemics of RFS disease tend to occur 
when rice booting and heading stages meet with rainfall periods. However, epidem-
ics differ largely among varieties, fields, and seasons. This chapter describes our 
current knowledge on the mycotoxins, biology of the pathogen, pathogenesis of 
RFS, rice resistance, disease cycle, disease control, and disease assay.

2. Mycotoxins

V. virens produces two kinds of mycotoxins, ustiloxins and ustilaginoidins. 
Ustiloxins are water-soluble cyclic peptides, each including a 13-membered ring 
with an ether linkage [10]. The structures of six ustiloxins, including A–D, F, and 
G, have been identified so far [10, 15, 16]. A gene cluster has been suggested to be 
responsible for the ribosomal biosynthesis of ustiloxins [17]. Ustiloxins A and B are 

Figure 1. 
Disease symptom of rice false smut: (A)–(C) white, yellow, and dark green false smut balls at early, middle, 
and late stages, respectively; (D) sclerotia (white arrows) are formed in false smut balls at the late stage;  
(E) field view of rice false smut disease; and (F) harvested rice grains are contaminated with rice false smut 
balls. Inset shows that rice grains are covered by chlamydospores from false smut balls.
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among the most abundant ustiloxins in RFS ball and are mainly contained in the 
middle layer of mycelia and immature chlamydospores at early maturity stage [18]. 
Recently, rapid qualitative or quantitative detection methods, such as monoclonal 
antibody-based enzyme-linked immunosorbent assay and colloidal gold-based 
lateral flow immunoassay, have been established for detecting ustiloxins A and B 
in rice and feed samples [19, 20]. Ustilaginoidins are bis-naphtho-γ-pyrones and 
can be easily dissolved in organic solvent. Twenty-five ustilaginoidins (A-W) have 
been isolated from V. virens [21–25]. Ustilaginoidins can be isolated from RFS balls 
and solid rice media culturing V. virens. Several tested ustilaginoidins are mainly 
distributed in the layers embracing chlamydospores of yellowish-green or dark-
green RFS balls [26].

Ustiloxins could inhibit polymerization of microtubule proteins and cause 
abnormal mitosis resembling, which would result in acute necrosis of renal tubular 
cells and hepatocytes in mice [10]. Ustiloxins also show phytotoxicity, inhibiting 
elongation of radicle and germ and inducing swelling of seedling root in rice [10, 
16]. Cytotoxic activities of ustiloxins have been demonstrated on human tumor cell 
lines, such as A375, A549, BGC-823, HCT116, and HepG2 [10, 16]. Similar phyto-
toxic and cytotoxic activities have been detected for ustilaginoidins [25, 27, 28].  
In addition, ustilaginoidins show antibacterial activities against several human or 
plant pathogens, such as Agrobacterium tumefaciens, Bacillus subtilis, Pseudomonas 
lachrymans, Ralstonia solanacearum, Staphylococcus haemolyticus, and Xanthomonas 
vesicatoria [24]. Due to their anti-tumor and/or antibacterial abilities, ustiloxins and 
ustilaginoidins may be used as potential clinical medications. As a result, chemical 
synthesis of ustiloxins and their analogs has been carried out [29, 30].

3. Biology of the pathogen

The RFS pathogen belongs to the kingdom: Fungi, phylum: Ascomycota, 
class: Ascomycetes, subclass: Sordariomycetes, order: Hypocreales, family: 
Clavicipitaceae, genus: Villosiclava, and species: virens and its anamorphic stage 
is Ustilaginoidea virens [6]. The colony growth of V. virens in culture medium PSA 
(potato-sucrose-agar) is very slow, with a growth rate of approximately 20 mm 
in diameter per week [31]. V. virens produces pigments during culture in PSA and 
is prone to generate small colonies and plenty of conidia in PSB (potato-sucrose-
broth) (Figure 2A–D). The conidia are elliptical with diameters ranging from 3 
to 5 μm (Figure 2E). Upon maturation or under unfavorable conditions, conidia 
may develop to rounded chlamydospores with prominent spines on the surface 
(Figure 2F) [32–34]. One or two sclerotia, which are the sexual structure of V. 
virens, can be formed in a RFS ball (Figure 1D). Sclerotia are horseshoe-shaped 
and the length ranged from 2 to 20 mm (Figure 2G). After several months of 
dormancy, sclerotia could germinate and produce fruiting bodies with stromata 
(Figure 2F), which ultimately generates ascospores with length reaching 50 μm 
and width 1 μm [35].

Numerous efforts have been undertaken to optimize the culture media and 
culturing conditions for V. virens. PSA and PDA (potato-dextrose-agar) are suit-
able for culturing V. virens in solid media [31]. Moreover, stachyose is a preferential 
carbon source for V. virens and could significantly promote hyphal growth and 
conidia germination of V. virens, much better than other sugars, such as sucrose, 
glucose, and starch [36]. Stachyose can be also applied in optimization of culture 
medium for other filamentous fungi. Ammonium chloride, ammonium sulfate, and 
ammonium nitrate are the suitable nitrogen sources for V. virens growth [31]. The 
optimal growth of V. virens can be achieved at 28°C and pH 6–7 [37].
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4. Pathogenesis of RFS

4.1 Infection process of V. virens

The RFS pathogen V. virens specifically attacks rice flowers to form RFS balls, 
causing economically important disease. The infection process of V. virens in rice 
flower has been identified cytologically as follows: at late booting stage of rice, spores 
of V. virens come into contact with developing spikelets and germinate on their 
surface, or epiphytically grown hyphae reach the surface of developing spikelets. The 
hyphae could not penetrate the spikelet but extend into the inner space of a spikelet 
via the gap between the lemma and the palea [38]. After entering, the pathogen pri-
marily infects the stamen filaments intercellularly [39], probably due to loose align-
ment of cells and flexible cell walls [40]. Lodicules and stigma could also be attacked, 
although to a lesser extent [39, 41]. However, no infection structures, such as appres-
sorium and haustorium, can be detected during infection. Along with time, mycelia 
grow to enclose all the floral organs, then protrude out of the spikelet, and ultimately 
form a ball-shape colony covered with chlamydospores. At late stage of infection or 
in a RFS ball, stamen filaments are replaced by mycelia, but the ovary and lodicules 
remain intact, suggesting that they may contribute to the formation of RFS ball [42]. 
In addition, the hyphae of V. virens could not extend into pedicles and stems connect-
ing the spikelets, and no anatomic changes are detected in pedicles [39].

Although RFS disease symptoms are observed at rice grains due to pathogen infec-
tions of spikelets, V. virens also grows on other rice organs without obvious symptoms. 
At the germination stage of rice seed, chlamydospores of V. virens could germinate on 
coleoptiles and the hyphae are able to extend intercellularly between epidermal cells 
[43]. At seedling stage, chlamydospores could also germinate on the surface of roots 
and grow in the intercellular space of root epidermal cells [44, 45]. More recently, 
a detailed observation on V. virens-infected rice roots indicates that the cellulose 
microfibrils of epidermal cell wall are very loose, similar to those of stamen filaments, 
and thus are prone to be infected [46]. However, the hyphae of V. virens are stopped 
by sclerenchyma layer from entering into endodermis and phloem tissues [46]. Again, 

Figure 2. 
Morphology of the rice false smut pathogen. Colony of Ustilaginoidea virens (anamorph) in PSA medium 
from top view (A) and back view (B). (C) Colonies of U. virens in PSB. (D) A single colony of U. virens in 
PSB. (E) Conidia of U. virens in PSB. (F) Chlamydospores of U. virens from false smut balls. (G) Sclerotia of 
Villosiclava virens (telemorph). (H) Sclerotia of V. virens germinate to produce fruit bodies. Images (G) and 
(H) are courtesy of Prof. Dongwei Hu from Zhejiang University, China.

93

Rice False Smut: An Increasing Threat to Grain Yield and Quality
DOI: http://dx.doi.org/10.5772/intechopen.84862

no appressorium or haustorium can be detected when V. virens infects tender coleop-
tiles and roots. To date, contribution of the infections of the coleoptiles and roots at 
the vegetative stage to RFS disease symptoms has not been determined if any, and the 
evidence of systemic infection of V. virens is currently lacking.

4.2 Genetic transformation of V. virens

Genetic manipulation is essential to clarify the pathogenicity of V. virens and 
its interaction with rice. Several transformation techniques have been successfully 
applied to V. virens. Electroporation, the process in which a strong electric pulse 
is applied to an organism in order to transiently increase membrane permeability, 
has the advantages of being rapid and inexpensive. Through electroporation on 
conidia, an enhanced green fluorescence protein (eGFP)-expressing V. virens 
strain was obtained, which was able to infect rice flowers and form RFS balls [47]. 
Polyethylene glycol (PEG)-mediated approach is typically more efficient than 
electroporation and generally yields a higher percentage of stable transformants. 
Ashizawa and colleagues [38] engineered a GFP-tagged V. virens strain via PEG-
mediated transformation on protoplasts, and identified the infection route of V. 
virens in rice spikelets with this strain. Agrobacterium tumefaciens-mediated trans-
formation (ATMT) is a fast and easy way to transfer foreign DNA into fungal cells. 
A few reports have recorded the establishment and optimization of ATMT proce-
dure on V. virens conidia, and construction of T-DNA mutant libraries [48, 49],  
which facilitate characterizing virulence factors in this pathogen. For example, 
Yu et al. [48] obtained a T-DNA insertion library with 5600 hygromycin-resistant 
transformants, and identified 37 mutants with impaired pathogenicity. Targeted 
gene knockout with PEG- or ATMT-mediated transformation has been tried on V. 
virens; however, the homologous gene replacement frequency was very low [50]. 
Very recently, Liang and colleagues [51] established a CRISPR-Cas9 system, which 
remarkably increased the frequency of homologous gene replacement. The knock-
out efficiency could be as high as 50–90% for some V. virens genes.

4.3 Genome and pathogenicity of V. virens

The availability of V. virens genome provides a good basis for charactering its 
pathogenicity in rice flower. As reported, the genome of UV-8b is approximately 
39.4-Mb, encoding 8426 putative proteins [52]. The strain IPU010 possesses a 
genome of 33.6-Mb, which encodes 6451 predicted proteins [53]. Genome analysis 
reveals that V. virens is evolutionarily closest to the entomopathogen Metarhizium 
spp., suggesting host jumping from animal kingdom to plant kingdom [52]. 
Moreover, genome information provides evidence supporting that V. virens specifi-
cally infects rice flower and has a biotrophic lifestyle, since genes responsible for 
secreted proteins and secondary metabolism are enriched, while genes associated 
with polysaccharide degradation and nutrient uptake are diminished [52]. A 
web-based protein-protein interactive database for V. virens-Oryza sativa interac-
tion has been released, greatly facilitating investigation of V. virens pathogenicity 
[54]. Putatively, 628 secreted proteins are encoded by V. virens genome, 193 of the 
secreted proteins are predicted to be effectors [52].

Effectors are powerful weapons possessed by pathogens to manipulate host 
immune system and metabolisms for successful colonization. Characterizing 
their roles is important for understanding pathogen-host interactions. In V. virens 
genome, a number of genes encoding effector proteins, such as UV_1261, UV_2508, 
and UV_2286, have been identified to suppress Burkholderia glumae-induced cell 
death [52], whilst UV_5823 shows ability to suppress plant RNA silencing [55]. On 
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4. Pathogenesis of RFS
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hyphae could not penetrate the spikelet but extend into the inner space of a spikelet 
via the gap between the lemma and the palea [38]. After entering, the pathogen pri-
marily infects the stamen filaments intercellularly [39], probably due to loose align-
ment of cells and flexible cell walls [40]. Lodicules and stigma could also be attacked, 
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In addition, the hyphae of V. virens could not extend into pedicles and stems connect-
ing the spikelets, and no anatomic changes are detected in pedicles [39].

Although RFS disease symptoms are observed at rice grains due to pathogen infec-
tions of spikelets, V. virens also grows on other rice organs without obvious symptoms. 
At the germination stage of rice seed, chlamydospores of V. virens could germinate on 
coleoptiles and the hyphae are able to extend intercellularly between epidermal cells 
[43]. At seedling stage, chlamydospores could also germinate on the surface of roots 
and grow in the intercellular space of root epidermal cells [44, 45]. More recently, 
a detailed observation on V. virens-infected rice roots indicates that the cellulose 
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no appressorium or haustorium can be detected when V. virens infects tender coleop-
tiles and roots. To date, contribution of the infections of the coleoptiles and roots at 
the vegetative stage to RFS disease symptoms has not been determined if any, and the 
evidence of systemic infection of V. virens is currently lacking.

4.2 Genetic transformation of V. virens

Genetic manipulation is essential to clarify the pathogenicity of V. virens and 
its interaction with rice. Several transformation techniques have been successfully 
applied to V. virens. Electroporation, the process in which a strong electric pulse 
is applied to an organism in order to transiently increase membrane permeability, 
has the advantages of being rapid and inexpensive. Through electroporation on 
conidia, an enhanced green fluorescence protein (eGFP)-expressing V. virens 
strain was obtained, which was able to infect rice flowers and form RFS balls [47]. 
Polyethylene glycol (PEG)-mediated approach is typically more efficient than 
electroporation and generally yields a higher percentage of stable transformants. 
Ashizawa and colleagues [38] engineered a GFP-tagged V. virens strain via PEG-
mediated transformation on protoplasts, and identified the infection route of V. 
virens in rice spikelets with this strain. Agrobacterium tumefaciens-mediated trans-
formation (ATMT) is a fast and easy way to transfer foreign DNA into fungal cells. 
A few reports have recorded the establishment and optimization of ATMT proce-
dure on V. virens conidia, and construction of T-DNA mutant libraries [48, 49],  
which facilitate characterizing virulence factors in this pathogen. For example, 
Yu et al. [48] obtained a T-DNA insertion library with 5600 hygromycin-resistant 
transformants, and identified 37 mutants with impaired pathogenicity. Targeted 
gene knockout with PEG- or ATMT-mediated transformation has been tried on V. 
virens; however, the homologous gene replacement frequency was very low [50]. 
Very recently, Liang and colleagues [51] established a CRISPR-Cas9 system, which 
remarkably increased the frequency of homologous gene replacement. The knock-
out efficiency could be as high as 50–90% for some V. virens genes.

4.3 Genome and pathogenicity of V. virens

The availability of V. virens genome provides a good basis for charactering its 
pathogenicity in rice flower. As reported, the genome of UV-8b is approximately 
39.4-Mb, encoding 8426 putative proteins [52]. The strain IPU010 possesses a 
genome of 33.6-Mb, which encodes 6451 predicted proteins [53]. Genome analysis 
reveals that V. virens is evolutionarily closest to the entomopathogen Metarhizium 
spp., suggesting host jumping from animal kingdom to plant kingdom [52]. 
Moreover, genome information provides evidence supporting that V. virens specifi-
cally infects rice flower and has a biotrophic lifestyle, since genes responsible for 
secreted proteins and secondary metabolism are enriched, while genes associated 
with polysaccharide degradation and nutrient uptake are diminished [52]. A 
web-based protein-protein interactive database for V. virens-Oryza sativa interac-
tion has been released, greatly facilitating investigation of V. virens pathogenicity 
[54]. Putatively, 628 secreted proteins are encoded by V. virens genome, 193 of the 
secreted proteins are predicted to be effectors [52].

Effectors are powerful weapons possessed by pathogens to manipulate host 
immune system and metabolisms for successful colonization. Characterizing 
their roles is important for understanding pathogen-host interactions. In V. virens 
genome, a number of genes encoding effector proteins, such as UV_1261, UV_2508, 
and UV_2286, have been identified to suppress Burkholderia glumae-induced cell 
death [52], whilst UV_5823 shows ability to suppress plant RNA silencing [55]. On 
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the contrary, some effectors of V. virens could induce cell death or defense response 
in rice protoplast. For example, UV_44 induces cell death, and this ability relies on 
the serine peptidase active sites. UV_1423 could be N-glycosylated, which affects its 
ability to trigger cell death [56]. However, so far, no effectors have been character-
ized to function in the flower infection of V. virens.

Nevertheless, several virulence factors have been identified in V. virens. UvSUN2 
is a SUN domain protein; loss of function of this factor results in inability of infect-
ing rice flower, as well as abnormal stress responses and mycelium growth [57]. 
Mutation in UvPRO1 increases sensitivity to abiotic stresses and attenuates virulence, 
in addition to impaired growth rate and sporulation [49]. In contrast, a low-affinity 
iron transporter encoded by Uvt3277 negatively regulates virulence in V. virens [58].

4.4 Host compatible interaction with V. virens

Monitoring host responses to V. virens infection could help to uncover the 
pathogenesis of RFS. In an earlier transcriptome study, a series of differentially 
expressed genes have been identified in a susceptible rice cultivar 93-11 infected 
with a field V. virens isolate [59]. Among them, genes regulated by Ca2+ or abscisic 
acid are down-regulated, while genes regulated by Myb or WRKY transcription 
factors are up-regulated. OsSWEET11 and OsSWEET14, which may be involved in 
disease susceptibility [60], are also up-regulated by V. virens infection. Specifically, 
many pollen development associated genes are down-regulated by V. virens infec-
tion, but not responsive to other biotic and abiotic stresses, suggesting that these 
genes may play unique roles in rice-V. virens interaction [59]. Additionally, several 
transcriptome analyses on compatible rice-V. virens interactions have been reported. 
Genes involved in hydrolase, transporter, and flower development tend to be down-
regulated in susceptible cultivar Huang-Xiu-Zan upon infection [61]. Expression 
of many defense-related genes such as PAL and PR genes could be suppressed in 
susceptible rice cultivars infected with V. virens [42, 62].

As a successful pathogen, V. virens should have abilities to set up colonization in 
rice floral organs and acquire abundant nutrients for propagation, in addition to sub-
vert rice immunity. Transcriptome analysis reveals that genes associated with flower 
opening, such as ARF6 and ARF8 homologs, are down-regulated by V. virens infection 
[42]. This may contribute to inhibition of flower opening during RFS pathogenesis 
[42]. Furthermore, V. virens infection causes failure of ovary fertilization. However, a 
number of grain-filling-specific genes, such as seed-specific starch synthesis related 
genes and those encoding seed storage proteins, are activated for high expression in 
V. virens-infected rice spikelets [42]. It is suggested that V. virens may be able to mimic 
fertilization and hijack rice grain-filling system for nutrient supply to pathogen 
growth and RFS ball formation. This finding is further supported by an independent 
study [63]. Although the underlying mechanism needs further investigation, the 
observation of V. virens activating rice grain filling could provide a promising expla-
nation why mild V. virens infection enhances rice yield traits, including grain weight 
and filled grain number [9]. Identification and characterization of V. virens factors 
that manipulate rice grain filling should be an interesting research area in the future.

5. Resistance of rice

5.1 Sources and inheritance of RFS resistance

Various attempts have been made to screen rice cultivars resistant to 
RFS. Screening of 186 rice hybrids to RFS resistance was done by Liang and 
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colleagues [64], which identified few hybrids with low disease incidence. They 
screened the commercial hybrids that had lower rates of diseased panicles 
and infected florets at Xindu and Qionglai (Sichuan Province, China) in 
2011 together with newly registered varieties. Lore et al. [65] evaluated some 
hybrids and inbred cultivars growing across India for susceptibility/tolerance 
to RFS. Artificial inoculation of false smut was done by Kaur et al. [66], which 
identified nine hybrids resistant to RFS among 125 rice genotypes screened. More 
detailed evaluation of RFS resistance was performed by Huang and colleagues 
[67]. A total of 843 rice accessions were screened in disease nurseries in 3 years 
although some of those accessions were planted in different locations and on 
different dates. Finally, 36 accessions were found to show no disease incidence. A 
highly susceptible accession Pujiang 6 was identified in this study. Polymorphism 
analysis determined several resistant accessions which could be used for crossing 
with Pujiang 6 to construct gene mapping populations [67].

Resistance of genes against V. virens has not been identified yet, but numerous 
efforts have been undertaken to study the inheritance of the resistance. Earlier, 
using 266 near-isogenic introgression lines derived from susceptible cultivar Teqing 
and resistant Lemont and natural infection data in the field, Xu et al. [68] identified 
two RFS resistance-contributing QTLs, QFsr10 and QFsr12, located on chromosome 
10 and 12, respectively. Later, the same group further identified 10 QTLs for RFS 
resistance [69]. Li et al. [70] developed a population of 157 recombinant inbred 
lines (RILs) from crossing a susceptible landrace Daguandao (O. sativa subsp. 
japonica) and a resistant cultivar IR28 (Oryza sativa subsp. indica). Subsequently, 
different RILs and parents were evaluated following effective artificial inocula-
tion under field conditions. Genetic analysis showed that the RFS resistance was 
controlled by two major genes with equal effect of 11.41 and polygenes with minor 
effects. Further work identified seven QTLs for RFS resistance on chromosomes 1, 
2, 4, 8, 10, 11, and 12, and the phenotypic variance ranged from 9.8 to 22.5% [71]. 
The inheritance of RFS resistance in two-line hybrid rice was investigated using 
natural infection technique. When a moderate susceptible sterile line TGMS 33S 
was crossed with susceptible restorer lines, the F1 was susceptible to RFS; when 
TGMS 33S was crossed with resistant restorer lines, 87% of the F1 showed domi-
nant or incomplete dominant inheritance of RFS resistance, the rest showed reces-
sive inheritance [72]. It should be noted that natural infection of RFS varies among 
fields and seasons, efficient artificial inoculation method is highly recommended to 
validate the disease phenotype. Although some progresses on screening for resistant 
materials and determining the resistance inheritance have been achieved, genes 
responsible for RFS resistance are still unknown.

5.2 Molecular basis of RFS resistance

Since many rice cultivars with high RFS resistance or high susceptibility have 
been identified, comparative transcriptome analysis is a promising method to mine 
resistance- or susceptibility-related genes in rice. For instance, time-course RNA-
seq was carried out on susceptible cultivar LYP9 and resistant cultivar IR28 upon V. 
virens infection [62]. Data analysis revealed that many defense-related genes were 
only up-regulated in the resistant cultivar IR28, but not in LYP9. Particularly, phy-
toalexin biosynthetic pathway genes such as OsCPS2, OsMAS, and OsKSL11 were 
significantly induced in IR28 at early infection stages, indicating that phytoalexins 
may contribute to rice resistance against RFS. PR family genes, such as β-1,3-
glucanase and chitinase genes, were specifically up-regulated in IR28, while gener-
ally down-regulated in LYP9. Moreover, a chitinase gene cluster was found close to 
a RFS resistance QTL on chromosome 11 [71], and nine genes in this cluster were 
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the contrary, some effectors of V. virens could induce cell death or defense response 
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Genes involved in hydrolase, transporter, and flower development tend to be down-
regulated in susceptible cultivar Huang-Xiu-Zan upon infection [61]. Expression 
of many defense-related genes such as PAL and PR genes could be suppressed in 
susceptible rice cultivars infected with V. virens [42, 62].

As a successful pathogen, V. virens should have abilities to set up colonization in 
rice floral organs and acquire abundant nutrients for propagation, in addition to sub-
vert rice immunity. Transcriptome analysis reveals that genes associated with flower 
opening, such as ARF6 and ARF8 homologs, are down-regulated by V. virens infection 
[42]. This may contribute to inhibition of flower opening during RFS pathogenesis 
[42]. Furthermore, V. virens infection causes failure of ovary fertilization. However, a 
number of grain-filling-specific genes, such as seed-specific starch synthesis related 
genes and those encoding seed storage proteins, are activated for high expression in 
V. virens-infected rice spikelets [42]. It is suggested that V. virens may be able to mimic 
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growth and RFS ball formation. This finding is further supported by an independent 
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colleagues [64], which identified few hybrids with low disease incidence. They 
screened the commercial hybrids that had lower rates of diseased panicles 
and infected florets at Xindu and Qionglai (Sichuan Province, China) in 
2011 together with newly registered varieties. Lore et al. [65] evaluated some 
hybrids and inbred cultivars growing across India for susceptibility/tolerance 
to RFS. Artificial inoculation of false smut was done by Kaur et al. [66], which 
identified nine hybrids resistant to RFS among 125 rice genotypes screened. More 
detailed evaluation of RFS resistance was performed by Huang and colleagues 
[67]. A total of 843 rice accessions were screened in disease nurseries in 3 years 
although some of those accessions were planted in different locations and on 
different dates. Finally, 36 accessions were found to show no disease incidence. A 
highly susceptible accession Pujiang 6 was identified in this study. Polymorphism 
analysis determined several resistant accessions which could be used for crossing 
with Pujiang 6 to construct gene mapping populations [67].

Resistance of genes against V. virens has not been identified yet, but numerous 
efforts have been undertaken to study the inheritance of the resistance. Earlier, 
using 266 near-isogenic introgression lines derived from susceptible cultivar Teqing 
and resistant Lemont and natural infection data in the field, Xu et al. [68] identified 
two RFS resistance-contributing QTLs, QFsr10 and QFsr12, located on chromosome 
10 and 12, respectively. Later, the same group further identified 10 QTLs for RFS 
resistance [69]. Li et al. [70] developed a population of 157 recombinant inbred 
lines (RILs) from crossing a susceptible landrace Daguandao (O. sativa subsp. 
japonica) and a resistant cultivar IR28 (Oryza sativa subsp. indica). Subsequently, 
different RILs and parents were evaluated following effective artificial inocula-
tion under field conditions. Genetic analysis showed that the RFS resistance was 
controlled by two major genes with equal effect of 11.41 and polygenes with minor 
effects. Further work identified seven QTLs for RFS resistance on chromosomes 1, 
2, 4, 8, 10, 11, and 12, and the phenotypic variance ranged from 9.8 to 22.5% [71]. 
The inheritance of RFS resistance in two-line hybrid rice was investigated using 
natural infection technique. When a moderate susceptible sterile line TGMS 33S 
was crossed with susceptible restorer lines, the F1 was susceptible to RFS; when 
TGMS 33S was crossed with resistant restorer lines, 87% of the F1 showed domi-
nant or incomplete dominant inheritance of RFS resistance, the rest showed reces-
sive inheritance [72]. It should be noted that natural infection of RFS varies among 
fields and seasons, efficient artificial inoculation method is highly recommended to 
validate the disease phenotype. Although some progresses on screening for resistant 
materials and determining the resistance inheritance have been achieved, genes 
responsible for RFS resistance are still unknown.

5.2 Molecular basis of RFS resistance

Since many rice cultivars with high RFS resistance or high susceptibility have 
been identified, comparative transcriptome analysis is a promising method to mine 
resistance- or susceptibility-related genes in rice. For instance, time-course RNA-
seq was carried out on susceptible cultivar LYP9 and resistant cultivar IR28 upon V. 
virens infection [62]. Data analysis revealed that many defense-related genes were 
only up-regulated in the resistant cultivar IR28, but not in LYP9. Particularly, phy-
toalexin biosynthetic pathway genes such as OsCPS2, OsMAS, and OsKSL11 were 
significantly induced in IR28 at early infection stages, indicating that phytoalexins 
may contribute to rice resistance against RFS. PR family genes, such as β-1,3-
glucanase and chitinase genes, were specifically up-regulated in IR28, while gener-
ally down-regulated in LYP9. Moreover, a chitinase gene cluster was found close to 
a RFS resistance QTL on chromosome 11 [71], and nine genes in this cluster were 
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activated by V. virens infection. These data suggest that chitinase genes are potential 
candidates of RFS resistance. In addition, genes encoding receptor-like kinases and 
WRKY transcription factors may also play roles in RFS resistance. Interestingly, the 
resistant cultivar IR28 seemed to suppress V. virens genes that are associated with 
pathogenicity and fungal reproduction [62]. Another comparative transcriptome 
study demonstrated that peroxidase and flavin-containing monooxygenase genes, 
and genes involved in hormone metabolism were regulated differently in resistant 
and susceptible cultivars in response to V. virens infection [61].

Accumulation of H2O2 is a typical plant basal defense fighting against pathogen 
infections [73]. During a compatible interaction between rice and V. virens, obvious 
H2O2 accumulation was detected on the lemma and the palea of infected spikelet. 
H2O2 also enriched in the anthers, stamen filaments, and lodicules of the infected 
spikelets [74]. However, it needs to be further investigated whether H2O2 accumula-
tion pattern is different between resistant and susceptible rice cultivars upon V. 
virens infection. A preliminary study described that higher contents of lignin and 
polyphenolic compounds were detected in spikelets of resistant rice variety Shuijing 
3 than in those of susceptible variety 9522 [75], suggesting the role of these second-
ary metabolites in RFS resistance. To engineer rice resistant to RFS, an elicitor gene 
hrf1 from Xanthomonas oryzae pv. oryzae was ectopically expressed in R109, which is 
susceptible to RFS. Artificial inoculation and natural infection both supported that 
hrf1 conferred high resistance to the RFS pathogen, presumably through enhancing 
the expression of defense-related genes, including OsPR1a, OsPR1b, and PAL [76].

Based on the current findings that V. virens possesses intercellular infection strat-
egy and biotrophic life style, and that resistant rice cultivars show up-regulation of 
pathogenesis-related genes and accumulation of secondary metabolites upon infec-
tion, basal defense of rice should play a dominant role in resistance against V. virens.

6. Disease cycle

V. virens attacks rice flowers and forms RFS balls covered with chlamydospores 
and/or generate sclerotia, which are considered as primary inocula of RFS disease 
(Figure 3). As to the sexual cycle, a large number of sclerotia can be produced when 
RFS balls develop in autumn [35]. Sclerotia cannot germinate immediately, requir-
ing a dormancy period of 2–5 months at room temperature or 4°C. They overwinter 
in the field and could survive up to 10 months with maintaining germination ability 
to generate ascospores under 25°C and high humidity [77, 78]. Even more, sclerotia 
can survive with high germination rate up to 5 years when stored in a dry environ-
ment at 2–4°C. In the next spring, sclerotia start to germinate, and the germination 
time varies among different sclerotia. Theoretically, a sclerotium could produce up 
to 21 million ascospores [35]. Although sclerotia are easy to rot in paddy fields under 
natural conditions, a limited number of sclerotia can still produce plenty of asco-
spores. This is supported by the fact that ascospores could be trapped 60 cm above 
ground in paddy fields between May and September, coinciding with rice booting 
stage and V. virens infection time [35]. Ascospores are able to infect rice flowers to 
form RFS balls [78, 79]. Therefore, it is believed that sclerotia act as primary inocula 
of RFS and play an important role in the disease cycle.

With regard to the asexual cycle, chlamydospores from RFS balls are easily trans-
mitted by wind and rainfall, and attack developing rice spikelets of late ripening rice 
cultivars. This is supported by the fact that fresh chlamydospores have high germina-
tion rate and could successfully infect rice flowers to form RFS balls [79, 80].  
Chlamydospores can overwinter in soil and on dead plants, or on harvested RFS 
balls and rice seeds, and survive up to several months; however, the germination rate 
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decreases rapidly [81]. In the next rice planting season, chlamydospores overwintered 
in fields and on rice seeds may germinate with hyphae to infect coleoptiles of germi-
nating rice seeds and roots of seedlings [43–45]. Since chlamydospores could not be 
trapped in fields until RFS balls appear [35], it is unclear how chlamydospore germi-
nation time couples with rice booting stage for infecting rice flowers. Studies suggest 
that coleoptile and root infections may lead to asymptomatic colonization of the 
pathogen in rice plants at subsequent stages. Sensitive PCR methods have been applied 
to successfully detect V. virens in various tissues of rice before panicle heading [82, 83],  
suggesting the presence of pathogen in rice plants. Furthermore, colorimetric in situ 
hybridization reveals that V. virens mycelia are present on the surface of tiller buds 
enclosed by young leaf sheaths at vegetative stage, and also on the surface of elongated 
stems around leaf axils at the heading stage. As V. virens infection is not systemic, epi-
phytic growth could explain how the presence of mycelia in rice plants lasts from the 
germinating stage to the heading stage of rice [84]. Preset of pathogen mycelia in rice 
plants especially in leaf sheaths should greatly increase chances of attacking flowers.

Epiphytic growth of V. virens is not only found in rice plants, but also detected 
on leaf surface of various paddy field weeds and on abiotic surfaces (e.g., cel-
lophane and parafilm) [33]. Under wet conditions, V. virens conidia are capable 

Figure 3. 
Disease cycle of rice false smut. Rice false smut balls with chlamydospores and sclerotia are formed in rice 
spikelets (①), and overwinter in field (②). Next spring, spores in soil (③) and on contaminated rice 
grains (④) germinate and attack rice roots and coleoptiles when rice seeds are germinating. Hyphae grow 
intercellularly in roots and coleoptiles, but could not infect seedlings systemically. Instead, hyphae may grow 
epiphytically on leaf surface or leaf sheath, and reach the external surface between tiller buds at the late 
vegetative stage (⑤) or even the surface of elongated stems at the heading stage. It is possible that the pathogen 
hyphae reach the inner space of rice panicles and initiate infection at the late booting stage (⑥). Meanwhile, 
conidia produced by chlamydospores and/or ascospores from sclerotia (⑦) also initiate attack on rice spikelets 
in developing panicles (⑧). Spores could firstly germinate on the surface of a spikelet (⑨), and the hyphae 
extend into the inner space of the spikelet via the gap between the lemma and the palea (⑩). Stamen filaments 
are the major infection sites for the pathogen (⑪). After successful colonization in floral organs, a large amount 
of fungal mass are formed and eventually grow into a false smut ball (⑫). The route of infection is indicated 
by arrows and numbers. Arrows with dotted lines are the steps needing further exploration. Red arrows indicate 
the main infection sites of the pathogen. Red curve lines represent pathogen hyphae. co, coleoptile; p, panicle; sp, 
spikelet; le, lemma; pa, palea; sf, stamen filament; lo, lodicule; ov, ovary; and fsb, false smut ball.
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activated by V. virens infection. These data suggest that chitinase genes are potential 
candidates of RFS resistance. In addition, genes encoding receptor-like kinases and 
WRKY transcription factors may also play roles in RFS resistance. Interestingly, the 
resistant cultivar IR28 seemed to suppress V. virens genes that are associated with 
pathogenicity and fungal reproduction [62]. Another comparative transcriptome 
study demonstrated that peroxidase and flavin-containing monooxygenase genes, 
and genes involved in hormone metabolism were regulated differently in resistant 
and susceptible cultivars in response to V. virens infection [61].

Accumulation of H2O2 is a typical plant basal defense fighting against pathogen 
infections [73]. During a compatible interaction between rice and V. virens, obvious 
H2O2 accumulation was detected on the lemma and the palea of infected spikelet. 
H2O2 also enriched in the anthers, stamen filaments, and lodicules of the infected 
spikelets [74]. However, it needs to be further investigated whether H2O2 accumula-
tion pattern is different between resistant and susceptible rice cultivars upon V. 
virens infection. A preliminary study described that higher contents of lignin and 
polyphenolic compounds were detected in spikelets of resistant rice variety Shuijing 
3 than in those of susceptible variety 9522 [75], suggesting the role of these second-
ary metabolites in RFS resistance. To engineer rice resistant to RFS, an elicitor gene 
hrf1 from Xanthomonas oryzae pv. oryzae was ectopically expressed in R109, which is 
susceptible to RFS. Artificial inoculation and natural infection both supported that 
hrf1 conferred high resistance to the RFS pathogen, presumably through enhancing 
the expression of defense-related genes, including OsPR1a, OsPR1b, and PAL [76].

Based on the current findings that V. virens possesses intercellular infection strat-
egy and biotrophic life style, and that resistant rice cultivars show up-regulation of 
pathogenesis-related genes and accumulation of secondary metabolites upon infec-
tion, basal defense of rice should play a dominant role in resistance against V. virens.

6. Disease cycle

V. virens attacks rice flowers and forms RFS balls covered with chlamydospores 
and/or generate sclerotia, which are considered as primary inocula of RFS disease 
(Figure 3). As to the sexual cycle, a large number of sclerotia can be produced when 
RFS balls develop in autumn [35]. Sclerotia cannot germinate immediately, requir-
ing a dormancy period of 2–5 months at room temperature or 4°C. They overwinter 
in the field and could survive up to 10 months with maintaining germination ability 
to generate ascospores under 25°C and high humidity [77, 78]. Even more, sclerotia 
can survive with high germination rate up to 5 years when stored in a dry environ-
ment at 2–4°C. In the next spring, sclerotia start to germinate, and the germination 
time varies among different sclerotia. Theoretically, a sclerotium could produce up 
to 21 million ascospores [35]. Although sclerotia are easy to rot in paddy fields under 
natural conditions, a limited number of sclerotia can still produce plenty of asco-
spores. This is supported by the fact that ascospores could be trapped 60 cm above 
ground in paddy fields between May and September, coinciding with rice booting 
stage and V. virens infection time [35]. Ascospores are able to infect rice flowers to 
form RFS balls [78, 79]. Therefore, it is believed that sclerotia act as primary inocula 
of RFS and play an important role in the disease cycle.

With regard to the asexual cycle, chlamydospores from RFS balls are easily trans-
mitted by wind and rainfall, and attack developing rice spikelets of late ripening rice 
cultivars. This is supported by the fact that fresh chlamydospores have high germina-
tion rate and could successfully infect rice flowers to form RFS balls [79, 80].  
Chlamydospores can overwinter in soil and on dead plants, or on harvested RFS 
balls and rice seeds, and survive up to several months; however, the germination rate 
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of blastogenesis and could produce a large number of secondary conidia on these 
surfaces in several days. Chlamydospores and ascospores both germinate to produce 
conidia [78, 81], and the blastogenesis and epiphytic growth greatly increase the 
amount of inocula under continuing rainy conditions. Therefore, epidemics of RFS 
disease usually occur when rice booting stage meets with rainy days.

Alternative hosts of a pathogen commonly play an important role in disease 
cycle. Earlier, paddy field weeds such as Digitaria marginata [85], Panicum trypheron 
[86], Echinochloa crus-galli, and Imperata cylindrica [87] have been reported as 
alternative hosts of V. virens. However, a recent survey demonstrated that infection 
in these potential alternative hosts is very rare in nature [88]. Still, the presence of 
V. virens in weeds as confirmed by PCR detection [82] and epiphytic colonization 
on weed leaf surface [33] suggests that paddy field weeds contribute to RFS disease 
cycle in an unconventional way.

7. Disease control

In recent years, the RFS disease has become a severe threat to rice production due 
to its epidemics. In order to minimize direct economic loss, suitable management 
practices have to be made to manage the disease. Breeding and utilization of resistant 
cultivar is the most effective and economical way to control RFS disease and ensure the 
high yield of rice. Attempts have been made to identify sources of resistance against V. 
virens (see above). As inheritance of RFS resistance is not well understood, breeding 
for resistant rice is hindered. Late ripening rice cultivars with large panicle and high 
grain density are prone to RFS and should be carefully chosen for wide application.

Culture managements have been studied to reduce incidence of RFS. Early planted 
rice has less RFS balls rather than the late planted rice. Excess application of nitrog-
enous fertilizer should be avoided. Since high rate of nitrogen increases the disease 
incidence, sensible use of nitrogen is recommended. Fertilizer ratio is often a reason-
able parameter for growers to adjust, so as to enhance the stress tolerance of rice 
plants, and ultimately reduce the RFS incidence. Field ridges and irrigation channels 
should be kept clean to eliminate alternative hosts. Conservation tillage and furrow 
irrigation have some effects on suppressing the disease index [2, 89]. Using suitable 
plant spacing and utilizing uncontaminated rice seeds are also recommended.

Chemical control, i.e., fungicide application, can be effective but is often not 
economical and environment-friendly. Using fungicides with high efficiency, 
low toxicity, and low residue is currently the best choice to control RFS disease. 
Fungicides, such as Wenquning (a suspension of Bacillus subtilis in a solution of 
validamycin), cuproxat SC, simeconazole, tebuconazole, difenoconazole, and hexa-
conazole, are effective to reduce RFS disease incidence [64, 90, 91]. It is noteworthy 
that the timing of spraying fungicides is critical. Application of fungicides after 
panicle heading should be prevented, as the pathogen infects rice flowers at late 
booting stage and already successfully colonizes the inner floral organs after head-
ing. As supporting evidence, simeconazole is found to be more effective against RFS 
when applied 3 weeks before rice heading [92].

8. Disease assay

8.1 Natural infection

To evaluate RFS sensitivity of rice under natural infection, several classifica-
tion standards of disease incidence have been reported. For example, in 1996, the 
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International Rice Research Institute (IRRI) [93] classified RFS into 6 scales based 
on incidence of severely infected tillers or infected spikelets, i.e. 0, no incidence; 
1, less than 1%; 3, 1–5%; 5, 6–25%; 7, 26–50%; and 9, 51–100%. Later on, Tang and 
colleagues [94] established a new classification standard, and developed Disease 
Index to determine RFS incidence. The classification standard was based on aspect 
ratio and 100-weight of RFS ball, grain weight, seed setting rate, and yield loss of 
single diseased panicle. Six scales were classified: 0, no RFS ball; 1, one RFS ball; 
2, two RFS balls; 3, 3–5 RFS balls; 4, 6–9 RFS balls; and 5, ≥10 RFS balls. Disease 
index = ∑ (Disease scale value × Diseased plant number)/(Total plant number × 
Highest disease scale) × 100. Note that only the highest disease scale value is adopted 
for each plant. This classification standard has been widely applied in recent studies 
[70–72]. When using natural infection method, disease incidence should be evalu-
ated for multiple years at multiple locations, with multiple sowing dates.

8.2 Artificial inoculation

Due to uncertainty of environmental conditions under natural infection, a high 
efficient artificial inoculation method is desired for evaluating V. virens pathogenicity 
and rice resistance. As the pathogen specifically infects rice stamen filaments at spe-
cific rice stage to cause disease, it is difficult and complicated to optimize an efficient 
inoculation system. Parameters, such as inocula type, inoculation time and method, 
incubation conditions after inoculation, and so on, should be considered [42, 95–98]. 
To date, a number of studies conclude an efficient inoculation method under con-
trolled conditions: first, culture V. virens in PSA at 28°C until white colony grows large 
enough for inoculating into PSB. Usually, 4–8 plugs of mycelia with around 6 mm 
diameter each are needed, and incubated in PSB at 28°C in dark, 110–150 rpm for 
5–7 days. Second, a mixture of mycelia and conidia is blended as inocula, of which 
the conidia concentration is adjusted to around 106 conidia/mL with 4% potato juice. 
Third, at late booting stage of rice (5–7 days before heading), inocula are injected into 
panicles with a syringe until the inocula drip out (Figure 4). Fourth, the inoculated 
rice plants are kept at 25°C and 95% relative humidity for 5 days, and then moved 
to 28°C with relative humidity over 75%. Around 4 weeks post inoculation, disease 
incidence could be recorded. High RFS incidence (90–100%) has been obtained on 
susceptible rice cultivars such as Pujiang 6, Yueyou 938, and so on [42, 97]. It should 
be noted that the artificial inoculation method needs to be modified when applied to 
different V. virens isolates and rice cultivars. For example, the highest RFS incidence 
is achieved when inoculation is carried out 3–5 days before heading for Yueyou 938 
[97], and that is 5–7 days before heading for Pujiang 6 [42]. The disease symptom 
progression also varies among different V. virens-rice combinations under different 
post-inoculation conditions. As for V. virens PJ52-rice Pujiang 6 interaction under 
artificial inoculation conditions, no obvious symptom could be found through 1 dpi 
to 5 dpi. At 9 dpi, white fungal biomass can be seen with the naked eye. The fungal 
biomass enlarges and protrudes out of rice spikelets as early as 13 dpi, and large RFS 
balls appear at 17 dpi (Figure 4).

The above-mentioned classification standard and Disease Index [94] can also be 
applied to evaluation of disease incidence under artificial inoculation. Alternatively, 
the following method can be adopted when the disease scale is reaching the highest 
(i.e., scale 5, ≥10 RFS balls) for each plant. This situation is often encountered when 
using susceptible rice cultivars to evaluate V. virens pathogenicity. Due to high varia-
tion of the disease incidence for RFS pathosystem, at least 100 panicles from at least 
30 rice plants are recommended to be inoculated. At around 4 weeks post inocula-
tion, each inoculated panicle is collected for counting the number of RFS balls 
and the number of total spikelets. The number of RFS balls per inoculated panicle 
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is recorded as BPP. Percentage of diseased spikelets (PDS) for each inoculated 
panicle is calculated as: PDS = 100 × number of diseased spikelets/total number of 
spikelets. To compare pathogenicity among different V. virens isolates or resistance/
susceptibility among different rice cultivars, BBP and PDS values are recommended 
to be presented as box-plot. Statistical analysis such as the ANOVA test is required to 
calculate the significance of difference among BBP or PDS datasets.

9. Future aspects

RFS is an emerging disease threatening the production safety of rice grains 
worldwide. Great progresses have been made to understand the RFS pathogen and 
its interaction with rice. However, many important questions are yet to be addressed. 
How much the mycotoxins produced by V. virens are contaminated in cooked rice 
and livestock feed? Whether mycotoxins play a role in pathogenicity? Are there any 
RFS resistance genes and how do they mediate defense against V. virens? How does V. 
virens activate rice grain filling system to hijack nutrient supply for the formation of 
RFS ball? In addition, an efficient inoculation method mimicking natural infection is 
highly desired for basic research and accurate evaluation of rice resistance.
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Figure 4. 
Artificial inoculation of rice false smut pathogen. (A) Inocula of V. virens are artificially injected with a 
syringe into a rice panicle at the late booting stage (5–7 days before heading). (B)–(H) Symptom development 
on rice spikelets after artificial inoculation. No obvious symptom is seen at 1 dpi (day post inoculation) and 5 
dpi. White fungal mass could be detected in inner space of the infected spikelets at 9 dpi (E). The fungal mass 
grows larger at 13 dpi (G), and at 17 dpi eventually forms a ball-shape colony, called false smut ball (H). Scale 
bar, 0.5 cm. Image (A) is courtesy of Dr. Junjie Yu from Jiangsu Academy of Agricultural Sciences, China.
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on rice spikelets after artificial inoculation. No obvious symptom is seen at 1 dpi (day post inoculation) and 5 
dpi. White fungal mass could be detected in inner space of the infected spikelets at 9 dpi (E). The fungal mass 
grows larger at 13 dpi (G), and at 17 dpi eventually forms a ball-shape colony, called false smut ball (H). Scale 
bar, 0.5 cm. Image (A) is courtesy of Dr. Junjie Yu from Jiangsu Academy of Agricultural Sciences, China.
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Rice (Oryza sativa L.) is a valuable resource for understanding the complex 
processes controlling yield and value-added traits. Bacterial blight (BB) is a 
vascular disease of rice, caused by strains of Xanthomonas oryzae pv. oryzae (Xoo) 
and provides insight, both practical and basic, into the concepts of susceptibil-
ity and resistance. Basic knowledge has been empirically and, more recently, 
intentionally exploited for broad and durable resistance to the disease. Bacterial 
blight involves representatives of most classes of resistance genes (R genes) and 
pathways for basal plant immunity. The study of BB also revealed novelties not 
observed in other models, possibly due to the long history of rice cultivation 
and the constant disease pressure. Conspicuous are the recessive R genes that 
target the notorious type III Transcription Activator-like effectors (TALes) of 
Xoo. Results indicate that pathogen and host are currently in a battle over a small 
patch of ground involving TALes function. At the same time, analyses of rice 
disease physiology are adding to a growing body of knowledge for plant disease 
processes and to how these processes are intertwined with disease susceptibility. 
The basic processes of BB present rich targets for the rapid advances in genome 
editing.
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1. Introduction

World population is expected to rise beyond 9 billion by 2050 [1]. Rice (Oryza 
sativa) is a staple food crop world-wide, providing about one fifth of the calories 
consumed by humans [2]. In particular, rice accounts for 35–75% of the calories 
consumed by more than 3 billion in Asian countries alone and planted on approxi-
mately 154 million hectares land annually [3]. Crop protection and food security 
go hand in hand, and breeding for resistance against crop diseases remains the 
essential ingredient for food security. Due to the labor-intensive nature of breed-
ing, integrated disease control is often reduced to mere chemical control, leaving 
the very purpose of this environment-friendly approach in limbo. Advances in 
molecular tools in crop breeding, however, makes breeding an increasing sustain-
able effort in staying ahead of pathogen adaptation [4]. Bacterial blight (BB) of 
rice is a widespread vascular disease caused by Xanthomonas oryzae pv. oryzae 
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consumed by humans [2]. In particular, rice accounts for 35–75% of the calories 
consumed by more than 3 billion in Asian countries alone and planted on approxi-
mately 154 million hectares land annually [3]. Crop protection and food security 
go hand in hand, and breeding for resistance against crop diseases remains the 
essential ingredient for food security. Due to the labor-intensive nature of breed-
ing, integrated disease control is often reduced to mere chemical control, leaving 
the very purpose of this environment-friendly approach in limbo. Advances in 
molecular tools in crop breeding, however, makes breeding an increasing sustain-
able effort in staying ahead of pathogen adaptation [4]. Bacterial blight (BB) of 
rice is a widespread vascular disease caused by Xanthomonas oryzae pv. oryzae 
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(Xoo). Epidemics can severely reduce grain yield due to collapse of the entire crop 
[5]. BB was first characterized in the late nineteenth century [6]. Introduction 
of resistance (R) genes into rice cultivars is considered as the best option for Xoo 
management. A total of 42 R genes have been identified in rice against Xoo, and the 
number continues to grow [7–9]. Due to co-evolution and selection pressure between 
Xoo and rice, these R genes are selective in their efficiency against specific Xoo 
strains or races, which are sets of strains that share incompatibility on defined sets 
of R genes [10].

2. Post genomic era and rice grain protection

Advancements in genomics, referring here to DNA and RNA analyses, is as ben-
eficial to crop protection as is to other discipline of biology. Rice MetaSysB, an open 
source which provides detailed information about BB-responsive genes, is based on 
the global expression analysis. The database provided 7475 unique genes and 5375 
simple sequence repeats, which were responsive to Xoo in rice [11]. Such informa-
tion is based on the compatible and incompatible rice-Xoo interactions. In another 
example, 454 and 498 differentially expressed genes were reported as exemplified 
by the incompatible and compatible rice-Xoo interactions, respectively, using cDNA 
microarray [12]. Genomics also provides functional information of genes up- and 
downstream of candidate resistance genes in the defense signal pathway, as is done 
in near-isogenic rice lines introgressed with Xa39, an as yet uncharacterized BB 
resistance gene [13].

Multiple rice and Xoo genomes have been sequenced, either in draft or complete 
form [14–23], paving the way to identify functional connections between host 
and pathogen genes. The functional validation of the candidate genes is helping 
develop new rice varieties by introduction of the gene of interest through tradi-
tional breeding, marker assisted breeding, or genetic engineering approaches [3]. 
BB disease resistance is overcome by the emergence of more virulent strains of Xoo. 
Whole genome sequencing of 100 Xoo strains from India revealed that these strains 
were distinct from African and US Xoo strains [24]. Based on the reaction towards 
ten major resistance genes of rice, 46 out of the 100 strains were grouped into 11 
pathotypes [24].

3. The genetic context of rice-Xoo interaction

Many BB-resistance genes in modern rice germplasm were selected long before 
the concepts of modern plant breeding were established, and a rich assortment of 
major dominant and recessive R genes has been identified by genetic and molecular 
studies (Table 1).

Perhaps the best known of these genes, Xa21 represents the receptor kinase 
(RLK) class of R genes. Xa21 was originally introgressed into rice from the related 
species O. longistaminata and confers resistance to a broad range of Xoo strains [25]. 
Xa26, another cloned member of RLK gene family, also confers broad resistance 
with a somewhat different strain profile [26]. The cognate elicitor for Xa21 has been 
reported [27]. However, for Xa26 has not been identified.

RLKs play a central role in disease immunity pathways in plants, largely via the 
characterization of the bacterial flagellin receptor FLS2 and the related receptor 
EFR in Arabidopsis [28, 29]. A typical RLK consists of an extracellular receptor 
domain comprising of leucine-rich repeats (LRRs), a transmembrane domain, 
and an intracellular kinase domain [30]. As a class, RLKs have great potential for 
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enhancing resistance to BB in rice and in other disease complexes of crop plants 
Xa21, Xa26, and other RLKs represent genetic components of the pathogen-
associated molecular patterns (PAMPs)-triggered immunity (PTI) surveillance 
pathway in rice. Improvements in the rationale design of RLK receptor specificities, 
and screening for novel genes in germplasm or wild relatives could lead to general 
application for broad and durable resistance.

The nucleotide binding site-LRR (NBS-LRR) is another large class of R gene, 
represented in rice toward Xoo by Xa1 and Xo1 [31–33]. XA1 and XO1 recognize 
multiple TALe, and Xoo strains have adapted TALes, the so-called iTALes, that are 
truncated and inhibit the function of XA1 and XO1 [32, 34].

Specific TALe-dependent R genes governing dominant resistance in rice against 
Xoo are known as executor (E) genes. E genes are distinct from classical R genes, 
whose transcriptional activation by TALes of Xoo trigger immunity, leading to dom-
inant resistance [35]. Xa27 represents the E genes class of dominant R genes and 
confers broad resistance to BB in rice [36]. Although not expressed in susceptible 
host, Xa27 is expressed only upon inoculation with Xoo strains harboring the TALe 
gene avrXa27 [37]. The protein is localized to apoplastic space, cell membrane and 
cell wall, and when expressed under a pathogen-nonspecific inducible rice OsPR1 
promoter, conferred constitutive resistance to both compatible and incompatible 

Gene Class Comments Cognate 
elicitor/
effector

Ref

Xa21 RLK1 extracellular, 
membrane and 
intracellular domains; 
kinase; broad 
resistance

RaxX [25, 27]

Xa26 RLK similar to Xa21; same 
locus as Xa3; broad 
resistance

Unknown [26]

Xa1, Xo1 NBS-LRR2 cytoplasm; narrow 
resistance

Multiple 
TALes

[31–33]

Xa4 WAK3 narrow unknown [40]

Xa27, Xa23, Xa10 TAL effector inducible membrane and cell 
wall; novel protein; 
broad resistance

AvrXa27, 
AvrXa23, 
AvrXa10

[37–39]

xa5 Missense mutant 
of TFIIAγ5; small 
subunit of TFIIA 
transcription factor 
complex

nuclear; broad 
resistance

TALe 
interference

[51, 53, 54]

xa13 promoter mutants of 
OsSWEET11; nodulin 
3 family

membrane; 
unresponsive to PthXo1

PthXo1 [42, 47]

xa25, 
OsSWEET13Kit

promoter mutant of 
OsSWEET13, nodulin 
3 family

TATA box 
polymorphisms; 
unresponsive to PthXo2

PthXo2 [44, 52]

1RLK, receptor linked kinase.
2NBS-LRR, nucleotide binding site, leucine-rich repeat.
3WAK, wall-associated kinase.

Table 1. 
Cloned R genes to bacterial blight of rice.
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strains alike [37]. The rice R genes Xa10 and Xa23 have similar requirements for the 
transcription activation domain and nuclear localization sequence (NLS) motifs of 
the corresponding TALes for their induction [38, 39].

Xa4 is the latest and, again, an unusual R gene of rice to be characterized. The 
protein is a wall-associated kinase (WAK) and provides attributes other than 
enhanced resistance. Rice plants with XA4 are shorter and stiffer in comparison 
to plants lacking the gene [40]. Xa4 is race-specific, meaning many strains of Xoo 
are compatible on plants with Xa4. How Xa4 functions in resistance is unknown at 
present.

3.1 SWEET genes and recessive resistance

A class of major TALe-dependent susceptibility (S) genes for BB in rice 
encodes sugar transporters, thereby named as SWEET gene family [41]. Specific 
TALes, referred to as major TALes, transcriptionally activate the corresponding 
SWEET genes in rice during infection to promote the disease in a gene-for-gene 
susceptibility manner [42]. Although at least five SWEET genes of the clade III 
members can function as an S gene in BB, only three members are known to be 
targeted by extant strains of Xoo [42–47]. A member of the SWEET gene fam-
ily, OsSWEET14, is induced by multiple distinct TALes, which include AvrXa7, 
PthXo3, Tal5 and TalC and are present in strains of different geographic origins 
and genetic lineages [43, 45, 46]. Similarly, PthXo2 drives OsSWEET13 expres-
sion in the susceptible rice variety IR24 [44], and OsSWEET11 is induced by the 
cognate PthXo1 [42]. The typical TALe possesses a central repetitive domain, a 
nuclear localization signal domain, and a transcription activation domain. The 
repetitive domain is responsible for binding of the TALe to a sequence motif called 
the effector binding element (EBE), which is commonly located in the promoter 
region of the respective S gene.

Mutated S gene alleles are proposed to be potentially more durable than domi-
nant R genes [48, 49]. Identifying the promoter variant alleles of major S genes has 
been proposed in breeding for BB resistance [42, 47, 50–53]. Recessive resistance 
is due to the cognate TALe cannot bind to the promoter variants of the S gene. The 
gene xa13, for example, is a recessive resistance insertion allele of 14.8 kb DNA 
fragment in the promoter of OsSWEET11 [42, 47]. OsSWEET11 encodes a protein 
related to MtN3 encoding nodulin 3 (N3) protein of Medicago truncatula. The gene 
was originally named Os8N3 due to its location on rice chromosome 8 and the 
similarity to MtN3 [42]. The critical difference between resistant (xa13/xa13) and 
susceptible plants is the elevated expression of OsSWEET11 during infection in oth-
erwise susceptible plant genotypes [42]. RNAi-mediated silencing of OsSWEET11 
plants was similarly resistant to Xoo strains that are solely dependent on PthXo1 for 
SWEET induction. Silenced plants, but not promoter variants, showed low pol-
len viability, corroborating the fact that Xoo hijacked otherwise developmentally 
important genes in rice for pathogenicity [42, 47]. Similarly, the TALe PthXo2 
cannot bind to the EBE of xa25, a recessive allele of OsSWEET13, or the EBE region 
of OsSWEET13 in japonica rice cultivars, owing to single nucleotide polymorphisms 
in the respective EBEs [51, 52].

The gene xa13 is a naturally occurring allele, actually a series of alleles that 
protects the plant from a genetic disease vulnerability in the plant developmental 
pathways [42, 47]. However, xa13 is not a broad resistance provided in comparison 
to Xa21, Xa27 and xa5), and many strains from China, Philippines, Japan and Korea 
are compatible on xa13 lines [51]. Compatibility is derived by acquisition of major 
TALes that target alternative SWEET promoters [43]. As yet, not major TALe has 
been identified that replaces PthXo1 for OsSWEET11 expression.
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The gene xa5 also affects TALe-dependent function but does not act at a specific 
SWEET gene. The recessive allele encodes a variant of the γ or small subunit of the 
transcription factor TFIIA [54, 55], which confers broad resistance. The gene differs 
from the susceptible allele by a single codon substitution of valine at position 39 to 
glutamic acid. TFIIA, consists of α, β, and γ subunits, and is involved in stabilizing 
the binding of the TATA box binding protein complex (TFIID) to the TATA box of 
gene promoters. The TFIIA components are highly conserved across the eukaryotes. 
Rice has two loci for TFIIAγ-one gene is on chromosome 5 (TFIIAγ5, xa5) and 
another on chromosome 1 (TFIIAγ1) [54]. The proteins are closely related but not 
identical. xa5 provides broad BB resistance and functions in inhibiting TALe func-
tion [51, 56]. However, xa5 is not effective against strains with the TALe PthXo1 [51].

Perhaps not all SWEET S genes are known or are not always induced in disease 
by Xoo. The Indian strain IX-80 was virulent but did not induce any known SWEET 
gene [57], suggesting an adaptation by the Xoo to relieve dependency on SWEET 
gene family. On the other hand, IX-80 remains TALe-dependent as the strain was not 
compatible on IR53 (xa13/xa13, xa5/xa5), a gene combination that blocks the xa5-
compatible PthXo1 and all other major TALes at OsSWEET14 and OsSWEET14 [51].

4.  Implication of interactions between TALes and the corresponding 
host genes

Due to the large reservoir of TALes in each strain of Xoo and the diverse roles of 
TALes in pathogenesis, the BB of rice represents an excellent plant/pathogen system 
for studying the biology of TALes. The apparent reason for the broad activity of Xa27 
and Xa23 is the presence of the cognate TALes avrXa27 and avrXa23 in a large num-
ber of strains from southeast Asia, including Korea, China, Japan and the Philippines 
[37, 39]. On the other hand, the loss of avrXa27, avrXa23, or avrXa10, for that matter, 
does not appear to have an apparent fitness cost to the pathogen, and populations 
of Xoo may lose avrXa27 if Xa27 is widely deployed [37–39]. AvrXa7 is an important 
virulence factor for some strains of Xoo, and strains with AvrXa7 are incompatible 
on rice lines harboring the Xa7. In this case, loss of avrXa7, which is a major TALe for 
OsSWEET14, may result in strains that are weakly virulent or, essentially, nonpatho-
genic, if no other SWEET inducing TALes are present [43, 58]. A variety of other 
TALe genes are present in Xoo populations that can restore full virulence to strains 
missing avrXa7 [59]. Evasion of Xa7-mediated resistance is possible by loss of the 
gene, rearrangement of the central repeats or recombination among different TALe 
genes [60, 61]. However, despite rapid adaptation of bacteria by genetic changes 
and gene flow, field studies in the Philippines indicated that deployment of Xa7 was 
durable in test plots for more than 10 years [62]. Therefore, strains may have other 
limitations due to geographical location or rice genotype. Nevertheless, pyramiding 
broadly effective R genes with cognate TALes that are wide-spread in the pathogen 
populations should provide a degree of broad and durable resistance.

In the case of xa13, induction of the dominant allele SWEET11 is mediated by 
the TALe PthXo1 [42]. However, strains of Xoo that solely rely on PthXo1 cannot 
induce xa13 allele, and rice homozygous for xa13 is symptomless. xa13-dependent 
recessive resistance is phenotypically and qualitatively different from resistance 
provided by the dominant R gene Xa7 [42, 63]. Quantitatively, however, resistance 
mediated by xa13 and Xa7 are approximately equal with respect to bacterial growth 
and lesion length [42, 58, 64]. Xa7 resistance is the result of the presence of the 
appropriate AvrXa7 in the pathogen and dominant, while xa13 resistance is depen-
dent on the absence of an effective virulence factor and recessive. The mechanism 
of XA7 mediated resistance is as yet unknown.
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Type III effectors, in general, are hypothesized to interfere with host defense 
and defense signaling mechanisms. Strains of Xoo have other type III effectors, 
differing from TALes, and, therefore, not entirely dependent on TALes for sup-
pression of host defenses [65]. Xoo strains lacking major TALes are still capable of 
causing water-soaking, if syringe inoculated, which is in contrast to type III secre-
tion system (Hypersensitive reaction/pathogenicity or Hrp−) mutants. Hrp− mutant 
strains are incapable of secreting any type III effectors, including TALes, and are 
virtually symptomless [66]. The mechanism by which SWEET transporters condi-
tion susceptibility is unknown. One hypothesis is that the transporters allow cells to 
leak sucrose, providing the pathogen with nutrients. SWEET function may interfere 
with normal plant defense functions or, possibly, allow transport of other nutrients 
or disease promoting compounds [41]. However, little empirical evidence for the 
nutrition model exists at present.

Sequencing of Xoo genomes has revealed the full complement of TALes is now 
known [17–23]. The individual TALe genes are distinguishable on the basis of the 
number of repeats in the central repetitive region and by polymorphisms within 
each repeat sequence, particularly, at the 12th and 13th codons. Strains of the Asian 
lineage contain upwards of 16–19 TALe genes in each genome [18]. The large 
numbers of TALe genes in these species may reflect the evolutionary investment 
in utilizing the TALes for virulence and are essential, to the ecological niche these 
bacteria occupy. The maintenance of a large repertoire of TALe genes may increase 
the frequency of recombination between, and diversity of TALecgenes within the 
pathogen population [60]. Pathogen may then adapt faster to the changing host 
genotypes as exemplified by the appearance of pthXo5, which avoids Xa7 recogni-
tion and appears to be a hybrid between avrXa7 and pthXo6 [61].

Not all TALE genes of Xoo, however, are just substrates for new major TALEs. 
Two other TALE genes from PXO99 strain of Xoo, in addition to pthXo1, contribute 
to virulence, known to elevate the expression of two host genes distinct from 
SWEET11. PthXo6 elevates the expression of OsTFX1, which contributes to approx-
imately 35% of the disease [67]. Many strains induce OsTFX1. The gene pthXo7 of 
PXO99 elevates the expression of OsTFIIAγ1 and would appear to be an adaption 
to host genotypes containing the xa5 allele of TFIIAγ5 [67]. However, introduction 
of pthXo7 to other strains does not restore full virulence on xa5/xa5 plants and may 
provide only an incremental fitness benefit [67]. All Asian strains also carry a set 
of truncated TALes, the inhibitory or iTALes, which function to suppress Xa1-
mediated resistance [32].

4.1 Executor R genes and super promoters

Xa10, Xa23 and Xa27 are representatives of the new class of E genes, so-named 
because the induction of these genes executes a response of programed cell death 
(PCD) in the host. Xa10 induced PCD in plant species rice and N. benthamiana, 
and mammalian HeLa cells [38]. No cognate S genes for AvrXa10, AvrXa23, or 
AvrXa27 in compatible host cultivars have been reported, though the presence of 
AvrXa27 and AvrXa23 in many extant strains of Xoo may portend either a defeated 
function or an unknown cryptic function in S gene expression. Nonetheless, E 
genes hold great potential for broad and durable resistance in rice against extant 
Xoo population. A super promoter consisting of multiple EBEs, corresponding 
to specific TALes in extant population of Xoo, have been constructed (Figure 1). 
[68–70]. Addition of multiple EBEs to a pathogen strain specific rice BB resis-
tance gene makes it effective against additional strains of Xoo. The EBEs of TALes 
PthXo1, PthXo6 and Tal9a when conjugated to E gene Xa27, showed resistance 
against PXO99 and a derivative strain lacking AvrXa27 [68]. A similar scenario was 
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accomplished using E gene Xa10 [69]. The study suggested that broad-spectrum 
and potentially durable resistance is possible by stable integration of an E gene 
engineered in a way to respond to multiple TALes from different strains or even dif-
ferent pathogens. Design of a super promoter, however, needs to be done carefully. 
Risk that an added EBE might coincidently contain a cis regulatory element could 
induce the E gene expression in response to particular stimuli and cause cell death 
without challenge by TALes. Amended promoters should be tested thoroughly 
before deployment.

4.2 Targeted genome regulation and editing

Central to TALe function is the discovery of the DNA recognition cipher of TALEs 
[71, 72]. The central domain of a TALe, also known as binding domain, consists of 
variable number of tandem repeats, each consisting 33–35 amino acid residues. The 
12th and 13th amino acid residues (known as repeat variable di-residues, RVDs)  

Figure 1. 
Xoo TALe-dependent resistance and susceptibility in BB of rice. (A) Schematic of typical TALe from Xoo and 
(B) five types of TALe interactions affecting outcome of Xoo and rice interaction.
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of each repeat preferentially binds to the respective nucleotides in the EBEs of target 
gene, such that HD, NG, NI and NN bind to C, T, A, and G, respectively in the 
effector binding elements (EBEs) of the promoter of a target gene [71–73]. The TALe 
recognition code allowed custom-engineer of DNA binding domains, also called 
designer TALes (dTALes), with novel specificity to the user-chosen DNA sequences 
[74–76]. dTALes provide a useful tool box to transiently activate host genes of inter-
est for their functional analysis and assess the associated effect on host phenotype 
and physiology during rice-Xoo interaction. TALENs are fusions between dTALes and 
the nuclease domain of restriction enzyme FokI [77–80]. Other C-terminal domains 
have also been used [81]. Target site recognition and TALEN dimerization triggers a 
double-strand break (DSB) and generates small random insertions or deletions at the 
cleavage site, resulting in an edited sequence. CRISPR-Cas editing approaches have 
circumvented the need to construct dTALes and achieved wide general use, including 
editing of rice genes [82–84].

5. Prospects for engineered broad and durable resistance in rice to BB

Traditional resistance breeding has identified many useful R genes and intro-
gressed the genes into elite cultivars. Further, development of molecular markers 
allows the pyramiding of multiple genes into single lines. The development of 
designer TALENs and CRISPR-Cas genome editing brings greater flexibility and 
rapidity to the development of resistant germplasm. A continuous provision of 
novel R genes in breeding programs is possible. Of course, the adoption and util-
ity of different approaches is dependent on the regulatory climate. Introduction 
of novel or alien genes may be prohibitive in the foreseeable future. Classification 
of genome editing techniques will also vary depending on the individual coun-
try. In the rice system, our understanding allows numerous approaches for the 
enhancement of resistance beyond classical breeding. TALe biology, specifically, 
can be exploited (Figure 2). Least intrusive is targeted genome editing of S genes. 
OsSWEET14 is targeted by unrelated TALEs, AvrXa7, PthXo3, Tal5 and TalC from 
different Xoo strains and which in some cases overlap their EBEs [43, 45, 46]. 
OsSWEET14 was made unresponsive to TALEs AvrXa7 and Tal5, when their respec-
tive EBEs were mutated using TALENs in otherwise susceptible rice cv. Kitake  
[85, 86]. Thus, recessive resistance obtained by the genome editing of OsSWEET14 
is expected to be broad and contribute to durability given the apparent few major 
TALes in the extant population. Future efforts will be to target all EBE/S gene 
combinations in single elite lines. Fusion of EBEs to a variety of R and E genes has 

Figure 2. 
Super promoters: pyramiding of EBEs of multiple TALEs upstream of an E gene for broad and durable 
resistance. Subscript of each EBE corresponds to the respective TALEs. Blocks under each EBE represent the 
respective TALes with blunt ends as their N termini, and arrowheads as their C-termini flanking the binding 
repeats in center.
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been demonstrated to provide resistance [68, 87]. The functional specificity of an E 
gene can be broadened by linkage to general inducible defense genes  
[69, 88]. Approaches are not limited to TALe-associated responses. The RLK immu-
nity receptor EFR from Arabidopsis [89, 90], as well as XA21/EFR fusion proteins 
function in rice [91]. Thus, the sky is the limit for the engineering of broad and 
durable resistance in rice to BB.
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Chapter 9

Protecting Rice Grains from 
Arsenic Toxicity through Cultural 
Management: Bangladesh 
Perspective
Abdul Aziz

Abstract

In 1997, arsenicosis was reported as a result of ingesting arsenic-containing 
rice grown in arsenic (As)-rich soil, irrigated with high As water from shallow 
tube wells (STW) and deep tube wells (DTW) in Bangladesh. Of the 4 million ha 
irrigated fields, 60% were under STW and 15% under DTW waters; almost all were 
arsenic contaminated in varying quantities since they were used. In the present 
study, it was determined that irrigation from STW water having 500 µg As/l pro-
duced rice grains with 2.56 mg As/kg in a field with initial 3.21 mg/kg soil, leaving 
8.27 mg/kg soil compared to pond water irrigation where only roots absorbed 0.105 
± 0.069 mg As/kg leaving ≤2.6 mg/kg soil. About 2.5 mg As/kg soil may be consid-
ered a safe level for arsenic-free rice cultivation. Bio-mitigation of the STW water 
using duckweed (DW) (Spirodela polyrhiza) was expensive and disposal in various 
ways of As-loaded DW produced was hazardous returning arsenic to ecosystems. 
Alternative to the groundwater (GW), surface water can be made available by 
constructing rubber dams and converting rivers into surface water reservoirs to 
overcome the arsenic toxicity and protecting rice and other grains, integrating 
aquaculture of the DW and Azolla pinnata var. pinnata for fish and poultry feeds. 
Permanent solution could be achieved executing “Delta Plan 2100” saying “No to 
groundwater use for irrigation, let the Arsenic stay in the underground”.

Keywords: arsenic toxicity, rice toxicity, groundwater arsenic, soil arsenic,  
bio-mitigation, Spirodela polyrhiza, river reservoirs, rubber dam, Bangladesh

1. Introduction

In Bangladesh, As was discovered in 1993, while doctors and health personnel 
were dealing with health effects of its contamination in drinking water. Since then, 
As-contaminated groundwater was found in 44 districts out of which arsenicosis 
patients were detected in 26 districts, 7 of which were highly affected, and out of 64 
districts [1] (Figure 1), some districts as a catastrophe affecting human health [1, 2]. 
Southern districts in particular contained >300 μg As/l in GW, and more than 20% 
tube wells contain more than 100 μg As/l that are used for irrigation and drinking 
[3]. The metalloid at low concentration (10–50 μg As/l) in a sandy soil may be more 
phytotoxic (i.e., available) than much higher levels (200–500 μg As/l) in a heavier clay 



127

Chapter 9

Protecting Rice Grains from 
Arsenic Toxicity through Cultural 
Management: Bangladesh 
Perspective
Abdul Aziz

Abstract

In 1997, arsenicosis was reported as a result of ingesting arsenic-containing 
rice grown in arsenic (As)-rich soil, irrigated with high As water from shallow 
tube wells (STW) and deep tube wells (DTW) in Bangladesh. Of the 4 million ha 
irrigated fields, 60% were under STW and 15% under DTW waters; almost all were 
arsenic contaminated in varying quantities since they were used. In the present 
study, it was determined that irrigation from STW water having 500 µg As/l pro-
duced rice grains with 2.56 mg As/kg in a field with initial 3.21 mg/kg soil, leaving 
8.27 mg/kg soil compared to pond water irrigation where only roots absorbed 0.105 
± 0.069 mg As/kg leaving ≤2.6 mg/kg soil. About 2.5 mg As/kg soil may be consid-
ered a safe level for arsenic-free rice cultivation. Bio-mitigation of the STW water 
using duckweed (DW) (Spirodela polyrhiza) was expensive and disposal in various 
ways of As-loaded DW produced was hazardous returning arsenic to ecosystems. 
Alternative to the groundwater (GW), surface water can be made available by 
constructing rubber dams and converting rivers into surface water reservoirs to 
overcome the arsenic toxicity and protecting rice and other grains, integrating 
aquaculture of the DW and Azolla pinnata var. pinnata for fish and poultry feeds. 
Permanent solution could be achieved executing “Delta Plan 2100” saying “No to 
groundwater use for irrigation, let the Arsenic stay in the underground”.

Keywords: arsenic toxicity, rice toxicity, groundwater arsenic, soil arsenic,  
bio-mitigation, Spirodela polyrhiza, river reservoirs, rubber dam, Bangladesh

1. Introduction

In Bangladesh, As was discovered in 1993, while doctors and health personnel 
were dealing with health effects of its contamination in drinking water. Since then, 
As-contaminated groundwater was found in 44 districts out of which arsenicosis 
patients were detected in 26 districts, 7 of which were highly affected, and out of 64 
districts [1] (Figure 1), some districts as a catastrophe affecting human health [1, 2]. 
Southern districts in particular contained >300 μg As/l in GW, and more than 20% 
tube wells contain more than 100 μg As/l that are used for irrigation and drinking 
[3]. The metalloid at low concentration (10–50 μg As/l) in a sandy soil may be more 
phytotoxic (i.e., available) than much higher levels (200–500 μg As/l) in a heavier clay 



Protecting Rice Grains in the Post-Genomic Era

128

soil [4]. Arsenic is found everywhere in traces, i.e., in the air, in the ocean and fresh-
waters (some drinking water supplies), in soil, etc., polluting the environment and 
causing arsenicosis (melanosis, keratosis, gangrene, chronic ulcer, skin cancer, etc.) in 
human [1, 5]. Studies also confirmed that a substantial amount of this heavy metal is 
absorbed by plants [6–9]. The question is how as appeared heavily in soils, drinking, 
and irrigation waters of Bangladesh? In the 1960s, 4 million hand tube wells (HTW) 

Figure 1. 
Arsenic-affected areas in Bangladesh based on studies from 1993 to 1996 [1]. Round white spot (within blue) 
east of mid-region is the study site at Sonargaon.
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were installed at a depth of 10–15 m for drinking water without checking arsenic in the 
aquifers [10]. In the 1970s high-yielding rice variety known as the International Rice 
Research Institute (IRRI) paddy var. IR8 was introduced in Bangladesh that required 
huge irrigation, necessitating the installation of STW at a depth of 25–30 m [personal 
communication Director General, Dr. Md. Shahjahan Kabir of  Bangladesh Rice 
Research Institute, Gazipur, Bangladesh]. For decades DTW have been installed at 100–
200 m depth which are also contaminated with arsenic [11]. In Jessore alone, 74 out of 
85 DTW tested had an average 210 μg As/l. Of the 4 million ha irrigated fields, 25% 
used surface water, 60% STW, and 15% DTW waters in Bangladesh [11]. The organic 
As (oAs) is not but inorganic arsenic (iAs) is toxic to human [12]. Concentration of 
absorbed arsenic in rice grains of Bangladesh was in toxic level for human consump-
tion [13–15]. It was reported that 1.7–2.55 mg/kg rice grains were found in areas having 
15–27 mg As/kg soil [16]. It was also reported that As concentrations in rice grains from 
flooded soils were 10–15 times higher than aerobically grown (non-flooded) rice, and 
similarly the concentration of inorganic As (iAs) in the grains from the flooded treat-
ment was 2.6–2.9 fold higher than the non-flooded treatment [15].

Rice is by far the largest food dietary source of iAs for populations not drinking 
water with elevated As [17]. Arsenic in rice, cowpeas, vegetable crops, peas, snap 
beans, and sweet corn plants antagonize the uptake of nutrients like N, P, K, S, Ca, 
Mn, and Z [18–20] and reduced height of rice plants, straw and grain yield, grain per 
panicle, and the number of field grains per panicle applying 10 mg As/kg soil or above 
[19–22]. Phosphate replacement by arsenate preventing ATP generation was observed 
by [4, 7, 23] reducing ATP-dependent N2 fixation [9]. Human activities like smelting, 
mining, the use of pesticides, making glasses and ceramics, etc. are responsible for 
contaminating earth surface [24], which is now a global health issue [25]. However, it 
has been estimated that about 30 metric ton of arsenic is borne by the biomass of the 
earth and is assumed to be the 12th most abundant element in the biosphere [26].

Arsenic removal efficiency varies with many conditions, like site-specific 
chemicals and geographic and economic conditions [27]. There have not been any 
significant and innovative improvements in the methods for removing arsenic from 
HTW water in a decade of research for drinking [28]. However, no attempt has 
so far been taken to remove arsenic from large volume of the contaminated STW 
waters for using in irrigation. In the present study, an attempt was made to use 
efficient arsenic-absorbing floating plant S. polyrhiza to remove toxic arsenic from 
STW water in situ for protecting rice grains through cultural management.

2. Materials and methods

Field studies were carried out at Nilkanda Union under P. S. Sonargaon, District 
Narayanganj, lying between 23°30′ and 23°46′ N and 90°31′ and 90°41′ E (Figure 1)  
[29]. A good number of submerged and exposed soil (rice, wheat, and vegetable 
fields) and water (STW, HTW, and pond) samples were collected in four replications 
at a gap of 0.5–1.0 km in the winter and spring seasons and analyzed to determine the 
amount of As absorbed by different crops and its presence in soils and water sources. 
Water samples were collected from DTW and STW one from each at village Kachua, 
under P.S. Kachua, district Chandpur, about 100 km southeast of Sonargaon.

2.1 Selection of plants and cultivation for bioremediation of arsenic

Six strains under three species of Azolla (A. caroliniana Dh 103; A. filiculoides Dh 
104; A. pinnata var. pinnata Dh 111; A. pinnata var. pinnata Dh 112; A. pinnata var. 
pinnata Dh 113; and A. filiculoides Dh 115) and two species of Spirodela (S. polyrhiza Dh 
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116 and S. punctata Dh 117, Lemnaceae) were considered to select efficient As absorb-
ing floating plants [9] by growing them in the growth room under controlled condi-
tions: continuous light flux of 120 μE/m2/s from daylight fluorescent tubes and 70–90% 
relative humidity at 30 ± 1°C. Liquid inorganic nutrient medium Chu 10D-N [30], a 
modified version of [31], with double the strength of P (3.56 mg/l) and K (9.45 mg/l) 
for Azolla strains, and IRRI medium with NH4NO3 as nitrogen source following [32] for 
species of Spirodela were grown in conical flasks of 150 ml capacity containing 50 ml 
medium adding arsenic trioxide as inorganic As (iAs) source before autoclaving. S. 
polyrhiza and S. punctata were grown at much higher arsenic concentrations as the plant 
is often found to grow in polluted waters and stressed environment [33]. The plants 
were grown at pH 6.00 [34, 35]. All plant biomasses after 3 days growth were oven 
dried at 90°C for 24 hour for determining growth and As absorbed [9].

2.2 Determination of nitrogenase activity

Nitrogenase activity in the presence of arsenic was determined by acetylene 
reduction assay (ARA) technique of [36] and details of the experiment given in [9].

2.3 Chemical analysis

Home-yard ponds and HTW waters were collected in iodized bottles and stored 
in ice box immediately and then in the laboratory deep freeze. Water quality of the 
pond and HTW waters is given in Figure 2. Whole plants of Azolla and Spirodela, 
roots, shoots, and grain samples of rice plant were collected separately and dried 
at 70°C for 3 days, grounded, and kept in poly-bags till analysis. Arsenic was 
determined by atomic absorption spectrometer (Shimadzu AA-680/G V-3) after 
digestion with nitric and perchloric acids at 5:1 ratio in a closed system. Arsenic con-
centration in brown-rice grains was cross-checked by neutron activation analysis 

Figure 2. 
Water quality of pond (control) and STW (installed 3 years ago) used for growing BR-28 rice in fields. Unit for 
tAs is μg/l and for others as mg/l. After [43]. n = 5; vertical bars are standard deviations.
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(NAA) using 3 MW Research Reactor at Atomic Energy Research Establishment, 
Saver, Dhaka. PO4-P in the culture medium was determined following [37].

Soil samples were collected from a depth of 0–5 cm in five replications from each 
plot on the basis of composite sampling method in [38]. Determinations of various 
fractions were carried out as described: EC by EC meter in [39]; pH by a microproces-
sor pH-meter, soil to water ratio was 1:2.5; organic carbon by wet oxidation method; 
organic matter by multiplying the percentage of organic carbon with conventional 
Van Bemmelen’s factor of 1.74 in [40]; textural classes and particle size distribution by 
hydrometer method as described in [41, 42], respectively; and As by AAS (Perkin Elmer 
M-3110, USA) following low temperature sample digestion with HNO3-HCl mixture at 
a ratio of 1:3 in volumetric flasks with reflex condenser under a closed system.

2.4 Cultivation of S. polyrhiza in a production pond

The DW was cultivated in a 400 m2 pond adding urea nitrogen, triple super 
phosphate, and muriate of potash in a solution at the rate of 40, 20, and 10 kg/ha/
day, respectively [29]. The fertilizer solution was mixed with the pond water every 
day just after 10% harvest before noon time. The production was 1 ton/ha/day and 
1 kg DW covers about 1 m2 water.

2.5 Bioremediation of arsenic-contaminated HTW water

Mini-scale bioremediation was carried out in 50 L capacity RCC (cemented) 
tubs lined with polythene [29]. The tubs were set in the open area of a house having 
sufficient natural light. Arsenic-contaminated HTW (installed 25 years ago) having 
475.5 ± 10.6 μg/l and 6.30 mg/l iron was used. Fresh DW from the cultivation pond 
was spread onto the tub water to form a complete cover. The amount per tub added 
was weighed, and the same amount was added after every 24 hours for 6 days. 
100 ml surface water, 20 g fresh DW, and sediment from each tub bottom were 
collected for analysis of As in the samples.

Large-scale bioremediation experiment was carried out in about 1 meter deep, 
350 m2 pond situated near to the experimental rice field [29]. It was filled with 
arsenic (495 ± 10 μg As/l was considered as 500 μg As/l)-contaminated STW water 
which appeared reddish brown in color. The STW water had 8.85 mg/l iron. About 
350 kg DW was spread over the stored STW water in the pond and divided into 
eight blocks by bamboos for keeping the plants equally spread for As absorption. 
After every 2 days, 1.0 kg fresh DW, 100 ml water, and 50 g sediment were collected 
from each block for chemical analysis and for using as feed for broiler and Bengal 
goat. All the floating DW was then harvested (kept in a shallow pit for decom-
position and used in biogas production). Fresh DW was again spread completely 
covering the water surface.

2.6 Cultivation of rice

Effects of arsenic on the arsenic toxicity of winter-rice grain of variety BR28 
were studied in a farmer’s field having silt clay containing sand 4.31%, silt 45.56%, 
clay 50.13%, pH 6.35, EC 200 μS/cm, iron 0.87%, arsenic 3.21 mg/kg soil, and 
organic matter 1.85%, in Silmondi and Narailbag soil series at Meghna floodplain 
[29]. Research plots were 19 × 19 m in five replications arranged in complete 
randomized block design. NPK fertilizers from urea, TSP, and MP, respectively, 
were applied at 45, 15, and 40 kg/ha, respectively, to all plots at the time of land 
preparation other than N. The N was applied at 25 kg/ha 15 days after transplanting 
(DAT) and 20 kg/ha before flowering. “Boro” rice var. BR28 seedlings of 10 days old 
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116 and S. punctata Dh 117, Lemnaceae) were considered to select efficient As absorb-
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were grown at pH 6.00 [34, 35]. All plant biomasses after 3 days growth were oven 
dried at 90°C for 24 hour for determining growth and As absorbed [9].

2.2 Determination of nitrogenase activity

Nitrogenase activity in the presence of arsenic was determined by acetylene 
reduction assay (ARA) technique of [36] and details of the experiment given in [9].

2.3 Chemical analysis

Home-yard ponds and HTW waters were collected in iodized bottles and stored 
in ice box immediately and then in the laboratory deep freeze. Water quality of the 
pond and HTW waters is given in Figure 2. Whole plants of Azolla and Spirodela, 
roots, shoots, and grain samples of rice plant were collected separately and dried 
at 70°C for 3 days, grounded, and kept in poly-bags till analysis. Arsenic was 
determined by atomic absorption spectrometer (Shimadzu AA-680/G V-3) after 
digestion with nitric and perchloric acids at 5:1 ratio in a closed system. Arsenic con-
centration in brown-rice grains was cross-checked by neutron activation analysis 

Figure 2. 
Water quality of pond (control) and STW (installed 3 years ago) used for growing BR-28 rice in fields. Unit for 
tAs is μg/l and for others as mg/l. After [43]. n = 5; vertical bars are standard deviations.
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(NAA) using 3 MW Research Reactor at Atomic Energy Research Establishment, 
Saver, Dhaka. PO4-P in the culture medium was determined following [37].

Soil samples were collected from a depth of 0–5 cm in five replications from each 
plot on the basis of composite sampling method in [38]. Determinations of various 
fractions were carried out as described: EC by EC meter in [39]; pH by a microproces-
sor pH-meter, soil to water ratio was 1:2.5; organic carbon by wet oxidation method; 
organic matter by multiplying the percentage of organic carbon with conventional 
Van Bemmelen’s factor of 1.74 in [40]; textural classes and particle size distribution by 
hydrometer method as described in [41, 42], respectively; and As by AAS (Perkin Elmer 
M-3110, USA) following low temperature sample digestion with HNO3-HCl mixture at 
a ratio of 1:3 in volumetric flasks with reflex condenser under a closed system.

2.4 Cultivation of S. polyrhiza in a production pond

The DW was cultivated in a 400 m2 pond adding urea nitrogen, triple super 
phosphate, and muriate of potash in a solution at the rate of 40, 20, and 10 kg/ha/
day, respectively [29]. The fertilizer solution was mixed with the pond water every 
day just after 10% harvest before noon time. The production was 1 ton/ha/day and 
1 kg DW covers about 1 m2 water.

2.5 Bioremediation of arsenic-contaminated HTW water

Mini-scale bioremediation was carried out in 50 L capacity RCC (cemented) 
tubs lined with polythene [29]. The tubs were set in the open area of a house having 
sufficient natural light. Arsenic-contaminated HTW (installed 25 years ago) having 
475.5 ± 10.6 μg/l and 6.30 mg/l iron was used. Fresh DW from the cultivation pond 
was spread onto the tub water to form a complete cover. The amount per tub added 
was weighed, and the same amount was added after every 24 hours for 6 days. 
100 ml surface water, 20 g fresh DW, and sediment from each tub bottom were 
collected for analysis of As in the samples.

Large-scale bioremediation experiment was carried out in about 1 meter deep, 
350 m2 pond situated near to the experimental rice field [29]. It was filled with 
arsenic (495 ± 10 μg As/l was considered as 500 μg As/l)-contaminated STW water 
which appeared reddish brown in color. The STW water had 8.85 mg/l iron. About 
350 kg DW was spread over the stored STW water in the pond and divided into 
eight blocks by bamboos for keeping the plants equally spread for As absorption. 
After every 2 days, 1.0 kg fresh DW, 100 ml water, and 50 g sediment were collected 
from each block for chemical analysis and for using as feed for broiler and Bengal 
goat. All the floating DW was then harvested (kept in a shallow pit for decom-
position and used in biogas production). Fresh DW was again spread completely 
covering the water surface.

2.6 Cultivation of rice

Effects of arsenic on the arsenic toxicity of winter-rice grain of variety BR28 
were studied in a farmer’s field having silt clay containing sand 4.31%, silt 45.56%, 
clay 50.13%, pH 6.35, EC 200 μS/cm, iron 0.87%, arsenic 3.21 mg/kg soil, and 
organic matter 1.85%, in Silmondi and Narailbag soil series at Meghna floodplain 
[29]. Research plots were 19 × 19 m in five replications arranged in complete 
randomized block design. NPK fertilizers from urea, TSP, and MP, respectively, 
were applied at 45, 15, and 40 kg/ha, respectively, to all plots at the time of land 
preparation other than N. The N was applied at 25 kg/ha 15 days after transplanting 
(DAT) and 20 kg/ha before flowering. “Boro” rice var. BR28 seedlings of 10 days old 
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were transplanted and irrigated once in a week with pond water as control and 500 
µg As/l contaminated STW water that dries up by the end of that week and watered 
again for the next one week [29].

3. Results and discussion

3.1 Water and soil chemistry

Prevalence of total arsenic (As) in soil and water sources collected from areas at a 
gap of 0.5–1.0 km in the winter and spring seasons at Sonargaon is given in Table 1. 
Arsenic in pond water was due to seepage and water flow from the household use of 
As-contaminated HTW. The concentration of iron had direct correlation to the amount 
of arsenic present. Rice field soils in the areas had highest arsenic ranging from 5.83 
to 8.01 mg/kg (due to weekly irrigation about nine times with STW water), followed 
by wheat (due to broadcast seeding and standing irrigation after 20, 60, and 80 days 
(before flowering)) and vegetable fields (due to non-standing irrigation two times 
during dry period). Water from the HTW was found to have 131 ± 0.1 μg As/l (10 years 
old) to 475.5 ± 10.6 μg As/l (25 years old). Similarly, 1-year-old STW water was found 
to have 92.2 ± 1.5 μg As/l, while the 3-year-old one had 495.0 ± 10 μg As/l indicating 
that the older the tube well, the more is the groundwater arsenic indicating tube wells 
having less than 100 μg As/l in the early 2000s most likely have now increased to 
several hundred or more.

The water of 1-year-old DTW was with very little or no arsenic, while STW had 
150 ± 3.0 μg As/l and has been found to be moderately affected [1] at village Kachua 
in Meghna floodplain. In Ganges floodplain, there are reports of an average 210 μg 
As/l in DTW water in many areas of Jessore district and in highly affected areas 
(Figure 1). The most alarming point is that each and every crop had arsenic toxic-
ity for irrigating with GW (Table 1). To get a good yield, irrigation is a must and 
alternative source(s) need to be found out.

Quality of pond and STW waters used in irrigating rice cultivation experiments 
is shown in Figure 2.

3.2 Selection of arsenic removing plants in the laboratory

Six strains of Azolla under three species were treated with arsenic trioxide in 
the laboratory to determine their ability to grow and absorb As, PO4-P uptake, and 

Waters (μg/l for As, mg/l for iron) Soils (mg/kg)

DTW STW HTW Pond

As Iron As Iron As Iron As Iron Rice Wheat Vege.

3.40 ± 0.90* 0.95* 495 ± 10.00 
(3 years old)
313 ± 4.00  

(2 years old)
92.2 ± 1.50 
(1 year old)
150 ± 3.00* 

(3  years old)

8.85

8.15

8.10

6.10*

250.5 ± 2.08 
(15 years old)
131.0 ± 0.10 

(10 years old)
152.0 ± 3.5 

(10 years old)
475.5 ± 10.6 

(25 years old)

7.40

6.10

6.30

7.60

9.66 ± 1.16
9.13 ± 0.31
3.20 ± 0.20
3.11 ± 0.17

0.83
0. 70
0. 44
0.30

7.65
6.39
7.88
8.01
5.83
7.48

4.42
4.23
3.15
4.09

3.15
2.53
1.96
4.21
3.65
3.68
4.02
2.66

*Indicate values of two tube wells from village Kachua P.S. Kachua (moderately affected area).

Table 1. 
Prevalence of arsenic in soils and waters at Sonargaon.
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nitrogenase activity (Figure 3a–d) [9]. A. pinnata var. pinnata Dh 111, Dh 112, 
and Dh 113 strains grew well at 100 μg iAs/l. The growth of strains Dh 112 and 
Dh113 was identical even at 400 μg iAs/l in 3 days (Figure 3b). Only A. pinnata 
var. pinnata Dh 113 appeared to be suitable for absorption of iAs from 100 μg iAs/l 
[9]. This was due to the substantial absorption of PO4-P at 100 μg iAs/l and mild 
absorption in higher concentrations (Figure 3c). A. pinnata var. pinnata Dh 113  
absorbed about 0.0066% arsenic of d. wt. from 100 to 200 μg/l As in 3 days 
(Figure 3b) [9]. Only A. pinnata var. pinnata Dh 113 appeared to be suitable for 
absorption of As from 100 μg/l As [43]. The presence of higher amount of PO4-P in 
the iAs containing medium (Figure 3c) than the control (without iAs) suggests that 
after three days growth phosphate  uptake was limited by plants and replaced by 
arsenate or competitively absorbed limiting ATP formation, indicated by decreased 
ATP-dependent nitrogenase activity, which was nil at 400 µg As/l (Figure 3d) [9].

S. polyrhiza Dh 116 and S. punctata Dh 116 were treated with arsenic trioxide in the 
laboratory to determine their ability to grow and absorb As and PO4-P (Figure 4a–c) 
[9]. The highest accumulation of 0.0351% iAs on dry wt. basis (Figure 4b) was observed 
in S. polyrhiza from 1000 μg iAs/l, and this was due to substantial absorption of PO4-P 
from medium containing 1000 μg iAs/l (Figure 4c).

Figure 3. 
(a–d) Effects of arsenic trioxide in batch culture under controlled environments measured after 3 days of 
inoculation: (a) on growth, (b) % accumulation of As, (c) absorption of PO4-P, and (d) nitrogenase activity 
by Azolla species/strains—(1) A. caroliniana Dh103, (2) A. filiculoides Dh104, (3) A. pinnata var. pinnata 
Dh111, (4) A. pinnata var. pinnata Dh112, (5) A. pinnata var. pinnata Dh113, and (6) A. filiculoides Dh115. 
After [9].
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were transplanted and irrigated once in a week with pond water as control and 500 
µg As/l contaminated STW water that dries up by the end of that week and watered 
again for the next one week [29].
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As-contaminated HTW. The concentration of iron had direct correlation to the amount 
of arsenic present. Rice field soils in the areas had highest arsenic ranging from 5.83 
to 8.01 mg/kg (due to weekly irrigation about nine times with STW water), followed 
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(before flowering)) and vegetable fields (due to non-standing irrigation two times 
during dry period). Water from the HTW was found to have 131 ± 0.1 μg As/l (10 years 
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in Meghna floodplain. In Ganges floodplain, there are reports of an average 210 μg 
As/l in DTW water in many areas of Jessore district and in highly affected areas 
(Figure 1). The most alarming point is that each and every crop had arsenic toxic-
ity for irrigating with GW (Table 1). To get a good yield, irrigation is a must and 
alternative source(s) need to be found out.

Quality of pond and STW waters used in irrigating rice cultivation experiments 
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3.2 Selection of arsenic removing plants in the laboratory

Six strains of Azolla under three species were treated with arsenic trioxide in 
the laboratory to determine their ability to grow and absorb As, PO4-P uptake, and 
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nitrogenase activity (Figure 3a–d) [9]. A. pinnata var. pinnata Dh 111, Dh 112, 
and Dh 113 strains grew well at 100 μg iAs/l. The growth of strains Dh 112 and 
Dh113 was identical even at 400 μg iAs/l in 3 days (Figure 3b). Only A. pinnata 
var. pinnata Dh 113 appeared to be suitable for absorption of iAs from 100 μg iAs/l 
[9]. This was due to the substantial absorption of PO4-P at 100 μg iAs/l and mild 
absorption in higher concentrations (Figure 3c). A. pinnata var. pinnata Dh 113  
absorbed about 0.0066% arsenic of d. wt. from 100 to 200 μg/l As in 3 days 
(Figure 3b) [9]. Only A. pinnata var. pinnata Dh 113 appeared to be suitable for 
absorption of As from 100 μg/l As [43]. The presence of higher amount of PO4-P in 
the iAs containing medium (Figure 3c) than the control (without iAs) suggests that 
after three days growth phosphate  uptake was limited by plants and replaced by 
arsenate or competitively absorbed limiting ATP formation, indicated by decreased 
ATP-dependent nitrogenase activity, which was nil at 400 µg As/l (Figure 3d) [9].

S. polyrhiza Dh 116 and S. punctata Dh 116 were treated with arsenic trioxide in the 
laboratory to determine their ability to grow and absorb As and PO4-P (Figure 4a–c) 
[9]. The highest accumulation of 0.0351% iAs on dry wt. basis (Figure 4b) was observed 
in S. polyrhiza from 1000 μg iAs/l, and this was due to substantial absorption of PO4-P 
from medium containing 1000 μg iAs/l (Figure 4c).

Figure 3. 
(a–d) Effects of arsenic trioxide in batch culture under controlled environments measured after 3 days of 
inoculation: (a) on growth, (b) % accumulation of As, (c) absorption of PO4-P, and (d) nitrogenase activity 
by Azolla species/strains—(1) A. caroliniana Dh103, (2) A. filiculoides Dh104, (3) A. pinnata var. pinnata 
Dh111, (4) A. pinnata var. pinnata Dh112, (5) A. pinnata var. pinnata Dh113, and (6) A. filiculoides Dh115. 
After [9].
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Of the eight floating plants tested, S. polyrhiza Dh 116 showed the highest 
absorption capacity to be much higher than A. pinnata var. pinnata Dh 113 [9].

3.3 Bio-mitigation of As from contaminated STW water using S. polyrhiza

3.3.1 Removing As in a mini-scale with the water in cemented tubs

In the laboratory S. polyrhiza showed the highest accumulation (0.0351% As 
on dry wt. basis) among floating plants from 1000 μg/l in 3 days (Figure 4b) 
[9]. Therefore, outdoor experiments were carried out at Sonargaon growing the 
DW in RCC tubs in 475.5 ± 10.6 μg As/l water and 6.30 mg Fe/l (Figure 5a–c). 
The DW absorbed about 295 mg As/kg d. wt. after 24-hour treatment (Figure 5a). 
A substantial amount of As was coagulated with iron (synergistic reaction) from 
24 hours to 6 days giving similar curve like absorption of As by DW (Figure 5b 
and c).

3.3.2 Removing As in a large-scale keeping the water in a pond

The S. polyrhiza Dh 116 absorbed about 295 mg/kg d. wt. after 24 hours in tub 
experiment and thus could be a good candidate for mitigating As from the contami-
nated STW water in a large scale (Figure 6a–c). The 350 m2 pond contains 350 m3 

Figure 4. 
(a–c) Effects of arsenic trioxide in batch culture under controlled environments measured after 3 days of 
inoculation: (a) on growth, (b) % accumulation of As, and (c) absorption of PO4-P by Spirodela—(1) S. 
polyrhiza Dh116 and (2) S. punctata Dh117. After [9].

135

Protecting Rice Grains from Arsenic Toxicity through Cultural Management...
DOI: http://dx.doi.org/10.5772/intechopen.85909

or 350,000 l water. One liter STW water contains 500 μg As/l. Three hundred fifty 
thousand liters of water would contain 175 g As from which 157.5 g is to be removed 
to get 50 μg As/l acceptable level of irrigation water. The DW removed 325 mg As/
kg dry DW (Figure 7a) with similar iron absorption curve in 2 days (Figure 7b). 
Therefore, 350 kg fresh DW was equal to 20 kg dry DW (5% basis) which could 
remove 6500 mg or 6.5 g As, and thus to remove 157.5 g arsenic 24-hour treatment 
means 8.4 ton fresh DW would be needed in 48 days. In each 24 hour, arsenic loaded 
roots and plant debris, and As and Fe coagulates (synergistic) deposited 63.7 mg As 
on the pond bottom (Figure 7d and e), estimated to be about 1.529 g As after treat-
ment. The bioremediation technique is time-consuming and expensive, requiring 
two ponds and over eight tons As-loaded DW waste.

Figure 5. 
(a–c) Changes in concentration of 475.5 ± 10.6 μg As/l HTW water after treatment with S. polyrhiza dh 116 in 
cemented (RCC) tubs.
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to get 50 μg As/l acceptable level of irrigation water. The DW removed 325 mg As/
kg dry DW (Figure 7a) with similar iron absorption curve in 2 days (Figure 7b). 
Therefore, 350 kg fresh DW was equal to 20 kg dry DW (5% basis) which could 
remove 6500 mg or 6.5 g As, and thus to remove 157.5 g arsenic 24-hour treatment 
means 8.4 ton fresh DW would be needed in 48 days. In each 24 hour, arsenic loaded 
roots and plant debris, and As and Fe coagulates (synergistic) deposited 63.7 mg As 
on the pond bottom (Figure 7d and e), estimated to be about 1.529 g As after treat-
ment. The bioremediation technique is time-consuming and expensive, requiring 
two ponds and over eight tons As-loaded DW waste.
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cemented (RCC) tubs.
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3.4 Effects of As-contaminated irrigation water on rice cultivation

“Boro” rice BR28 was grown in 500 μg As/l STW water (Section 2.6).

3.4.1 Arsenic in rice-cultivated soil

Arsenic concentration in soils of the experimental plots during rice cultivation 
is shown in Figure 8. Initial soil As was 3.21 mg/kg, increased to 7.51 mg/kg due 
to low uptake of As during seedling adaptation stage for 7 days irrigation with 
500 μg As/l and 8.85 mg Fe/l STW water. During March rapid vegetative growth 
results in rapid uptake of As, reducing it to 5.50 mg As/kg soil. Further absorption 

Figure 6. 
(a–c) Bioremediation process of arsenic contaminated GW using S. polyrhiza. (a) 50o μg/l As STW water 
immediately after storage in the pond appeared grayish red colored, (b) a complete cover of the DW on the 
water, and (c) half of the DW cover removed after 8 days of treatment showing relatively clear water. Inset in 
“c” shows dorsal and ventral surfaces of the plant.
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during panicle initiation, grain formation, and maturation in April reduced As to 
4.90 mg/kg soil. Irrigation was stopped after a week creating non-flooded condi-
tion when As solubility decreased [15] simultaneously with low or no nutrient 
uptake by mature plants, increasing As concentration to 8.27 ± 1.35 mg/kg soil 
during harvest (Figure 8). There are reports on the increased soil As for using  
contaminated GW in rice fields year after year to 1.0 and 1.1 mg/kg soil in 
Bangladesh [16] and West Bengal [44], respectively.

In irrigated pond water (Figure 8), As concentration insignificantly decreases till the 
day of harvesting, ranging from 1.91 ± 0.26 to 2.6 ± 0.80 mg/kg soil from initial 3.21 mg/
kg. Only roots absorbed 0.075–0.156 mg As/kg in the presence of a good amount of As 
for the growing period (Figures 8 and 9). It appears that As absorption in pond water 

Figure 7. 
(a–e) Changes in As (500 μg As/l) and Fe (8.85 mg/l iron) after treating with S. polyrhiza in the treatment 
pond and natural coagulation.
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Figure 8. 
Arsenic concentration in soils of the experimental plots during rice cultivation transplanted on 15 Feb 2004, 
irrigated with pond and shallow tube well waters. Initial soil arsenic was 3.21 mg/kg; contaminated pond 
water had only 9.50 ± 0.50 μg/l, while STW water had 500 μg As/l. Rice crop harvested on 10 may. After [43]. 
n = 5; vertical bars, standard deviation.

Figure 9. 
Arsenic concentration in roots, straw, and brown rice grains of BR 28 at the time of harvest. Initial soil arsenic 
was 3.21 mg/kg, while pond and shallow tube well waters contained 9.50 ± 0.50 and 476 ± 3 μg/l arsenic, 
respectively. After [43]. n = 5; ± and vertical bars are standard deviation.

irrigated plots is limited at 2.6 ± 0.80 mg/kg soil. Therefore, 2.5 mg/kg soil could be 
considered as a safe level for arsenic-free rice cultivation in Bangladesh. The permissible 
limit for the USA is 5 mg As/kg soil for agricultural use [45].
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It has been estimated that Bangladesh clayey soil needs about 1000 l irrigation 
water/m2/year (in conservative use) [11]; in other words 2500 l/kg surface water is 
needed for producing 1 kg rice, considering production of 4.0 ton/ha.

3.4.2 Arsenic distributions/accumulations in rice crops

Arsenic accumulation in the “Boro” rice plant parts was mostly in roots fol-
lowed by shoots, brown-rice grains (Figure 9), and husks. The rice grain contained 
2.552 ± 0.507 mg/kg As, similar to adjacent rice field (2.56 ± 0.20 mg/kg) which 
was determined by neutron activation analysis. The presence of 1.7–1.8 mg/kg rice 
grains was recorded in areas having 15–27 mg As/kg soil [13]. The high As content in 
straws found in the present study might affect cattle due to bioaccumulation when 
consumed, while roots would contribute about 5.7 mg/kg for the next crop. Using 
pond water as a control in the same field, only roots absorbed o.113 ± 0.054 mg As/kg  
leaving mean As 2.60 mg/kg soil.

The concentration of absorbed As in rice grains was much above the permissible 
limit of 1.00 mg/kg [14] for human consumption. It was estimated that elevated 
inorganic arsenic in rice significantly contributes to dietary arsenic intake in USA 
[17], which was estimated to be double (80%) in Bangladesh and India, and the rest 
was dimethyl-arsenate (DMA). Bioavailability of iAs from rice was reported to be 
high [15]. It was estimated that As concentration in rice would have to be as low as 
0.050 mg/kg if consumed at 200 g/d to equate to similar exposure from drinking 
water at 10 μg/l [18]. Sonargaon rice contain 2.552 ± 0.507 mg As/kg which would 
have 0.85–1.276 mg iAs per kg rice assuming about 33–50% of As according to 
[46], while there are reports of 22–42% iAs, and the rest was DMA [15]. This in 
quantity ranged from 0.561 to 1.072 mg iAs/kg for Bangladesh rice. If the lowest 
amount 0.561 mg iAs/kg rice grain is considered and equates to permissible limit of 
0.050 mg/l water (which would be about 0.250 mg iAs/kg consumed at 200 g/day 
by a 60 kg adult person), then a person in the study area is consuming double the 
amount of permissible iAs compared to China’s food standard limit of 0.15 mg iAs/
kg [38]. Thus estimated high iAs present in the rice grain at Sonargaon can lead to 
greatly increased exposure to chronic carcinogen.

The presence of arsenic affects PO4-P absorption from the liquid medium by 
plants where phosphate is replaced by arsenates and prevents ATP synthesis  
[6, 9, 23]. Therefore, if the phosphorus, for example, is 50% less than the required 
amount in a cell, it could be assumed that the required amount of ATP synthesis 
would not take place affecting physiology, cell division to new cell formation, etc. 
in any affected organism. The high total arsenic in the soil would affect all the biotic 
communities including biological N2-fixing soil bacteria, as is found in A. pinnata 
var. pinnata where ATP-dependent nitrogenase activity was severely affected [9].

A Rickshaw (a three-wheeler, non-mechanized) puller in the present study area 
had melanosis (hyper-pigmentation) or reddish spots, hairs having 3.99 ± 0.21, 
and nails having 8.90 ± 0.29 mg As/kg identified as “first stage group” [14] drinking 
250 μg/l As for 2 years which was 8.42 mg/kg body wt. The lower value (4–8 mg As/kg 
samples) was due to the release of arsenic by deamination, and the accumulation 
may be higher in other parts of a body. Piped water from DTW was supplied for 
2 years by the NGO Forum in the village of Nilkanda, Sonargaon; still farmers, day 
laborers, and Rickshaw pullers of many villages show symptoms of arsenicosis. The 
reason could be retention of arsenic in their body and most likely also eating high 
arsenic-containing rice, wheat, and vegetables (Table 1). The manifestation of the 
symptom (melanosis) appears to take place after some years of drinking and eating 
arsenic-contaminated water, rice, vegetables, etc. [17] as indicated by high amount 
of arsenic in nails and hairs.



Protecting Rice Grains in the Post-Genomic Era

138

Figure 8. 
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It has been estimated that Bangladesh clayey soil needs about 1000 l irrigation 
water/m2/year (in conservative use) [11]; in other words 2500 l/kg surface water is 
needed for producing 1 kg rice, considering production of 4.0 ton/ha.
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grains was recorded in areas having 15–27 mg As/kg soil [13]. The high As content in 
straws found in the present study might affect cattle due to bioaccumulation when 
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[17], which was estimated to be double (80%) in Bangladesh and India, and the rest 
was dimethyl-arsenate (DMA). Bioavailability of iAs from rice was reported to be 
high [15]. It was estimated that As concentration in rice would have to be as low as 
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kg [38]. Thus estimated high iAs present in the rice grain at Sonargaon can lead to 
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amount in a cell, it could be assumed that the required amount of ATP synthesis 
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communities including biological N2-fixing soil bacteria, as is found in A. pinnata 
var. pinnata where ATP-dependent nitrogenase activity was severely affected [9].

A Rickshaw (a three-wheeler, non-mechanized) puller in the present study area 
had melanosis (hyper-pigmentation) or reddish spots, hairs having 3.99 ± 0.21, 
and nails having 8.90 ± 0.29 mg As/kg identified as “first stage group” [14] drinking 
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samples) was due to the release of arsenic by deamination, and the accumulation 
may be higher in other parts of a body. Piped water from DTW was supplied for 
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3.4.3 Effects of high arsenic on weeds in rice fields

Effects of high arsenic on the occurrence of weeds in the rice field soil were 
studied. Out of 14 species recorded, six could not grow in the experimental rice 
field [47]. The Importance Value Index (IVI) indicated that Alternanthera sessilis, 
Cynodon dactylon, Echinochloa colonum, Enhydra fluctuans, Hedyotis corymbosa, and 
Lippia nodiflora are very sensitive to arsenic; Lindernia antipoda and Eriocaulon 
setaceum were not affected at all, while the growth of Cyperus rotundus, Eclipta 
alba, and Fimbristylis sp. was enhanced in the presence of arsenic (Table 2). The 
sensitiveness appears to be due to enhanced arsenic absorption by seeds, reduced 
germination percentage, radical length, and biomass accumulation leading to their 
death, as seen in seed germination of Glycine max at 25 and 100 μM sodium arsenate 

Name of weeds Den. Freq. Abun. Rel. den. Rel. freq. Rel. 
abun.

IVI H D

Alternanthera 
sessilis

0.2
(−)

02
(−)

1.0
(−)

1.96
(−)

3.85
(−)

4.76
(−)

10.57
(−)

3.135 
(2.751)

0.865 
(0.836)

Cynodon dactylon 0.6
(−)

0.2
(−)

3.0
(−)

5.88
(−)

3.85
(−)

14.28
(−)

24.01
(−)

Cyperus exaltatus 0.6
(0.4)

0.6
(0.2)

1.0 
(2.0)

5.88
(8.33)

11.54
(7.69)

4.76
(14.81)

22.18 
(30.83)

C. rotundus —
(0.2)

—
(0.2)

—
(1.0)

—
(4.16)

—
(7.69)

—
(7.41)

—
(19.26)

Eclipta alba —
(0.4)

—
(0.2

—
(1.0)

—
(8.33)

—
(7.69)

—
(7.41)

—
(23.43)

Echinochloa 
colonum

1.0
(−)

0.4
(−)

2.5
(−)

9.8
(−)

7.69
(−)

11.9
(−)

29.39
(−)

Enhydra fluctuans 0.6
(−)

0.4
(−)

1.5
(−)

5.88
(−)

7.69
(−)

7.14
(−)

22.71
(−)

Eriocaulon sp. 2.2
(0.8)

0.8
(0.4)

2.75
(2.0)

21.57
(16.66)

15.38
(15.38)

13.09
(14.81)

50.04
(46.85)

Fimbristylis sp. —
(0.6)

—
(0.4)

—
(1.5)

—
(12.5)

—
(15.38)

—
(11.11)

—
(38.99)

Hedyotis corymbosa 0.4
(−)

0.2
(−)

2.0
(−)

3.92
(−)

3.85
(−)

9.52
(−)

17.29
(−)

Hydrocotyle 
rotundifolia

0.6
(0.4)

0.6
(0.4)

1.0
(1.0)

5.88
(8.3)

11.54
(15.38

4.76
(7.41)

22.18
(31.12)

Lindernia antipoda 2.2
(1.4)

0.8
(0.4

2.75
(3.5

21.57
(29.16)

15.38
(15.38)

13.09
(25.92)

50.04
(70.46)

Lippia nodiflora 0.6
(−)

0.4
(−)

1.5
(−)

5.8
(−)

7.69
(−)

7.17
(−)

20.71
(−)

Panicum sp. 1.2
(0.6)

0.6
(0.4)

2.0
(1.5)

11.76
(12.5)

11.54
(15.38)

9.54
(11.11)

32.82
(38.99)

Abbreviations: Den., density; Freq., frequency; Abun., abundance; Rel. den., relative density; Rel. Freq., relative 
frequency; Rel. Abun., relative abundance. After [47].
Average and standard errors cannot be determined through the abovementioned indices.

Table 2. 
Phytosociological analysis, Shannon index (H), Simson’s index (D) of diversity of the weeds in plots irrigated 
with pond water and arsenic-contaminated STW waters.
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and sodium arsenite [48]. It was suggested that because of the so-called soil/plant 
barrier effect, elevated arsenic in soil may well reduce crop production substantially 
before enhanced food chain accumulation occurred [49].

Of the 4 million ha irrigated crop fields, 75% of fields use 100% GW [10]. A 
significant amount of arsenic withdrawn from underground remains as soil arsenic. 
Monsoon rain and flood waters are washing away As which is carried to the estuar-
ies at the end and is being accumulating there year after year. This would affect the 
marine flora and fauna in the near future [47]. A significant amount of As (0.86 
(SE 0.057; CV 34.66) mg As/kg) was absorbed by the leaves of Sonneratia apetala, a 
mangrove plant in three coastal islands of Bangladesh, indicating that groundwater 
As is being accumulated in the biotic and abiotic components along the coast as 
well [49, 50].

In 1997 the presence of arsenic in all coastal districts, in different level of toxici-
ties—highly contaminated (Bagerhat and Noakhali), moderately contaminated 
(Sundarbans and Lakshmipur), and low contaminated (Pirojpur, Patuakhali, Bhola, 
and Feni)—was reported [1] (Figure 1). Various studies showed increased arsenic 
in all types of tube wells as they become older (Table 1), indicating that the toxicity 
levels seen in the mid-1990s might have increased from low to moderate, moderate 
to high, or even absence of arsenic in the rest of the districts to low or moderate 
presence of arsenic in over the last 20 years. However, status of arsenic throughout 
Bangladesh including sites mentioned in [1] should be thoroughly checked.

3.5 Arsenic toxicity management

There are two methods to manage arsenic toxicity in arsenic-loaded DW: first 
producing biogas and second using as animal feed.

3.5.1 Use in biogas production

The arsenic-loaded DW can be predigested for 4–5 days in summer months cover-
ing in polythene. The predigested 60–70 kg DW and similar amount of cow dung 
can be charged into a doom-shaped biogas digester buried into the soil. The retention 
time can be 50 days. Everyday 25 kg S. polyrhiza and 10 kg cow dung can be mixed 
and then added into the digester. The gas contains 63–65% methane compared to 60% 
by cow dung only. Three m3 volume of biogas can be produced daily, sufficient for 
cooking twice by a family with eight members. The slurry containing concentrated 
arsenic can also best be disposed by making bricks binding/trapping the arsenic for 
over 100 years [28]. This approach requires additional huge structural investment.

3.5.2 Use as animal feed

S. polyrhiza could be used to feed fish, poultry, and cattle [29]. The fresh duck-
weed is used directly as fish feed keeping at corners within floating fences of a 
pond. The fish production was 20% higher than the normal feed (long-term effect 
of toxicity was not studied). The duckweed powder at 4% mixed with the normal 
feed of broilers per day caused accumulation of 1.28 µg/l arsenic in the blood that 
reduced to 0.912 ± 0.386 µg/l after 3 months, while in the same period, 4.67 µg/kg 
stool gradually decreased to 0.61 µg/kg. Feeding arsenic-loaded duckweed to goat 
resulted in increased accumulation of As (0.567–1.060 μg/kg) in the blood causing 
death of kids [28]. Milk had also high As (0.86 μg/l). Thus the use of arsenic-loaded 
DW produced in the bio-mitigation process as poultry and cattle feeds was highly 
hazardous [29].
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3.4.3 Effects of high arsenic on weeds in rice fields
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(−)

0.4
(−)

1.5
(−)
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(−)
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(−)
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(0.6)

0.6
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Average and standard errors cannot be determined through the abovementioned indices.

Table 2. 
Phytosociological analysis, Shannon index (H), Simson’s index (D) of diversity of the weeds in plots irrigated 
with pond water and arsenic-contaminated STW waters.
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and sodium arsenite [48]. It was suggested that because of the so-called soil/plant 
barrier effect, elevated arsenic in soil may well reduce crop production substantially 
before enhanced food chain accumulation occurred [49].

Of the 4 million ha irrigated crop fields, 75% of fields use 100% GW [10]. A 
significant amount of arsenic withdrawn from underground remains as soil arsenic. 
Monsoon rain and flood waters are washing away As which is carried to the estuar-
ies at the end and is being accumulating there year after year. This would affect the 
marine flora and fauna in the near future [47]. A significant amount of As (0.86 
(SE 0.057; CV 34.66) mg As/kg) was absorbed by the leaves of Sonneratia apetala, a 
mangrove plant in three coastal islands of Bangladesh, indicating that groundwater 
As is being accumulated in the biotic and abiotic components along the coast as 
well [49, 50].

In 1997 the presence of arsenic in all coastal districts, in different level of toxici-
ties—highly contaminated (Bagerhat and Noakhali), moderately contaminated 
(Sundarbans and Lakshmipur), and low contaminated (Pirojpur, Patuakhali, Bhola, 
and Feni)—was reported [1] (Figure 1). Various studies showed increased arsenic 
in all types of tube wells as they become older (Table 1), indicating that the toxicity 
levels seen in the mid-1990s might have increased from low to moderate, moderate 
to high, or even absence of arsenic in the rest of the districts to low or moderate 
presence of arsenic in over the last 20 years. However, status of arsenic throughout 
Bangladesh including sites mentioned in [1] should be thoroughly checked.

3.5 Arsenic toxicity management

There are two methods to manage arsenic toxicity in arsenic-loaded DW: first 
producing biogas and second using as animal feed.

3.5.1 Use in biogas production

The arsenic-loaded DW can be predigested for 4–5 days in summer months cover-
ing in polythene. The predigested 60–70 kg DW and similar amount of cow dung 
can be charged into a doom-shaped biogas digester buried into the soil. The retention 
time can be 50 days. Everyday 25 kg S. polyrhiza and 10 kg cow dung can be mixed 
and then added into the digester. The gas contains 63–65% methane compared to 60% 
by cow dung only. Three m3 volume of biogas can be produced daily, sufficient for 
cooking twice by a family with eight members. The slurry containing concentrated 
arsenic can also best be disposed by making bricks binding/trapping the arsenic for 
over 100 years [28]. This approach requires additional huge structural investment.

3.5.2 Use as animal feed

S. polyrhiza could be used to feed fish, poultry, and cattle [29]. The fresh duck-
weed is used directly as fish feed keeping at corners within floating fences of a 
pond. The fish production was 20% higher than the normal feed (long-term effect 
of toxicity was not studied). The duckweed powder at 4% mixed with the normal 
feed of broilers per day caused accumulation of 1.28 µg/l arsenic in the blood that 
reduced to 0.912 ± 0.386 µg/l after 3 months, while in the same period, 4.67 µg/kg 
stool gradually decreased to 0.61 µg/kg. Feeding arsenic-loaded duckweed to goat 
resulted in increased accumulation of As (0.567–1.060 μg/kg) in the blood causing 
death of kids [28]. Milk had also high As (0.86 μg/l). Thus the use of arsenic-loaded 
DW produced in the bio-mitigation process as poultry and cattle feeds was highly 
hazardous [29].
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3.5.3 Status of As toxicity management

Bioremediation process for getting As-free GW for irrigation that was tested 
needs additional huge investment (two ponds, DW production cost, cost of labor, 
etc.). Moreover, an estimated 1.539 g As will remain in the bottom of the pond after 
treatment. Disposal of the arsenic-loaded DW to nontoxic level through various 
uses was hazardous (Section 3.5.2). STW and DTW waters were found to become 
arsenic contaminated in 2–5 years. Withdrawal of the GW contaminates biosphere 
permanently, i.e., circulating the element in the nature in a matter of weeks or 
months affecting biotic components (Figure 3a–d). Therefore, alternative arsenic-
free freshwater sources (about 1000 l/m2/year equivalent to 2500 l or 2500 kg 
water/kg arsenic-free rice cultivation in clayey soil) have to be managed for feeding 
millions of people of Bangladesh on the one hand and saving our biosphere on the 
other hand. It is possible only by using surface water (Section 3.6.3).

3.6 Current status of arsenic management in Bangladesh

3.6.1 Occurrence and level of arsenic toxicity in Bangladesh

There are 64 districts, out of which 26 were arsenicosis affected in various 
degrees surveyed between 1993 and 1997 [1] (Figure 1): (a) highly affected (>100 
patients identified) in 7 districts, (b) moderately affected (>50 patients identi-
fied) in 11 districts, (c) less affected (<50 patients identified) in 8 districts, and 
(d) arsenic contamination present (no patient was identified) in 18 districts. 
Out of 64 districts, 42 were distributed in four floodplains: (a) Ganges had 26 
districts (7 highly affected), (b) Meghna 10 districts (1 highly affected) and (c) 
Surma-Kushiara 5 districts with arsenic presence but no patients were found, (d) 
Jamuna 2 districts without any patient, and (e) 2 districts in Madhupur tract (less 
affected) all due to drinking and consuming arsenic-contaminated GW and food 
grains/vegetables. Two-thirds of the districts/country was affected with arsenic 
by the year 1997 [1]. Highly affected Bagerhat and moderately affected major 
part of Sundarbans south of the Ganges floodplain along the coast are alarming, 
indicating coastal water pollution. Data on arsenic in irrigation water and paddy 
soil profiles in Bangladesh [16] and West Bengal [51] indicated a yearly input 
of 1.0 and 1.1 mg As/kg soil, respectively, in the topsoil (soil density of 1 kg/l). 
Therefore, distribution of arsenicosis reported in 1997 [1] would be much higher 
over the last two decades through arsenic toxicity of rice, wheat grains/vegetable, 
etc. if not by arsenic-contaminated drinking water [17].

Why the Ganges and Meghna floodplains are so much affected with GW arsenic, 
when Jamuna floodplain with one of the largest and longest river is not? Is it that 
the GW of the two highly affected floodplains has some link with arsenic mines/
industries or there are anthropogenic reasons (dumping the contaminant, deep into 
the aquifer) in upstream?

3.6.2 Intensity of irrigation

The total area under irrigation in Bangladesh is 4 million ha, and 75% is cov-
ered by GW resources: 2.5 m ha via 924,000 STWs (main source of GW As) and 
0.6 m ha via 23,000 DTWs [11]. DTW for irrigation is installed at about 100 m 
depth, and in Jessore alone 74 among 85 DTW used for irrigation had >50 μg As/l 
arsenic [51]. The rest 25% land is irrigated using surface water of rivers, “Beels,” 
“Haors,” etc. In dry season, 3.5 m ha is used for Boro rice, 0.23 m ha for wheat, 
and 2.7 m ha for other crops. Rajshahi Division has the highest percentage under 
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irrigation which is 39%, followed by Dhaka 27%, Chittagong 13%, Khulna 12%, 
Sylhet 7%, and Barisal 2% [11]. We must step up the use of surface water from 
25% to 100% (Section 3.6.3).

3.6.3 Methods for arsenic’s reduction

It has been clearly indicated that As concentrations in rice are increasing over 
time because of prolonged input of As-contaminated irrigation water, and three 
options are proposed to free rice grains from toxicity: reduce As-contaminated 
irrigation water use in rice cultivation, promote cropping patterns, and select/
breed rice cultivars that are tolerant to As and have limited uptake of As [11]. As 
per the first option of limited As-contaminated irrigation water use, there must 
be alternative sources of huge surface water, e. g., initially forming reservoirs and 
constructing rubber dams in rivers, and execution of long-term “Delta Plan 2100”. 
Regarding the second option, cropping pattern throughout the country has been 
established over the decades of testing, while selection/breeding of rice variet-
ies tolerant to As and limited uptake are questionable. It is known that As and P 
elements are in the same position in the periodic table (chemically similar), and 
thus the rice cultivar that will not absorb As will not absorb P as well. In the pres-
ent study, arsenic bio-mitigation of irrigation water tested was not effective, and 
disposal of wastes was hazardous. As arsenic-contaminated GW produces toxic rice 
grains and accumulates arsenic in the soil year after year, avoiding the use of GW 
is the only solution for protecting rice grains from arsenic toxicity, including other 
organisms. Man might alter the quantities of arsenic in any component of an eco-
system in a localized area but cannot change or stop the natural biological processes 
that occur [52]. Therefore, an alternative immediate attention is needed to provide 
enormous volume of As-free irrigation water, and that is through the use of surface 
waters using river network of Bangladesh (Figure 10). Bangladesh is a country of 
rivers having almost one river in each village. The rivers have to be dredged to get 
continuous flow of waters from the upstreams, converting the rivers as reservoirs 
simultaneous with the construction of rubber dams. Several rubber dams have so 
far been installed in Bangladesh, one of which is at Sonargaon (Figure 11).  
Bangladesh government has the plan to establish “Ganges Barrage” to supply 
freshwater to Ganges floodplain and surroundings including Sundarbans [53]. Huge 
deposit of sediments in the Ganges River bed has been identified as a major prob-
lem (what to do with the sediments) for using the Ganges as a reservoir [personal 
communication, Rawshan Ali Khan, Project Director of Ganges Barrage Project, 
Dhaka, Bangladesh].

The National Economic Council (NEC) of Bangladesh has recently approved 
“Delta Plan 2100” the key objective of which is to provide food and water security 
and fight natural disasters [54]. The theme is “let the rivers flow, let the rivers live.” 
In the first phase, the government will be implementing about 80 projects at an 
estimated cost of US $ 37 billion by 2030. Out of six goals, Delta goal 3 is “Ensuring 
sustainable and integrated river systems and estuaries.” In a seminar, it has been 
mentioned that “rivers would be channelized and sediments would be removed.” 
Details are not available regarding what is meant by the “removal.” It immediately 
indicates dumping sediments on to the river banks!

The landmass of Bangladesh has been formed throughout the Pleistocene 
and up to the present by sediments washed down from the Himalaya Mountains 
through the Ganges, Jamuna (Brahmaputra), and Meghna Rivers and their 
numerous tributaries and distributaries [55]. In terms of relative age of the 
landmass, the region may be divided into four parts: hilly lands of the Tertiary 
(and older) in the southeast Chittagong and CHT districts, terrace lands of 
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irrigation water use in rice cultivation, promote cropping patterns, and select/
breed rice cultivars that are tolerant to As and have limited uptake of As [11]. As 
per the first option of limited As-contaminated irrigation water use, there must 
be alternative sources of huge surface water, e. g., initially forming reservoirs and 
constructing rubber dams in rivers, and execution of long-term “Delta Plan 2100”. 
Regarding the second option, cropping pattern throughout the country has been 
established over the decades of testing, while selection/breeding of rice variet-
ies tolerant to As and limited uptake are questionable. It is known that As and P 
elements are in the same position in the periodic table (chemically similar), and 
thus the rice cultivar that will not absorb As will not absorb P as well. In the pres-
ent study, arsenic bio-mitigation of irrigation water tested was not effective, and 
disposal of wastes was hazardous. As arsenic-contaminated GW produces toxic rice 
grains and accumulates arsenic in the soil year after year, avoiding the use of GW 
is the only solution for protecting rice grains from arsenic toxicity, including other 
organisms. Man might alter the quantities of arsenic in any component of an eco-
system in a localized area but cannot change or stop the natural biological processes 
that occur [52]. Therefore, an alternative immediate attention is needed to provide 
enormous volume of As-free irrigation water, and that is through the use of surface 
waters using river network of Bangladesh (Figure 10). Bangladesh is a country of 
rivers having almost one river in each village. The rivers have to be dredged to get 
continuous flow of waters from the upstreams, converting the rivers as reservoirs 
simultaneous with the construction of rubber dams. Several rubber dams have so 
far been installed in Bangladesh, one of which is at Sonargaon (Figure 11).  
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and fight natural disasters [54]. The theme is “let the rivers flow, let the rivers live.” 
In the first phase, the government will be implementing about 80 projects at an 
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sustainable and integrated river systems and estuaries.” In a seminar, it has been 
mentioned that “rivers would be channelized and sediments would be removed.” 
Details are not available regarding what is meant by the “removal.” It immediately 
indicates dumping sediments on to the river banks!

The landmass of Bangladesh has been formed throughout the Pleistocene 
and up to the present by sediments washed down from the Himalaya Mountains 
through the Ganges, Jamuna (Brahmaputra), and Meghna Rivers and their 
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Pleistocene in the Barind and Madhupur Jungle, tipper surface of the early 
Recent in the median eastern part, and the extensive floodplains of the Recent 
in the rest of the country (Ganges floodplain and southern part of Meghna 
floodplain) (Figures 1 and 10). Geologists believe that in the same way, the 
present Sundarbans has been established 7000 years ago [56]. From geophysical 

Figure 10. 
River network of Bangladesh, where three mighty rivers Ganges, Jamuna (Brahmaputra), and Meghna 
altogether ended into the bay of Bengal.
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changes on the formation of Bangladesh, it is obvious that sediment-loaded river 
water flow to the Bay of Bengal resulted from extensive floodplains including 
Sundarbans [56], and any disruption would cause land degradation, which is 
already done by Farakka Barrage since 1975 [53]. To reclaim environment of 
all the floodplains, dredging of Ganges, Jamuna, and Meghna River beds along 
with tributaries and distributaries making them flow round the year is primarily 
needed and letting the dredged sediments flow along with floodwater during 
June to October, up to the Bay of Bengal”, the way Bengal Delta was formed 
[53, 56]. The surface water is ideal in the sense that it contains all the nutrient 

Figure 11. 
Rubber dam installed in the old Brahmaputra River at Sonargaon, Bangladesh, in 2003. (a) Showing low 
water volume in the river bed at noon time, on the north of bridge, and(b) rubber dam inflated (on the left of 
the bridge) to hold water in the river during afternoon.
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elements in relatively the same proportion (Redfield ratio) for irrigating rice 
and other crops and protecting crops and biota from arsenic toxicity. Increased 
surface water would reduce GW salinity in the southwestern Bangladesh and 
increase productivity in the hinterlands [53]. To get rid of arsenics, protecting 
surface water is the only environmentally benign option saying “no to ground-
water for irrigation, let the arsenic stay in the underground.” The water reser-
voirs may integrate aquaculture of DW and A. pinnata var. pinnata for fish and 
poultry feeds [57].

4. Summary

The arsenics causing arsenicosis in Bangladesh water were first detected in 
1993. Presently, many districts of Bangladesh use As-contaminated GW for rice 
irrigation and an integrated approach within the framework of land degradation 
has been suggested [11]. Considering the necessity of huge volume of arsenic-
free irrigation water, physiography of Bangladesh and three mighty rivers flow-
ing through the Bay of Bengal forming extensive network of rivers within the 
country, immediate attention must be given to construct rubber dams, convert 
rivers into freshwater reservoirs to overcome the arsenic toxicity, and protect 
rice and other grains. The integrated approach described in this manuscript 
would be environment friendly increasing total crop productivity including 
aquaculture of duckweeds and A. pinnata var. pinnata for producing fish and 
poultry feeds.

Permanent solution could be achieved executing “Delta Plan 2100” saying “No 
to groundwater use for irrigation, let the Arsenic stay in the underground”.
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Abstract

Soil fertility and plant nutrition remained main pillars of agricultural sciences in 
twentieth century. However, due to recent interest in achievement of sustainability 
and restricted natural resources, importance of soil fertility and plant nutrition is 
expected to be increased many folds in twenty-first century. Therefore, increasing 
rice crop yield under such scenario will require judicious and efficient use of mineral 
sources of nutrient with combination of natural resources, recycling of bioavailable 
nutrients, and genetic modification of crops for efficient nutrient utilization. There 
is an increasing pressure on agricultural land to produce sufficient amount of food 
needed to feed the growing global population. The pressure is associated with chang-
ing weather patterns related to fluctuations in rainfall and temperature, supply of 
fertilizers inflating price associated with energy demand, which is very closely linked 
with weather patterns and reducing soil fertility. Increasing rice yield under these 
constraints will require a rational use of chemical fertilizers with increase the use of 
natural resources of nutrition, recycling of plant available nutrients, and an exploita-
tion of the genetic potential of crop species to make efficient use of nutrients a key 
feature to establish smart plant nutrition management in the recent global climate 
change scenario.

Keywords: rice, mineral nutrition, aerobic, flooded soil, climate change

1. Introduction

Rice is the world dominant food crop, that is, widely adapted to a variety of 
climatic zones (temperate, tropical, sub-tropical and semiarid) in all continents 
[1]. Since differences exist in growth conditions and yields of upland and low land 
rice resultantly their nutritional requirements are also different [2]. In case of 
low land rice due to conducive environmental and growth conditions, crop yield 
positively respond to application of fertilizers. On the other hand, for upland rice, 
inadequacy of water especially at the stage of flowering resulted in significant yield 
reductions and crop yield response to application of fertilizers in not evident is the 
world dominant food crop widely distributed throughout the tropical, subtropical, 
semiarid and temperate zones of all continents [3]. This crop is dominant due to 
two major factors as more breeding work done for it and secondly grown mostly 
on better irrigated land. Based on land and water management, rice culture is 
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1. Introduction

Rice is the world dominant food crop, that is, widely adapted to a variety of 
climatic zones (temperate, tropical, sub-tropical and semiarid) in all continents 
[1]. Since differences exist in growth conditions and yields of upland and low land 
rice resultantly their nutritional requirements are also different [2]. In case of 
low land rice due to conducive environmental and growth conditions, crop yield 
positively respond to application of fertilizers. On the other hand, for upland rice, 
inadequacy of water especially at the stage of flowering resulted in significant yield 
reductions and crop yield response to application of fertilizers in not evident is the 
world dominant food crop widely distributed throughout the tropical, subtropical, 
semiarid and temperate zones of all continents [3]. This crop is dominant due to 
two major factors as more breeding work done for it and secondly grown mostly 
on better irrigated land. Based on land and water management, rice culture is 



Protecting Rice Grains in the Post-Genomic Era

154

categorized as upland and low land crop. Upland rice refers to rice grown on both 
flat and sloping field that are prepared and seeded under dryland conditions and 
depend on rainfall for moisture. This is also termed as dryland, rainfed and aerobic 
rice. Low land rice is grown on flat land with controlled irrigation, it is also known 
as flooded, irrigated and water logged soil. About 76% of the world rice production 
comes from irrigated area [3, 4].

Nutrient requirements for upland and lowland rice are different due to dif-
ferences in yield levels and growing conditions. In low land rice, environmental 
conditions are most stable and favorable for plant growth and high fertilizer 
application can ensure high yields. But in case of upland rice, inadequate water 
particularly around flowering mostly reduced yield significantly and at the end 
there is little or no differences in yield between well fertilized and unfertilized 
crops [3, 5].

Soil fertility is the major constraint in upland rice production, as rice grown 
in naturally drained soil without surface water accumulation. Soil acidity, low 
cation exchange capacity, and high P fixation capacity are the major soil chemi-
cal properties affecting upland rice production [3]. In the era of climate change, 
the carbon dioxide content increased in the atmosphere this impact lead to less 
nutritious rice a serious issue for human kind due to huge consumption of rice 
as food, so it’s a dire need of time to recommend a precise amount of mineral 
nutrient in growth environment for healthy growth of rice in this climate change 
situation. The basic premise of this chapter was to highlight the smart mineral 
nutrition management approach for the growth of rice under aerobic and flooded 
soil condition.

2. Nutrient stress

Nutrient stresses refer to deficiencies of essential plant nutrients as well as 
toxicities. Nutrient deficiencies are more common than toxicities in many arable 
lands around the world as mentioned in Table 1 [4].

In the 1980s and 1990s evidence accumulated that nutrient depletion is problem 
in many tropical soils. If nutrient stress is not alleviated, crop yields are decreased 
and soils cannot support adequate plant growth. Under this situation, soil degrada-
tion starts. If the land continues to be used for crop production, crop yields become 
so low that farmers have to abandon the degraded areas. Approximately 1/4th of the 
earth’s soils are considered to produce some kind of mineral stress in crops [3, 4, 6].

2.1 Nutrient stresses alleviation system

For the assessment of efficient working of nutrient management practices on 
sustainable basis, soil testing need to be done frequently. Soil testing is one of the 
keys to success of cost-effective, environmentally benign and effective sustainable 
farming program [4]. Soils on which rice grows varied in texture, climate, pH, salt 
content, organic matter content and nutrient availability [7]. Fertilizer recom-
mendation for a given crop should be based on series of research trials, the results 
should then fit on response functions and then profitability should be calculated 
by using economic variables and equations in order to calculate optimum doses of 
fertilizers. Following outcomes are achieved by adopting adequate soil fertility in 
terms of prevention of land degradation.

i. Adequate fertility gives the crop a better vigor at early stages and good 
canopy cover which protect the soil from erosion.
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ii. After crop harvesting provision of more crop remains on soil surface pro-
vide the soil protection against wind and water erosion and buildup of soil 
organic matter status thereby, increasing soil potential for crop raising on 
long term basis.

iii. An improvement efficient utilization of nutrients by crops results due to 
adequate fertility, which gives both economic and environmental benefits. 
Balanced NPK fertilization results in enhancement of nitrogen utilization 
efficiency. Thereby, mitigating nitrogen losses due to leaching and safe guard 
the ground waters from nitrate pollution.

iv. Adequate soil fertility results in water conservation by increasing crop water 
use efficiency.

v. Adequate soil fertility maximize the outcomes from crop due to positive 
interaction with other production inputs like tillage practices, pest control 
management, selection of crop variety etc.

Under the scenario of global climate change, placement of fertilizer is also 
integral component of efficient crop management in addition to adequate rate of 
fertilizer. Placement of fertilizers has role in nutrient utilization and ultimately on 
crop yield. Placement of nutrients (N, P and K) in the form of band is preferred 
over broad casting due to many reasons, for example,

Element Deficiency (D)/toxicity (T) Critical level Plant part Growth stage

N D 2.5% Leaf blade Tillering

P D 0.1% Straw Maturity

T 1.0% Straw Maturity

K D 1.0% Straw Maturity

D 1.0% Leaf blade Tillering

Ca D 0.15% Straw Maturity

Mg D 0.10% Straw Maturity

S D 0.10% Straw Maturity

Fe D 70 ppm Leaf blade Tillering

T 300 ppm Leaf blade Tillering

Zn D 20 ppm Shoot Tillering

T 1500 ppm Straw Maturity

Mn D 20 ppm Shoot Tillering

T 2500 ppm Shoot Tillering

B D 3.4 ppm Straw Maturity

T 100 ppm Straw Maturity

Cu D 6 ppm Straw Maturity

T 30 ppm Straw Maturity

AI T 30 ppm Shoot Tillering

Table 1. 
Deficiency and toxicity of essential plant nutrients along with critical level content at different growth stages of 
rice plant.
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Under the scenario of global climate change, placement of fertilizer is also 
integral component of efficient crop management in addition to adequate rate of 
fertilizer. Placement of fertilizers has role in nutrient utilization and ultimately on 
crop yield. Placement of nutrients (N, P and K) in the form of band is preferred 
over broad casting due to many reasons, for example,

Element Deficiency (D)/toxicity (T) Critical level Plant part Growth stage

N D 2.5% Leaf blade Tillering

P D 0.1% Straw Maturity

T 1.0% Straw Maturity

K D 1.0% Straw Maturity

D 1.0% Leaf blade Tillering

Ca D 0.15% Straw Maturity

Mg D 0.10% Straw Maturity

S D 0.10% Straw Maturity

Fe D 70 ppm Leaf blade Tillering

T 300 ppm Leaf blade Tillering

Zn D 20 ppm Shoot Tillering

T 1500 ppm Straw Maturity

Mn D 20 ppm Shoot Tillering

T 2500 ppm Shoot Tillering

B D 3.4 ppm Straw Maturity

T 100 ppm Straw Maturity

Cu D 6 ppm Straw Maturity

T 30 ppm Straw Maturity

AI T 30 ppm Shoot Tillering

Table 1. 
Deficiency and toxicity of essential plant nutrients along with critical level content at different growth stages of 
rice plant.



Protecting Rice Grains in the Post-Genomic Era

156

• In case of band placement fertilizer is placed in the vicinity of roots thus mak-
ing the nutrients readily available to plants.

• As compared to broadcasting less quantity of fertilizer is used in band 
placement.

• Due to placement of nutrients at right place there is no weed emergence there-
fore lowering the cost of weedicide or weeds eradication.

• Crop nutrient use efficiency is improved in case of band placement.

• Nutrient losses resulting from erosion, immobilization and leaching of N is 
significantly reduced by adopting band placement technique.

Implementation of this system to any cropping system results in optimization 
of nutrient management and reduction of soil degradation. In addition improve-
ment in soil nutritional deficiencies and reduction in land degradation also be 
achieved by the exploitation of genetic variability of plants in terms of nutrient 
absorption and utilization. Efforts are being made around the globe to make use 
of genetic resources in order to genetically modify the crop cultivars to produce 
such cultivars that are more efficient and productive under stressed environments 
[3–6, 8, 9].

3.  Rational nutrient management approaches for rice growth under 
climate change environment

3.1 Integrated plant nutrient management approach

Integrated plant nutrient management system (IPNS) is a holistic approach to 
integrate the one of all natural man made sources of plant nutrient to maintain and 
sustain soil fertility to enhance rice crop productivity in an efficient, environmen-
tally safe, ecologically compatible, socially acceptable and economically viable way. 
It use both organic and in organic plant nutrients to attain higher crop productivity 
and prevent soil degradation.

IPNS system keep a balance between nutrients removed by the crop and nutri-
ent added to soil. The smart nutrient management program taking into account the 
availability of nutrients in all types of soil, crop requirement and other factors, such 
as, removal of nutrients from the soil by the crop, economics of fertilizer profit-
ability, farmers ability to invest, soil moisture regime, physical and microbiological 
condition of the soil, available soil nutrient status, nutrient recycling and cropping 
sequence, limiting loss to the environment [10, 11] (Figure 1).

3.2 Four R nutrient management approach in rice crop production

Soil is marvelous, complex substances. Thousands of soil types exist in the world 
having arisen from different parent material under diverse ecological conditions. 
Some are fertile, tillable and wonderfully suited for agriculture other may need a 
great deal of husbandry to become useful. Sustainable agriculture or regenerative 
farming all aim to produce food and fiber on a sustainable basis and to repair the 
damage caused by destructive procedure [3, 4] (Figure 2).

4R nutrient stewardship is based on the principle that fertilizer should be 
applied meeting the following requirements:
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i. Right type or source

ii. Right rate or dose

iii. Right place and

iv. Right time

Adaptation of this model helps the growers to achieve sustainability. Although 
the recommendations are specific with respect to site but scientific principles are 
universal.

Figure 1. 
Integrated plant nutrient management system in industrial agriculture.

Figure 2. 
Four-R nutrient stewardship model for best management practices (BMP).
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4.  Smart mineral nutrition management of essential plant nutrients in 
the scenario of global climate change

4.1 Smart nitrogen fertilizer management

Management of no other fertilizer nutrient presents a great challenge to the rice. 
The N fertilizer rate required to achieve optimum yield in rice can be influenced 
significantly by the preceding crop. The nitrogen fertilizer rate required to pro-
duce the best grain and milling yield of rice is dependent on rice genotypes, stand 
density, previous crops, straw management, soil texture, permeability, N fertilizer 
methods, water management, soil reaction, tillage and N fertilizer source. In rice 
plant nitrogen fertilizer loss mainly by nitrification and denitrification, and diffu-
sion (Figure 3) [8, 9].

Rice grain yield mainly affected by the number of tillers, which, in turn, is 
influenced by the N fertilizer rates. The application of N for rice highly depends on 
soil separates content. In sandy soil with low CEC fertilizer is subjected to consider-
able leaching losses, higher N rate or multiple N applications may be considered 
to overcome losses. The clay soils generally need 40–60 kg N/ha more N fertilizer 
than those rice grown on silt loams to achieve similar grain yield. The use of climate 
smart nitrogen fertilizer like: neem coated, sulfur coated, polyamine coated that 
may improve yield of rice under tough soil and climate condition [12].

4.2 Smart phosphorous nutrition management

Adequate P nutrition of rice is essential because it is needed for energy storage 
and transfer within plant body. In rice P ensured early maturity, straw strength, 
and crop quality and disease resistance. Phosphorus exists in soil in two basic pools, 
organic and inorganic. The organic P (Po) is the part of soil organic matter and soil 
biomass. The dynamic nature of soil organic matter mineralization and immobi-
lization processes dictate that some of Po contributes to plant available P. Actually 
inorganic P (Pi) regulates P nutrition for rice plant uptake [13]. Pi in soils has been 
characterized by five forms: (1) calcium phosphate (Ca-P), (2) iron phosphate (Fe-
P), (3) aluminum phosphate (Al-P), (4) occluded P (O-P), (5) soluble orthophos-
phate (Sl-P) last once more readily utilized by plant body within a wide range of 

Figure 3. 
Nitrogen chemicals forms, transformations, and behavior in the flooded soil environment in which rice is 
grown. Nitrogen sources are in blocks, nitrogen chemical form are in circles and the mechanisms responsible for 
the various nitrogen transformations or behavior are located on the arrowed lines [8, 9, 13].
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soil reaction. The availability of other forms in different soil system depends upon 
sorption, desorption and diffusion by maintain equilibrium between labile and 
solution P levels. P deficiency mostly shown as bronzed leaf very similar symptoms 
appeared when rice grown on Zinc deficiency soil. In general, P fertilizer rates of 
30, 20 and 10 kg P/ha are recommended for rice when the soil test are very low, low 
and medium in P respectively. In industrial agriculture, the foliar P application may 
also be recommended at the stage of grain filling [11].

4.3 Smart potassium fertilizer management

Potassium is taken up by rice as K+ ion. Potassium exists in the soil as four basic 
forms (1) solution, (2) exchangeable, (3) nonexchangeable, (4) mineral; these 
four forms of K are all in a state of dynamic equilibrium. Potassium deficiency 
has not been a common problem in rice but P deficiency enhances the occurrences 
of disease like, kernel smut, stem, and sheath rot’. In the field condition K status 
change easily from K-deficient to K-sufficient by interactions of K pools. In general 
recommendation the foliar application of potassium nitrate produced better results 
against disease in rice plant [10, 11, 14] (Figure 4).

4.4 Smart micronutrients management in rice growth

The metal micronutrients reported to affect the growth of rice under climate 
change environments are zinc, iron and manganese. Several mechanism in which 
aerobic and flooded environment influence the availability of trace element by (1) 
increased solubility of compounds via the dilution effect of excess water, (2) pH 
changes associated with oxidation-reduction reactions, which can cause nutrients 
to be transformed to soluble and insoluble forms, (3) increased availability due 
to mobility of nutrients in the saturated soil. Nutrient plant uptake also affected 
by temperature change [4]. The use of chelated for micronutrients proved suc-
cessful to improve yield of rice under the condition of global climate condition. 
Iron and Mn in the soil conceptually exist in four basic forms: solution Fe and Mn, 
adsorbed Fe and exchangeable Mn, organic complexed Fe and Mn, and Fe and 
Mn in primary and secondary minerals. All of these forms of Fe and Mn are in 
equilibrium with solution Fe and Mn, and the organic complexed forms facilitate 
their transport in the soil solution and uptake by rice. Unlike Zn, these two metal 
micronutrients can be reduced in flooded soil and become much more soluble and 
plant available [5, 15, 16] (Figure 5).

Figure 4. 
Dose optimization of NPK fertilizer among two fine and coarse contrasting rice varieties for better yield 
management.
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4.5 Beneficial plant nutrient management and rice growth

Silicon is the second most abundant mineral in the earth’s crust but is not consid-
ered an essential element for many plant species. Silica is considered a beneficial 
element for rice growth, because it has not been shown that rice fails to complete its 
life cycle in the absence of Si. Plant species are categorized as either Si-accumulators 
or non-accumulators. Rice is considered as Si-accumulator specie. Application of Si 
amendments have been shown to be beneficial to rice growth, yield, and pest reac-
tion in some areas of the United States. Research in Pakistan has demonstrated that 
Si containing soil amendments have produced significant yield increase on mineral 
soils. 2 kg silicon/hectare is required for better yield of rice [10, 11].

5. Conclusion

The change in greenhouse gasses concentration leading to global climate change 
is evident at present. In this global climate change we can now address plant ability to 
efficiently use the nutrients available to it whether from chemical fertilizers, manures 
or what is naturally available in the soil and water by inventing a simple hypothetical 
perfect food plant which contains high nutritional value of food that we eat.

The aim of this contribution is firstly to print out of some if presently available 
plant nutrition ways to rice crop and secondly to demonstrate the impact of global 
climate change on the rice crop growth. We should that efficient use of fertilizer 
material have to potential combat agent the climate change situation. This enables 
us to construct a new approach of plant nutrition new concept and methods are des-
perately needed to achieve the goal of sustainable agriculture growth of rice under 
alarming global climate change situation. Low productivity in rice crop is mainly 
caused by native low soil fertility and water stress. The low soil fertility is associated 
with low organic matter and clay content in soil, which also produce low recovery 
efficiency of chemical fertilizer.

The field of investigation revealed a linear relationship between paddy yield and 
fertilizer application rate between N and Zn. Frequent split fertilizer application of 
slow release fertilizer improved fertilizer recovery efficiency that a key to feature in 
rice productivity in this climate change scenario.

The integrated use of natural and chemical fertilizer improved the fertilizer 
holding capacity that critical factor to enhance rice productivity under all type 
of rice culture. Application of poultry litter, either fresh or composted, has been 
shown to be the most effective means of quickly restoring rice productivity to soils 
that have been altered by precision grading. Graded soils have lower organic matter 

Figure 5. 
Influence of commercial grade zinc sulfate on the yield of rice crop.
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and thus lower amounts of potentially mineralization of native soils N than do typi-
cal undisturbed soils. Consequently, N fertilizer rates for rice should be adjusted 
only when extremely high rates of litter are applied immediately prior to planting.

Global climate change is a major concern in the twenty-first century that may 
lead to depletion of the soil organic matter that will decrease the efficient uptake 
of mineral nutrient in rice crop. The smart nutrient management program taking 
into account the availability of nutrients in all types of soil, crop requirement and 
other factors, such as, removal of nutrients from the soil by the crop, economics of 
fertilizer profitability, farmers ability to invest, soil moisture regime, physical and 
microbiological condition of the soil, available soil nutrient status, nutrient recy-
cling and cropping sequence, limiting loss to the environment. Achieving balance 
between the nutrient requirements of plant and the nutrient recovered in soils is 
essential for maintaining high yields and soil fertility to sustain agriculture produc-
tion over the long term. Smart nutrient management program has considerable 
potential to enhance growth of rice in developing countries in the next decade.
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4.5 Beneficial plant nutrient management and rice growth
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Figure 5. 
Influence of commercial grade zinc sulfate on the yield of rice crop.
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Chapter 11

Formulation and Nutritional 
Assessment of Recipes En Route 
for Awareness of Coarse Rice 
Consumption
A. Arun

Abstract

Rice is one of the oldest domestic crops being consumed by the human kind 
centuries back; it has been popular and a common staple food for people across the 
world. Rice grain has undergone various genetic evolutions for centuries. Presently, 
a variety of crops are grown with altered genetic nature, induced with highly toxic 
fertilizers and chemical insecticides. The quantity of harvest is more concerned 
than the quality of the grains. Being the staple food for millions of people in Asian 
countries, it has been portrayed as the main cause for many deadly diseases. The 
chapter involves in creating awareness in rice consumption through formulating 
healthy common recipes formulated and infused with coarse rice varieties.

Keywords: coarse rice, healthy food, nutrition, recipes

1. Introduction

Globally, the food pattern is getting worse and adversely influenced by the 
ostentatious behavior among the younger generations. Among the feature that 
manipulates healthy eating, unavailability of healthy food commodities acts as 
the prime fact [1]. Consumption of food in its natural state has become extinct; 
artificial treatments of food commodities are widespread. Food in its natural state is 
more nutritious and wholesome with all essential requirements; once been treated 
or fragmented, the food is malformed from its actual value. The food commodities 
are chemically treated for a long shelf life due to commercialized and industrial 
motives.

Rice is a staple food being commonly consumed across many countries and 
been portrayed as the best branded crop with good genetic map [2]. During the 
crop year 2016–2017, worldwide 161.1 million hectares of land was under rice cul-
tivation, and India was the prime producer of rice to harvest 44.5 million hectares 
[3]. Rice varieties are categorized upon the aspects like texture, shape, length, 
aroma, and color.

The nutritious compilation of rice is highly influenced by the environmental 
facts like soil, irrigation, and climatic conditions. Rice is a composition of carbohy-
drate-starch (75–80%) [4]; vitamins such as thiamine, niacin, and riboflavin [5]; 
highly digestible protein; and water (12%). About 302 proteins are recognized in 
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proteome of the rice seeds that symbolize 252 gene products [6]. Besides this, rice 
is also rich in other micronutrients and minerals such as copper, iron, manganese, 
calcium, phosphorous, and zinc [7].

Rice is nutritious with low fat and sodium that prevents high blood pressure and 
cardiovascular diseases. It is gluten free and rich in fibers that fight against cancerous 
cells [8]. Rice being a staple food consumed in its natural state possesses all values of 
importance; being chemically treated, polished, and packed, it lose its significance.

The rice paddy undergoes a number of refining processes to turn out to be white 
rice; at the intermediate stage, the rice with outer bran and germ portion called 
brown rice is being processed, that is, removal of outer bran layer which is called 
the white rice. The brown rice contains five times more fiber content than the 
white rice [9]. The presence of outer bran layer enhances these rice varieties in its 
nutritional value, color, taste, texture, and flavor. Coarse rice varieties are nutty and 
chewy in nature; also takes an extra cooking time compared to white rice. Coarse 
rice is categorized upon the size of the rice and the thickness of bran layer present in 
the rice that determines its color [10].

Brown rice, wild rice, or coarse rice is consumed more in the rural regions of the 
country. These unpolished rice or brown rice accompanied with an outer covering 
called bran makes the rice wholesome with fibers, minerals, and vitamins [11]. At 
the side of the nutritious facts, consumption of these coarse rice varieties helps the 
farmers in developing their economic background. The farmer can recover about 
7.5 kg of brown rice from 10 kg of paddy, whereas by further milling, the cost of 
white rice is increased by 50–60%, while the quantity is reduced to 6.5 kg [12]. 
Production cost of coarse rice is comparatively lesser than the white rice [13]; the 
demand for the white rice has reduced the production of brown rice and made it a 
premium product; thus, an increase in consumption of these coarse rice varieties 
may bring more varieties of brown rice into the market [14].

In an urge to search for healthy diet, many traditional rice varieties have been 
restored and brought into regular consumption beside using only for family func-
tions and religious rituals. These rice varieties have also taken a prime role in the 
diet pattern of people in urban regions. All over the world, many traditional rice 
varieties have been recovered; these restored rice varieties can withstand climatic 
changes and can give a good yield with natural organic fertilizers and insecticides.

In the study area, many traditional rice varieties has been restored and brought 
into practice some such popular varieties used in the formulation of recipes are 
mapillai samba arisi (groom samba rice), karuppu kavuni arisi (black cow rice), 
kattu yanam arisi (wild rice), moongil arisi (bamboo rice), and red glutinous rice 
(sigappu kavuni arisi) [15].

These coarse rice are regaining their lost values as they are organic in nature with 
no additives or undergone any chemical treatments. The study enumerates some 
simple and common sweet recipes of these rice varieties.

2. Materials and methods

The study involves formulation of recipes with the available coarse rice varieties 
commonly found in southern part of India. There exist no special criteria in selec-
tion of recipes; besides the only factor considered is the recipe to be common and 
consumable at any time with no restriction to age.

The common sweet recipes consumed in India are formulated and infused with 
these coarse rice varieties. The ingredients (Table 1) required for the study are 
procured from the nearby organic stores, and the recipes’ formulation and prepara-
tion were done.
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The mise-en-place is done before the initiation of cooking. The rice variet-
ies, coconut, and palm sugar are grated or blended as per the requirement for the 
recipes. The jaggery is made into thick syrup and filtered to remove the residues and 
used for cooking, which also reduces the cooking time.

2.1 Methods of preparation

The recipes have their own methods of cooking. The formulated recipes are 
preferred to be prepared with organic natural sweeteners like palm sugar or jaggery 
than refined white sugar. Palm sugar and jaggery are natural sugars, and enhances 
the recipes with their natural flavor, color, and taste. They are rich in micronutrients 
and vitamins [16].

The methods of preparations of the recipes are listed below:

• Mapillai samba rice kheer:

 ○ Cook the rice and coarsely smash and keep aside.

 ○ In a large pan, add ghee, roast sultanas, and cashew nut.

 ○ Add required amount of water and let it boil.

 ○ Add natural sweeteners, palm sugar and jaggery syrup, and the smashed rice.

 ○ Reduce the flame and then add coconut milk slowly.

 ○ Mix well and finally add a pinch of salt and cardamom powder.

Serve the recipe hot or refrigerated; it can be diluted with coconut milk if been 
thick. Garnish with roasted nuts and sultanas.

• Black kavuni rice pan cake:

 ○ The rice has to be soaked for 2 h at least.

 ○ Grind well the rice into a thick paste and dilute it with thick coconut milk for 
a rich taste.

Ingredients Kheer (g) Pan cake Puttu (g) Kolukattai (g) Laddoo Kesari

Rice 200 200 g 200 200 200 g 200 g

Jaggery 200 100 g – 100 – –

Coconut 50 25 g 200 100 – –

Ghee 50 50 ml – – 50 ml 50 ml

Cashew nut 20 10 g – 10 25 g 20 g

Sultanas 10 – – – – 20 g

Cardamom 5 5 g 5 5 g 5 g

Palm sugar 25 50 g 100 50 200 g 200 g

Note: the table lists out the ingredients used in formulating recipes.

Table 1. 
Ingredients used in the recipes.
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 ○ In a large pan, add ghee, roast sultanas, and cashew nut.

 ○ Add required amount of water and let it boil.

 ○ Add natural sweeteners, palm sugar and jaggery syrup, and the smashed rice.

 ○ Reduce the flame and then add coconut milk slowly.

 ○ Mix well and finally add a pinch of salt and cardamom powder.

Serve the recipe hot or refrigerated; it can be diluted with coconut milk if been 
thick. Garnish with roasted nuts and sultanas.

• Black kavuni rice pan cake:

 ○ The rice has to be soaked for 2 h at least.

 ○ Grind well the rice into a thick paste and dilute it with thick coconut milk for 
a rich taste.

Ingredients Kheer (g) Pan cake Puttu (g) Kolukattai (g) Laddoo Kesari

Rice 200 200 g 200 200 200 g 200 g

Jaggery 200 100 g – 100 – –

Coconut 50 25 g 200 100 – –

Ghee 50 50 ml – – 50 ml 50 ml

Cashew nut 20 10 g – 10 25 g 20 g

Sultanas 10 – – – – 20 g

Cardamom 5 5 g 5 5 g 5 g

Palm sugar 25 50 g 100 50 200 g 200 g

Note: the table lists out the ingredients used in formulating recipes.

Table 1. 
Ingredients used in the recipes.
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 ○ Add chopped nuts, grated coconut, and a pinch of salt and cardamom 
powder.

 ○ Let the batter rest for a few minutes and then finally add the jaggery syrup 
and palm sugar.

 ○ Then start making pan cakes and serve hot.

• Wild rice puttu (Figure 1):

 ○ The wild rice is cleaned, washed, shade dried, and grinded in a blender.

 ○ Sieve the flour and add the cardamom powder.

 ○ Slightly sprinkle a small amount of salt water mix well and add grated 
coconut gradually and steam cook the mixture for 20 min.

 ○ Remove it from the heat, add finely powdered palm sugar, garnish with 
grated fresh coconut, and serve hot.

• Bamboo rice kolukattai (modak):

 ○ Stuffing:

1. In a hard bottomed pan, add ghee and then grated coconut, and saute well 
for 5 min.

2. Gradually add the jaggery syrup and palm sugar to the coconut and then 
the chopped cashew nuts.

3. Mix well the mixture as the water reduces remove from flame and keep 
aside and let it cool.

 ○ Dough:

1. Sieve the bamboo rice flour with salt and add hot water to it gradually and 
mix well to turn into soft dough. Let the dough cools.

2. Put the soft dough in a modak die with the stuffing in the center and keep 
it aside.

3. Arrange the stuffed dough in a steamer and cook the preparation for 
30 min and serve hot.

• Navara rice laddoo (Figure 2):

 ○ Roast the rice into a golden brown color and grind it well.

 ○ Sieve the flour, add a pinch of salt and cardamom powder, and mix it well.

 ○ Take a thick bottomed pan heat and add ghee.

 ○ Gradually add the rice flour mixture and then powdered palm sugar and  
mix well.
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 ○ Stir well till the flour and palm sugar mixes well; add roasted cashew nut to 
enrich the taste; add ghee if required.

 ○ Once the mixture blends well, remove from the fire and make small balls 
(lemon size) out of the mixture.

• Rose matta rice kesari (Figure 3):

 ○ Roast the rice, let it cool, and grind coarsely.

 ○ In a large pan, roast the sultanas and cashew nut into golden brown color 
then add water and let it boil.

 ○ Add palm sugar and boil the mixture for few minutes.

 ○ To the hot water mixture, add the coarsely grinded rice slowly without form-
ing lumps. Let the mixture cook well and add ghee gradually.

 ○ Garnish with roasted cashew nut and sultanas. Serve hot.

Figure 2. 
Navara rice laddoo.

Figure 1. 
Wild rice puttu.
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The formulations of sweet recipes are more concerned for health concepts; 
besides the ingredients used in recipes, the healthy cooking methods like boiling 
and steaming are more considered in the preparations.

The recipes formulated can also be infused with other varieties of coarse rice 
with same methods of preparation, while there is a small alter in cooking time 
depending upon the variety of coarse rice used in the recipe.

2.2 Assessment of nutritional composition of the recipes

The recipes were analyzed for the importance of nutritional composition; the 
prepared samples of rice recipes are sent to the Food Science Laboratory. The recipe 
samples were homogenized with electric blender and dried in electric oven. These 
dried rice recipe samples are blended into powder and used for the examination. 
The moisture content, fat, protein, and carbohydrates energy were calculated, and 
further analysis was carried out to exhibit the presence of minerals and micronutri-
ents like iron, calcium, zinc, and vitamins.

Moisture content and total ash of the rice recipes were determined accord-
ing to the standard methods of IS 1011 [17]. Protein was determined by IS 7219 
[18], the micro-Kjeldahl method that determined the amount of nitrogen in the 
sample, which was subsequently multiplied by a factor of 6.25. Total fat in the 
sample was determined using Soxhlet extraction apparatus [Model Soxtherm 
Automatic by AOAC ] [19]. The remaining percentage represented carbohy-
drates by difference (Food and Agriculture Organization of the United Nations) 
[20]. Energy was calculated from fat, carbohydrate, and protein contents using 
Atwater’s conversion factors (Food and Agriculture Organization of the United 
Nations) [21].

Minerals such as zinc, calcium, and iron were determined by following the 
method of AOAC (20th edition) 999.11:2016 [22], AOAC (20th edition) 927.02 
[23], and AOAC (20th edition) 975.03 [24], respectively. Vitamins like A, E, C, 
B1, B2, and B3 were determined by following the method AOAC. Vitamin A and E 
were analyzed by AOAC method of 992.06 [25]. Vitamin C was estimated by AOAC 
[26] method 967.21, whereas vitamin B1 by AOAC [27] method of SMPR 2015.002. 
Vitamin B2 and B3 contents were estimated by AOAC [28] method of SMPR 
2015.003 and AOAC [29] method of SMPR 2015.004, respectively.

Figure 3. 
Rose motta rice kesari.
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3. Results and discussions

The study was carried out to bring out awareness about the consumption of rice 
in its actual state than chemically treated or polished. Being the staple food in many 
countries, our meal revolves around rice or rice products; consumption of rice is an 
unavoidable fact but the white rice can be replaced with these coarse rice varieties. 
Many countries have initiated creating awareness programs toward the consump-
tion of these coarse rice varieties. They explain the positive effects of consuming 
coarse rice by organizing exhibitions on rice varieties, conducting cooking competi-
tions, food festivals, posting in social media, etc.

The study enlists few common sweet recipes formulated and infused with these 
traditional and wholesome coarse rice varieties. The sweet recipes are too common 
and consumed all over the country (Table 2).

3.1 Mapillai samba rice kheer

The kheer is a sweet dish popularly called payasam in south India, which is 
consumed in all parts of the country with different names [30]. Formulation 
of kheer with mapillai samba rice and coconut milk makes it more healthy and 
nutritious. The recipe is rich in iron (8.872 mg) and zinc (3.58 mg) that helps to 
maintain a healthy nervous system as the rice itself is rich in these micronutrients 
[31] Vitamins like vitamin C (61.8 mg), niacin (2.06 mg), and riboflavin (1.48 mg) 
present in the recipes make the recipe nutritious.

3.2 Black kavuni rice pan cake

Black kavuni rice has a high esteem value being consumed by royal peoples; the 
rice is energy rich a good source of protein [32] and all phyto-chemical contents 
[33], and the nutrients are naturally present in the plants. The rice is a good source 
of vitamin B12 and has a high glycemic index [34] that reduces the accumulation 
of hepatic fat and helps to recover liver damages [35]. The pan cake recipe is rich in 
calcium (340.25 mg), phosphorus (1030 mg), and vitamin B12 cobalamin (12 mg). 
The recipe with black rice is rich in antioxidants that help to fight cancer and 
cardiovascular diseases.

3.3 Wild rice puttu

Puttu is a steamed dish commonly consumed in southern part of India. It can 
be prepared with any rice variety or millets [36]. The recipe is rich in magnesium 
(385 mg) and vitamin B5 pathogenic acid (9.43 mg) and a good source of fibers 
(12.405 g). The nutrients and fiber present in the recipe help in treatment for 
constipation and diabetic patients [37].

3.4 Bamboo rice kolukattai (modak)

Bamboo rice is one among the staple food of the tribal peoples [38]. The recipes 
made out of bamboo rice are healthier and nutritive as it is recommended for 
the pregnant ladies to compensate diet needs [39]. The recipe is rich in calcium 
(232.5 mg), potassium (247 mg), and magnesium (286 mg); it helps in fighting 
cholesterol and maintains blood pressure.
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3.5 Navara rice laddoo

Navara rice is a popular variety of rice used in Kerala Ayurvedic medicines, 
which help in treating arthritis and many neuro disorders [40]. The recipe has pro-
tein (21.41 g), vitamin C (73.1 mg), and niacin (4.201 mg). This rice variety is more 
helpful to reduce pain due to arthritis, strengthen bones, and promote the growth of 
red blood cells [41].

3.6 Rose matta rice kesari

Rose matta rice is a popular coarse rice variety consumed commonly in Kerala. 
This variety of rice is a good source of fiber, calcium, magnesium, and vitamin A 
[39]. The kesari recipe formulated with this rice is enhanced by the rice’s natural 
pink color. The recipe is nutritious with a high content of calcium (286.5 mg) and 
fiber (17.665 g).

The recipes formulated can be also infused and altered with other coarse rice 
varieties; the nutritive value is more dependent upon the coarse rice variety used. On 
an overall analysis, the recipes formulated with coarse rice are rich in vitamins like 
vitamin B and vitamin C, calcium, phosphorous, magnesium, protein, and fiber.

4. Conclusion

Consumption of polished white rice has been considered as an esteemed status 
among the people at urban regions. The study has emphasized awareness among 
the common people in bringing out the importance, nutritive value, and health 
benefits of the available coarse rice varieties. Thus, the study suggests the inclusion 
of coarse rice or rice as wholesome grain and can be included in the daily recipes 
with innovative formulations; inclusion of this wholesome grain reduces the risk of 
many deadly diseases.
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3.5 Navara rice laddoo

Navara rice is a popular variety of rice used in Kerala Ayurvedic medicines, 
which help in treating arthritis and many neuro disorders [40]. The recipe has pro-
tein (21.41 g), vitamin C (73.1 mg), and niacin (4.201 mg). This rice variety is more 
helpful to reduce pain due to arthritis, strengthen bones, and promote the growth of 
red blood cells [41].

3.6 Rose matta rice kesari

Rose matta rice is a popular coarse rice variety consumed commonly in Kerala. 
This variety of rice is a good source of fiber, calcium, magnesium, and vitamin A 
[39]. The kesari recipe formulated with this rice is enhanced by the rice’s natural 
pink color. The recipe is nutritious with a high content of calcium (286.5 mg) and 
fiber (17.665 g).

The recipes formulated can be also infused and altered with other coarse rice 
varieties; the nutritive value is more dependent upon the coarse rice variety used. On 
an overall analysis, the recipes formulated with coarse rice are rich in vitamins like 
vitamin B and vitamin C, calcium, phosphorous, magnesium, protein, and fiber.

4. Conclusion

Consumption of polished white rice has been considered as an esteemed status 
among the people at urban regions. The study has emphasized awareness among 
the common people in bringing out the importance, nutritive value, and health 
benefits of the available coarse rice varieties. Thus, the study suggests the inclusion 
of coarse rice or rice as wholesome grain and can be included in the daily recipes 
with innovative formulations; inclusion of this wholesome grain reduces the risk of 
many deadly diseases.
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Abstract

The toxins of Bacillus thuringiensis (Bt) have shown great potential in the 
control of harmful insects affecting human health and agriculture, used as the 
main biological agent for the formulation of bioinsecticides due to its specificity 
to target different insects’ orders. This has led Bt-based products to become the 
best-selling biological insecticides in the world since the genes encoding insecticidal 
proteins have been successfully used in novel insecticidal formulation, genetically 
engineered (GE) crops, and development of transgenic rice that produce insecti-
cidal toxins derived from Bacillus thuringiensis. It has been proven that insecticidal 
activity of Bt protein crystals can prolong their toxicity in shelf life or field under 
specific conditions, and this can improve the use of special strains and formula-
tions to control insect vectors of diseases. Bt toxins have shown well-documented 
toxicity against lepidopterans, coleopterans, hemipterans, dipterans, nematodes, 
Rhabditida and human cancer cells of various origins. These crystal toxins may be 
responsible for other novel biological properties suggesting a pluripotential nature 
with different specificities.

Keywords: Bacillus thuringiensis, Cry toxins, bioinsecticide, resistance, Dulmage

1. Introduction

In the modern era, Bt was isolated for the first time in Japan by the bacteriologist 
Ishiwata Shigetane in 1901, and it was considered the microorganism responsible 
for the disease of the silkworm sotto Bombyx mori. The author named it Bacillus 
sotto, which means soft and flaccid, in reference to the appearance of the infected 
larvae. He noted that young bacterial cultures were not pathogenic to larval insects; 
in contrast old cultures that suffered sporulation were highly toxic. However, the 
first valid description was until 1911, when the German scientist, Ernst Berliner, 
isolated it from diseased larvae of the flower moth Anagasta kuehniella. He named it 
Bacillus thuringiensis, which derives from Thuringia, the German town where moths 
were found [1].

Bacillus thuringiensis is a ubiquitous gram-positive, rod-shaped soil bacterium, 
that has been isolated worldwide from a great diversity of ecosystems including  
soil, water, dead insects, dust from silos, leaves from deciduous trees, diverse coni-
fers, and insectivorous mammals [2–4], known by its ability to produce crystalline 
inclusions during sporulation (Cry toxins) which contain insecticidal proteins called 
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to target different insects’ orders. This has led Bt-based products to become the 
best-selling biological insecticides in the world since the genes encoding insecticidal 
proteins have been successfully used in novel insecticidal formulation, genetically 
engineered (GE) crops, and development of transgenic rice that produce insecti-
cidal toxins derived from Bacillus thuringiensis. It has been proven that insecticidal 
activity of Bt protein crystals can prolong their toxicity in shelf life or field under 
specific conditions, and this can improve the use of special strains and formula-
tions to control insect vectors of diseases. Bt toxins have shown well-documented 
toxicity against lepidopterans, coleopterans, hemipterans, dipterans, nematodes, 
Rhabditida and human cancer cells of various origins. These crystal toxins may be 
responsible for other novel biological properties suggesting a pluripotential nature 
with different specificities.
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1. Introduction

In the modern era, Bt was isolated for the first time in Japan by the bacteriologist 
Ishiwata Shigetane in 1901, and it was considered the microorganism responsible 
for the disease of the silkworm sotto Bombyx mori. The author named it Bacillus 
sotto, which means soft and flaccid, in reference to the appearance of the infected 
larvae. He noted that young bacterial cultures were not pathogenic to larval insects; 
in contrast old cultures that suffered sporulation were highly toxic. However, the 
first valid description was until 1911, when the German scientist, Ernst Berliner, 
isolated it from diseased larvae of the flower moth Anagasta kuehniella. He named it 
Bacillus thuringiensis, which derives from Thuringia, the German town where moths 
were found [1].

Bacillus thuringiensis is a ubiquitous gram-positive, rod-shaped soil bacterium, 
that has been isolated worldwide from a great diversity of ecosystems including  
soil, water, dead insects, dust from silos, leaves from deciduous trees, diverse coni-
fers, and insectivorous mammals [2–4], known by its ability to produce crystalline 
inclusions during sporulation (Cry toxins) which contain insecticidal proteins called 
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δ-endotoxin. Crystalline inclusions from Bt are showing well-documented toxicity 
to a wide variety of insect pests, such as Lepidoptera, Coleoptera, and Diptera [5], 
hemipterans, as other biological activities such as molluscicidal, nematicide (human 
and animal parasites, and free living; Rhabditida), acaricide and even against human 
cancer cells [2, 6–10].

Bt toxins have been applied to the environment since 1933 and began to be used 
commercially in France in 1938, and by 1958 their use had spread to the United 
States. From the 1980s Bt becomes a pesticide of global interest [11].

Bt crystal and secreted soluble toxins are highly specific for their hosts and 
have gained worldwide importance as an alternative to chemical insecticides. Bt 
toxins have been considered as the most successful bioinsecticide during the last 
century. Currently, it consists of more than 98 (424 million USD) of formulated 
sprayable bacterial pesticides [12] and is the most common environmental-
friendly insecticide used and is the basis of over 90% of the pesticides available in 
the market today [13].

2. Bioinsecticide activity of Bacillus thuringiensis proteins

The main difference between Bacillus thuringiensis and other closely related 
bacillus is the formation, during the sporulation process, of one or more crystal-
line bodies of a protein nature adjacent to the spore. Some of these parasporal 
crystals known as δ-endotoxins (Cry and Cyt) confer the pathogenic capac-
ity against larvae of different orders of insects, mostly Lepidoptera, Diptera, 
Coleoptera and in some cases against species of other phyla [14]. By synthesizing 
parasporal crystalline inclusion during sporulation, the bacterium can ensure its 
survival, since a dead insect can provide sufficient nutrients that allow the spores 
to germinate [15].

Bt strains synthesize crystal (Cry) and cytolytic (Cyt) toxins (also known as 
δ-endotoxins), at the onset of sporulation and during the stationary growth phase 
as parasporal crystalline inclusions. Additionally, Bt isolates can also synthesize 
other insecticidal proteins during the vegetative growth phase; these are subse-
quently secreted into the culture medium, the vegetative insecticidal proteins (Vip) 
[5, 16], and the secreted insecticidal proteins (Sip) [17].

This part refers to the nomenclature first used for Cry genes, on the next part 
of the page it explains the nomenclature currently used for Bacillus thuringiensis 
genes [18] (Table 1).

However, this nomenclature was not ideal, since the new toxins had to be tested 
against an increasing number of insects so that the toxin and the gene could be 

Main 
classes

Order Cry toxins

Group 1 Lepidoptera Cry1, Cry9, and Cry15

Group 2 Lepidopteran and dipterous Cry2

Group 3 Coleoptera Cry3, Cry7, and Cry8

Group 4 Diptera Cry4, Cry10, Cry11, Cry16, Cry17, Cry19, and Cry20

Group 5 Lepidoptera and Coleoptera Cry1I

Group 6 Nematodes Cry6

Table 1. 
Classification of Cry toxins according to their insect host specificities proposed by Crickmore et al. [18].
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named; that was when the Bacillus thuringiensis Toxin Nomenclature Committee 
was created in 1993 and proposed a new classification system [18], which consists 
of giving the new toxin a four-rank name depending on its degree of pairwise 
amino acid identity to previously named toxins, using Arabic numbers for the 
first and fourth rank and uppercase and lowercase letters for the second and third 
ranks, respectively, for example, Vip1 and Vip2 if they share less than 45% pairwise 
identity, Vip3A and Vip3C if they share less than 78% pairwise identity, Vip3Aa and 
Vip3Ab if they share less than 95% pairwise identity, and Vip3Aa1 and Vip3Aa2 if 
they share more than 95% pairwise identity [19].

Based on the amino acid sequences, there are 75 families of Cry proteins, with 
800 different Cry genes [20], while the Cyt proteins consist of three families with 38 
genes [21].

Cry proteins have been reported to be toxic to Lepidoptera, Coleoptera, 
Hymenoptera, Hemiptera, Diptera, Orthoptera, and Mallophaga and also against 
nematodes, mites, and Protozoa (Figure 1) [22]. Some toxins have an expanded 

Figure 1. 
Insecticidal activity of Cry and Cyt δ-endotoxins against the orders Diptera, Coleoptera, Lepidoptera, 
Hemiptera, and Hymenoptera [15, 21, 23].
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spectrum of action to two or more order or phylum [10]. For example, Cry1B is one 
of those that present a remarkable activity against larvae of Lepidoptera, Diptera, 
and Coleoptera. So, the combination of toxins present in a strain will define its 
spectrum of action [4].

In contrast, Cyt toxins have predominant activity against dipterous; however, 
they have toxic activity against some lepidopteran and coleopteran [24]; in addition, 
some Cyt toxins are able to establish synergy for insecticidal activity with other 
Bt proteins such as Cry or Vip3 and to reduce the resistance levels of Cry proteins 
toward some insect species of the Coleoptera and Diptera orders (Figure 1). The 
Cyt1Aa toxin from Bacillus thuringiensis var. israelensis is active against Chrysomela 
scripta and Culex quinquefasciatus and can prevent the development of resistance to 
the proteins Cry3Aa, Cry4, and Cry11Aa [14].

2.1 Bti toxins

Bacillus thuringiensis subsp. israelensis (Bti) was first isolated from a water pond 
in the Negev desert [25] and was the very first strain described for having insecti-
cidal activity outside Lepidoptera.

Bti serovariety, H-14, is a subspecies of the diversified Bacillus thuringiensis 
species. The serovariety H-14, Bti, produces four main toxins (Cry4Aa, Cry4Ba, 
Cry11Aa, and Cyt1Aa) specific to dipterans (mosquitoes, blackflies, etc.) which 
represent a serious threat to public health because of their hematophagous nature 
and vector capacity responsible for high morbidity and mortality in billions of 
people spread over almost half of the planet.

Bti toxin Cry4Ba is active primarily against Anopheles and Aedes and shows 
no toxicity to Culex species, in contrast to Cry4Aa toxin that is toxic to Culex 
larvae. Cry11 is the most toxic to Aedes, and Cyt1Aa shows low (Aedes, Culex) 
to non-toxicity at all (Anopheles). Cyt1Aa has a strong synergistic effect on the 
toxicity of Cry toxins in all mosquitoes. In addition to its own mosquitocidal 
and cytotoxic activity, Cyt1A was shown to act synergistically with the other Bti 
toxins [26, 27].

All Bti insecticidal proteins are produced as protoxins, and all must be activated 
in vivo by insect midgut proteases prior insecticidal activity.

2.2 Mechanism of Cry toxin action

Although the mechanism of action of Cry toxins against various insects has been 
widely investigated, there are still many controversies. Therefore, there are cur-
rently different models in the literature that seek to explain it [28].

The sequential union model is known as the classical mechanism. It has been 
detailed in studies with the Cry1Ab protein in Manduca sexta. It postulates that the 
toxic properties come from crystalline inclusions produced during the sporulation 
of Bt. The crystals and their subunits are inert protoxins and are not biologically 
active, and their mode of action can be plotted as follows: the δ-endotoxins are 
ingested, the crystals are solubilized by the alkaline pH of the intestine, the inac-
tive protoxins are digested by proteases of the midgut which produces an active 
toxin of about 60–70 kDa resistant to proteases, and then the Cry toxins come into 
contact with the N-aminopeptidase receptors and cadherin on the surface of the 
membrane. The affinity between toxins and certain types of receptors results in 
proteolysis of the Cry protein that causes structural changes in the chains and forms 
oligomers that function as “pre-pores.” The N-aminopeptidase receptor anchors 
the pre-pore in the lipid bilayer, pore formation affects integrity of the membrane, 
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and electrophysiological evidence and biochemistry suggest that the pores cause 
an osmotic imbalance that causes cell death and lysis; the intestine is paralyzed, the 
insect stops feeding, and there is diarrhea, total paralysis, and finally death  
(Figure 2) [1, 29].

The second proposed mechanism called signaling pathway model has simi-
larities with the previous model; however, in this other causes for cell death are 
assigned. According to this theory, Cry proteins affect the cell in two ways: first by 
the formation of pores in the membrane, as mentioned in the sequential binding 
model and, second, by the production of successive reactions that alter the cellular 
metabolism. According to this hypothesis, Cry toxins bind to cadherin receptors, 
which stimulate heterotrimeric G protein and adenylyl cyclase with an increase 
in cAMP production. The cAMP activates the protein kinase A, which stimulates 
apoptosis with an activation of the Mg2+ channels in the plasma membrane. The 

Figure 2. 
Mechanism of action of Cry proteins according to the sequential binding model.

Figure 3. 
Mechanism of action of Cry proteins according to the signaling pathway model.
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opening of these channels causes an abnormal movement of the ions in the cytosol, 
stimulating the process of apoptosis (Figure 3) [1, 3, 30].

The germination of the spores also contributes to the death of insect, since the 
vegetative cells can replicate within the host’s hemolymph and cause septicemia; 
however, the δ-endotoxins alone are sufficient to kill some insect species if they 
are produced in high doses. This feature has been exploited by expressing the delta 
endotoxin genes in bacteria that better adapt to a particular environment, as well as 
its expression in genetically modified plants [31, 32].

3. Howard T. Dulmage’s methods and contributions on Bt

Howard T. Dulmage was a microbiologist who established his line research in the 
study of pathogenic bacteria insects [33] and is considered one of the most impor-
tant pioneers in the development of technologies for the implementation of Bt as a 
control agent of biological pests [34].

Working at the US Department of Agriculture, at the Agricultural Research 
Service (USDA-ARS), in Brownsville, Texas, Howard T. Dulmage from the pink 
worm, Pectinophora gossypiellia, a strain of Bacillus thuringiensis variety kurstaki, 
in 1969, which is 200 times more active in laboratory tests against the pink boll-
worm, Pectinophora gossypiella; the tobacco budworm, Heliothis virescens; and the 
cabbage looper, Trichoplusia ni [21], higher than that of the 
known strains, which is marketed as “Dipel” by the company United States of 
America [35–37].

Strain HD-1 is one of the best-studied strains, since it is characterized by the 
carrying of a variety of Cry anti-Lepidoptera genes, Cry1Aa, Cry1Ab, Cry1Ac, 
Cry2Aa, Cry2Ab, and Cry1Ia, and since its discovery, the outlook for Bt-based 
products has expanded and is still the most commercial success of microbial 
control of pest [4, 38].

H. Dulmage sets up the basis for the fermentation and formulation procedures 
of Bt culture extracts for their commercialization [39] and were among the most 
important pioneers in the development of technologies for the implementation of 
Bt as a biological pest control agent. He established diverse methodologies for mass 
production product formulation and power standardization [40].

At the beginning of the 1970s, two great advances were obtained by Dulmage, 
the first was based on the recovery of the spore-crystal complex by means of 
precipitation with lactose-acetone to produce powders and wettables, which was 
rapidly developed and adapted in the industry. The second was the adoption of a 
standardized system to calibrate the potency of the different preparations of Bt 
and the establishment of international toxicity units (ITU)/mg, which allowed the 
comparison of the different products developed [41, 42]. The equation proposed by 
Dulmage [43] is the following:

  Test extract potency  (ITU / mg)  =   
standard  LC  50   [standard potency  (ITU / mg) ] 

    ____________________________________________   test extract  LC  50              (1)

Dulmage established better bioassay methods to assess the effectiveness of 
powders [37, 44].

In 1984, Dulmage participated in the establishment of a bioassay protocol for 
toxicity assessment of Bacillus thuringiensis var. israelenensis powders. This pro-
tocol differs from the one previously suggested by WHO in the Guidelines for Bti 
Production regarding the follow aspects:
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• Specifies a standard cup for larval exposure to Bti extracts.

• Establishes a number of 20 larvae per cup and three replications for the 
concentrations assayed.

• If a minimum of six extract concentrations is tested, a repetition of the assay is 
required.

• A computational probit analysis is required for evaluating the toxicity as LC50.

• A mortality or pupation higher than 5% in the control invalidates the bioassay.

Additionally, the study suggested a variability coefficient of less than 20% for 
each repetition. Dulmage, together with a team of colleagues, tested the validity of 
this protocol and suggested some considerations for the management of the refer-
ence standard strains and for the establishment of new ones.

3.1 Howard T. Dulmage’s fermentation extracts

From 1970 to 1988, Dulmage established the largest Bt collection in the 
Americas, and he collected more than 800 isolates that were named using his 
HD code, belonging to 21 serovarieties. From these 800 isolates, 17 belonged to 
the H-14 serovariety, corresponding to Bti. He conducted a series of fermenta-
tion experiments with Bt in order to optimize the production and to assess the 
effectiveness of powder; hundreds of fermentation extracts were generated, 
and some of them were donated by the US Department of Agriculture in 1989 
to the International Collection of Entomopathogenic Bacillus of the Faculty of 
Biological Sciences of the University of Nuevo León, Mexico, which has approxi-
mately 4000 stored fermentation extracts of which 3000 of them correspond 
to HD strains, and currently extracts are found in the form of dry powder, with 
different times of storage [38].

3.2 Bti strain collection

In the 1970s, Dulmage continued to the control of disease-transmitting mos-
quito larvae using lepidopteran-active isolates having some reported dipteran 
activity. When Dulmage became aware of the discovery of a new Bt subspecies 
capable of attacking dipteran larvae, especially simuliids (Bacillus thuringiensis 
subsp. israelensis) (Bti), he quickly perceived the great value of this discovery, 
because of the possibility to control dangerous human disease vectors, and began to 
be involved in studies on Bti as dipteran biocontrol agent.

One of the greatest contributions of Dulmage to Bti research was the compila-
tion of a protocol guide for Bt H-14 serovariety local production. This guide was 
an extension of the procedures developed by him for the production, formulation, 
and standardization of lepidopteran-specific serovarieties. These guidelines were 
presented and discussed in the informal consultation on local H-14 Bt production, 
in Geneva, Switzerland, in October 1982. The 128-page booklet was prepared by Dr. 
Dulmage, at the request of the Scientific Working Group on biological control of 
vectors of the Special Program for Research and Training in Tropical Diseases of the 
World Health Organization, and was published in 1983 [45].

In 1985, Dulmage and a research group proved the tested strain was Bti 
HD-968-S-1983, which resulted to be 4.74 times more potent than the standard use 
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tocol differs from the one previously suggested by WHO in the Guidelines for Bti 
Production regarding the follow aspects:
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• Specifies a standard cup for larval exposure to Bti extracts.

• Establishes a number of 20 larvae per cup and three replications for the 
concentrations assayed.

• If a minimum of six extract concentrations is tested, a repetition of the assay is 
required.
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• A mortality or pupation higher than 5% in the control invalidates the bioassay.

Additionally, the study suggested a variability coefficient of less than 20% for 
each repetition. Dulmage, together with a team of colleagues, tested the validity of 
this protocol and suggested some considerations for the management of the refer-
ence standard strains and for the establishment of new ones.

3.1 Howard T. Dulmage’s fermentation extracts

From 1970 to 1988, Dulmage established the largest Bt collection in the 
Americas, and he collected more than 800 isolates that were named using his 
HD code, belonging to 21 serovarieties. From these 800 isolates, 17 belonged to 
the H-14 serovariety, corresponding to Bti. He conducted a series of fermenta-
tion experiments with Bt in order to optimize the production and to assess the 
effectiveness of powder; hundreds of fermentation extracts were generated, 
and some of them were donated by the US Department of Agriculture in 1989 
to the International Collection of Entomopathogenic Bacillus of the Faculty of 
Biological Sciences of the University of Nuevo León, Mexico, which has approxi-
mately 4000 stored fermentation extracts of which 3000 of them correspond 
to HD strains, and currently extracts are found in the form of dry powder, with 
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3.2 Bti strain collection

In the 1970s, Dulmage continued to the control of disease-transmitting mos-
quito larvae using lepidopteran-active isolates having some reported dipteran 
activity. When Dulmage became aware of the discovery of a new Bt subspecies 
capable of attacking dipteran larvae, especially simuliids (Bacillus thuringiensis 
subsp. israelensis) (Bti), he quickly perceived the great value of this discovery, 
because of the possibility to control dangerous human disease vectors, and began to 
be involved in studies on Bti as dipteran biocontrol agent.

One of the greatest contributions of Dulmage to Bti research was the compila-
tion of a protocol guide for Bt H-14 serovariety local production. This guide was 
an extension of the procedures developed by him for the production, formulation, 
and standardization of lepidopteran-specific serovarieties. These guidelines were 
presented and discussed in the informal consultation on local H-14 Bt production, 
in Geneva, Switzerland, in October 1982. The 128-page booklet was prepared by Dr. 
Dulmage, at the request of the Scientific Working Group on biological control of 
vectors of the Special Program for Research and Training in Tropical Diseases of the 
World Health Organization, and was published in 1983 [45].

In 1985, Dulmage and a research group proved the tested strain was Bti 
HD-968-S-1983, which resulted to be 4.74 times more potent than the standard use 
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(IPS-78); the potency assigned to it was 4740 ± 398 ITU/mg. They recommended 
the use of this strain as the potency reference standard for comparison with any Bti 
formulation.

Twenty samples of the strain HD-500 and HD-567 of Bti fermentation extracts 
from the collection of Dulmage et al. [44] recovered by lactose-acetone coprecipita-
tion during the period from 1978 to 1983 maintained their residual toxic activity 
against the mosquito Aedes aegypti. All extracts evaluated presented toxicity at the 
highest tested doses (1000 ppm), and two of the stored extracts (3260 and 3501) 
showed LD50 of 0.12 and 1.16 ppm, respectively [40].

Bti protein crystals from fermentation extracts showed persistence of toxic 
activity of fermentation extracts after more than three decades. This opens the pos-
sibility of improving the use of special strains and improved formulations to control 
insect vectors of diseases.

4. New Cry toxins

Despite the success of the application of Bt crystal proteins for the biological 
control of pests, at present it is still necessary to identify new Cry toxins with 
greater toxicity; this approach is considered one of the best ways to counter the 
potential resistance evolved by insects as well as in developing products against 
a wider spectrum of insect pests. Traditionally, Bt isolates were screened for 
their insecticidal spectrum by the time-consuming and laborious insect bioas-
says [22, 46]. Since only a limited number of cry genes have been used for insect 
control either in sprays or transgenic crops so far, novel insecticidal genes are 
required [31].

The most common technique used to predict toxicity is the polymerase chain 
reaction (PCR), through the identification of new cry genes [47], but high-through-
put sequencing technology has also been used in the discovery of toxins [20]. 
Seventy-two antigenic groups (serovariety) have been distinguished for Bacillus 
thuringiensis [48]. Crickmore et al. [19] have designed an especial database for Bt 
toxins with links to information on host insects, based on the last update (www.
lifesci.sussex.ac.uk/Home/Neil_Crickmore/Bt/). About 952 toxin genes, encod-
ing different entomopathogenic proteinaceous toxins, have been identified and 
characterized in the Bt strains isolated all around the world; however, only a small 
proportion of these proteins are highly toxic and therefore used in the production 
of bioinsecticides. This can be accomplished by either finding new wild-type strains 
or engineering Cry proteins with enhanced activity or altered insecticidal spectrum 
by swapping domains and site-directed mutagenesis; nevertheless a thorough 
knowledge of Cry protein structure and binding interactions with target receptors 
is a must [49].

Additionally, the construction of Bt DNA libraries in Escherichia coli, followed 
by screening by Western blotting or a hybridization-based method, or the develop-
ment of DNA libraries in an acrystaliferous mutant of Bt followed by microscopic 
observation and/or SDS-polyacrylamide gel (SDS-PAGE) detection of expressed 
genes has also been used to detect novel Cry protein genes [44].

Moreover, a combination of genomics, transcriptomics, proteomics, and metabo-
lomics could be used to study Bt toxin proteins with different characteristics and 
activities [21]. However, due to the interaction between different toxins produced by 
a strain in insect midgut, bioassays provide complementary and necessary charac-
terization information. Due to the money, time, and material costs associated with 
insect rearing and time-consuming characteristics of insect bioassays, cell-based 
assays have been employed for toxicity characterization of Bt strains or toxins [50].
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Furthermore, recent studies have confirmed more new potentials of different Bt 
strains. These new features are including plant growth promotion [51], bioremedia-
tion of heavy metals and other chemicals [1, 52], anticancer activities [53], polymer 
production [54], and antagonistic effects against plant and animal pathogenic 
microorganisms [55].

5. Bacillus thuringiensis development on rice crops

Genetically engineered or transgenic crops producing Cry proteins from Bacillus 
thuringiensis are key management tools against several important insect pests. GE 
plants expressing Bt insecticidal proteins selectively target insect pests while having 
little impact on beneficial insects. Bt toxins have been widely adopted worldwide; it 
was calculated that over 100 million hectares of crops contained Bt genes by 2017 [56].

Bt crops produce either a single toxin or more than one Bt toxin; these are called pyr-
amided crops. Bt pyramided crops delay evolution of resistance to target pests, insects 
resistant to one toxin are killed by other toxins in the pyramid [57, 58]. Nevertheless, 
pyramided Bt crops are vulnerable to the development of cross-resistance. The use of Bt 
pyramids and the simultaneous planting of non-Bt crops are the main strategies applied 
to produce susceptible pest insects (known as the “refuge strategy”) [59].

Rice is a primary food source for more than half of the world’s population 
making it one of the most fundamental crops. Since 1989 multiple insect-resistant 
genetically engineered (IRGE) rice lines expressing Bacillus thuringiensis insecti-
cidal proteins had been developed [60], controlling lepidopteran pests. There are 
four major lepidopteran pest rice such as the rice stem borers Chilo suppressalis 
(Walker) (Lepidoptera: Crambidae), Scirpophaga incertulas (Walker) (Lepidoptera: 
Crambidae), Cnaphalocrocis medinalis (family Crambidae), and Sesamia inferens 
(Walker) (Lepidoptera: Noctuidae) [61].

Bt rice lines resistant to rice lepidopteran pests mainly express Cry1Aa, Cry1Ab, 
Cry1Ac, Cry1B, Cry1C, Cry1Ca1, Cry2A, and Cry9C proteins [61–63].

Since Cry1Ab was first introduced into a japonica rice variety, many Bt genes 
have been found, and only a few of them were selected for developing transgenic 
crops [60]. Because deploying two or more Bt genes in one rice variety can delay the 
emergence of pest resistance [64, 74], scientists started to develop Bt hybrid rice 
lines with Cry1Ab/Cry1Ac into various rice plants which have both high grain yield 
and good grain quality [65].

Some advantages of expressing fusion proteins like Cry1Ab/Cry1Ac and 
Cry1Ab/Vip3A are the equalization of the expression level of the two proteins, trait 
integration in different crops, and highly efficient expression strains [66]. Studies 
on Cry1Ab/Cry1Ac fusion protein have demonstrated great effectiveness signifi-
cantly reducing the incidence of Chilo suppressalis [67, 72].

Other B. thuringiensis proteins that present high affinity are Cry9Aa and Vip3Aa. 
These two proteins bind specifically to brush border membrane vesicles of the 
Asiatic rice borer Chilo suppressalis, which do not share binding sites [68]. Cry9Aa 
and Vip3Aa toxins have shown potent toxic synergy based on a specific interaction 
between them against C. suppressalis larvae with a synergism factor (SF) value of 
10.6-fold [68].

The rice water weevil (Lissorhoptrus oryzophilus Kuschel) is another of the most 
destructive insect pests of cultivated rice (Oryza sativa) in the United States [69, 70].  
This pest causes low yields in rice by damaging the roots from larval feeding in the 
submerged root zone [71].

Some of the strategies to control this insect pest are the use of pyrethroids, 
which are toxic to aquatic organisms [72], synthetic insecticides, and weed control 
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the use of this strain as the potency reference standard for comparison with any Bti 
formulation.

Twenty samples of the strain HD-500 and HD-567 of Bti fermentation extracts 
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characterized in the Bt strains isolated all around the world; however, only a small 
proportion of these proteins are highly toxic and therefore used in the production 
of bioinsecticides. This can be accomplished by either finding new wild-type strains 
or engineering Cry proteins with enhanced activity or altered insecticidal spectrum 
by swapping domains and site-directed mutagenesis; nevertheless a thorough 
knowledge of Cry protein structure and binding interactions with target receptors 
is a must [49].

Additionally, the construction of Bt DNA libraries in Escherichia coli, followed 
by screening by Western blotting or a hybridization-based method, or the develop-
ment of DNA libraries in an acrystaliferous mutant of Bt followed by microscopic 
observation and/or SDS-polyacrylamide gel (SDS-PAGE) detection of expressed 
genes has also been used to detect novel Cry protein genes [44].

Moreover, a combination of genomics, transcriptomics, proteomics, and metabo-
lomics could be used to study Bt toxin proteins with different characteristics and 
activities [21]. However, due to the interaction between different toxins produced by 
a strain in insect midgut, bioassays provide complementary and necessary charac-
terization information. Due to the money, time, and material costs associated with 
insect rearing and time-consuming characteristics of insect bioassays, cell-based 
assays have been employed for toxicity characterization of Bt strains or toxins [50].
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Furthermore, recent studies have confirmed more new potentials of different Bt 
strains. These new features are including plant growth promotion [51], bioremedia-
tion of heavy metals and other chemicals [1, 52], anticancer activities [53], polymer 
production [54], and antagonistic effects against plant and animal pathogenic 
microorganisms [55].

5. Bacillus thuringiensis development on rice crops

Genetically engineered or transgenic crops producing Cry proteins from Bacillus 
thuringiensis are key management tools against several important insect pests. GE 
plants expressing Bt insecticidal proteins selectively target insect pests while having 
little impact on beneficial insects. Bt toxins have been widely adopted worldwide; it 
was calculated that over 100 million hectares of crops contained Bt genes by 2017 [56].

Bt crops produce either a single toxin or more than one Bt toxin; these are called pyr-
amided crops. Bt pyramided crops delay evolution of resistance to target pests, insects 
resistant to one toxin are killed by other toxins in the pyramid [57, 58]. Nevertheless, 
pyramided Bt crops are vulnerable to the development of cross-resistance. The use of Bt 
pyramids and the simultaneous planting of non-Bt crops are the main strategies applied 
to produce susceptible pest insects (known as the “refuge strategy”) [59].

Rice is a primary food source for more than half of the world’s population 
making it one of the most fundamental crops. Since 1989 multiple insect-resistant 
genetically engineered (IRGE) rice lines expressing Bacillus thuringiensis insecti-
cidal proteins had been developed [60], controlling lepidopteran pests. There are 
four major lepidopteran pest rice such as the rice stem borers Chilo suppressalis 
(Walker) (Lepidoptera: Crambidae), Scirpophaga incertulas (Walker) (Lepidoptera: 
Crambidae), Cnaphalocrocis medinalis (family Crambidae), and Sesamia inferens 
(Walker) (Lepidoptera: Noctuidae) [61].

Bt rice lines resistant to rice lepidopteran pests mainly express Cry1Aa, Cry1Ab, 
Cry1Ac, Cry1B, Cry1C, Cry1Ca1, Cry2A, and Cry9C proteins [61–63].

Since Cry1Ab was first introduced into a japonica rice variety, many Bt genes 
have been found, and only a few of them were selected for developing transgenic 
crops [60]. Because deploying two or more Bt genes in one rice variety can delay the 
emergence of pest resistance [64, 74], scientists started to develop Bt hybrid rice 
lines with Cry1Ab/Cry1Ac into various rice plants which have both high grain yield 
and good grain quality [65].

Some advantages of expressing fusion proteins like Cry1Ab/Cry1Ac and 
Cry1Ab/Vip3A are the equalization of the expression level of the two proteins, trait 
integration in different crops, and highly efficient expression strains [66]. Studies 
on Cry1Ab/Cry1Ac fusion protein have demonstrated great effectiveness signifi-
cantly reducing the incidence of Chilo suppressalis [67, 72].

Other B. thuringiensis proteins that present high affinity are Cry9Aa and Vip3Aa. 
These two proteins bind specifically to brush border membrane vesicles of the 
Asiatic rice borer Chilo suppressalis, which do not share binding sites [68]. Cry9Aa 
and Vip3Aa toxins have shown potent toxic synergy based on a specific interaction 
between them against C. suppressalis larvae with a synergism factor (SF) value of 
10.6-fold [68].

The rice water weevil (Lissorhoptrus oryzophilus Kuschel) is another of the most 
destructive insect pests of cultivated rice (Oryza sativa) in the United States [69, 70].  
This pest causes low yields in rice by damaging the roots from larval feeding in the 
submerged root zone [71].

Some of the strategies to control this insect pest are the use of pyrethroids, 
which are toxic to aquatic organisms [72], synthetic insecticides, and weed control 
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around fields to reduce habitat for rice water weevil adults. Bacillus thuringiensis 
spp. galleriae (Btg) have proven to be an environmentally friendly alternative 
against rice water weevil larvae. Studies indicate that Btg granular formulation has 
biological activity against this target pest and performs as well as the pyrethroids 
insecticides [73], showing promising potential for rice water weevil control.

6. Resistance to Bacillus thuringiensis

Bt insecticides consist of several types of insecticidal crystal proteins; hence, the 
development of insecticidal pesticide resistance is difficult or slow [47]. However, 
resistance has already been observed in laboratory, and the first case was a population 
of Indian meal moths, Plodia interpunctella, in 1985, and since then different insect 
species have been reported to be resistant to one or more Bt toxins under laboratory 
conditions. However, the situation in the field remains very different. To date, the 
only natural populations that have really developed resistance following Bt-based 
treatments have been populations of diamondback moth, Plutella xylostella [27, 74].

The use of transgenic plants has greatly increased the selection pressure on tar-
get pest populations and is likely to become much more acute in natural conditions 
if Bt use in agriculture and for human health applications spreads or in cases of the 
nonrational use of large-scale transgenic crops expressing cry genes [32].

In agriculture worldwide, repeated applications of Bt sprays and widespread 
adoption of Bt crops (transgenic crops protected from insects by the expression of 
Cry and/or Vip3 genes) have led to resistance [75, 76].

Field populations of Diabrotica virgifera have shown resistance to eCry3.1Ab 
maize and cross-resistance among Cry3Bb1, mCry3A, and eCry3.1Ab, which are the 
Bt toxins most commercialized for management of western corn rootworm [77].

Resistance to Cry toxins can be developed by mutations in the insect pests that 
affect any of the steps of the mode of action of Cry toxins [78]. “Field populations” 
refers to insects on the field, since the conditions are distinct in vitro, can be devel-
oped by different mechanisms, such as altered activation of Cry toxins by midgut 
proteases sequestering the toxin by glycolipid moieties or esterases, by inducing 
an elevated immune response, and by alteration resulting in reduced binding to 
insect gut membrane; among all these mechanisms of resistance, the most common 
mechanism of toxin resistance is the reduction in toxin binding to midgut cells, 
which in different resistant insect species include mutations in Cry toxin receptors 
such as cadherin (CAD)-like proteins, alkaline phosphatase (ALP), or aminopepti-
dase N (APN) or mutations in the ABCC2 transporter [78].

The emergence of resistant insects is a problem that both Bt sprays and plant 
products are likely to face in the future [32]. Several strategies, such as the use of 
spatial or temporal refugia, high or ultrahigh doses, and gene pyramiding to express 
two toxins, or two insect control approaches, such that the possibility of evolu-
tion of resistance to two toxins/approaches, independent of each other, is greatly 
diminished, can be a promising approach to prolong the efficacy of products  
based on Bt [36, 46].

There are different methods to counteract the resistance of insects to Bt toxins, for 
example, assisted mutation with UV light; the combination of Bt toxins with other 
toxins, such as Bacillus sphaericus proteins; and formulations with plant extracts.

Nevertheless, a new method has been used to combat resistance to Bt toxins, 
the phage-assisted continuous evolution (PACE), which rapidly evolves Bt toxins 
to bind a new receptor with high affinity and specificity, expressed on the surface 
of insect midgut cells. The PACE system enhances the insecticidal activity against 
both sensitive and Bt-resistant insect larvae up to 335-fold, through more than 500 
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generations of mutation, selection, and replication to bind a new receptor [23]. 
Collectively, these methods establish an approach to overcoming Bt toxin resistance.

7. Formulations based on Bacillus thuringiensis

The production of toxic proteins has given Bacillus thuringiensis enormous inter-
est in its inclusion in phytosanitary formulations. The efficiency of products based 
on Bt depends on the type of formulation, as well as various environmental factors. 
Formulation depends on the persistence of toxicity and the choice of application 
method; other important factors are UV radiation, agitation, sedimentation, water 
quality, contaminants, pH, temperature, susceptibility of insects, and competition 
with other microorganisms [79].

The wide variety of formulations based on spores and crystals intended for 
being ingested by the white insect are the result of many years of research. The 
development of a large variety of spore-crystal complex matrices allows for 
improvements, such as increased toxic activity, increased palatability to insects, or 
longer storage times. These matrices use chemical, vegetable, or animal products, 
which are constituted in such a way that they favor contact between crystals and 
insects, without harming humans or the environment [80].

Proper formulation can help to overcome several of the factors that limit or 
reduce its larvicidal activity and improve control performance by enabling greater 
contact with target larvae, ensuring stability under storage and field conditions, 
providing a variety of application options, and increasing the ease of handling. 
There are several types of formulations, among the most used are:

Powder (DP)

• Formulated by sorption of an active ingredient on finely ground mineral 
powder (talc, clay, etc.).

• Particle size of 50–100 μm.

• Powders can be applied directly to the target, either mechanically or manually.

• The inert ingredients for this formulation are anticaking agents, ultraviolet 
protectors, and adhesive materials to improve adsorption.

• Concentration of the active ingredient (organism) in the powder is usually 10%.

Granules (GR)

• Granular particles are larger and heavier than powder formulations.

• Particle size coarse of 100–1000 μm for granules and 100–600 μm for 
microgranules.

• Made of mineral materials (kaolin, attapulgite, silica, starch, polymers, dry 
fertilizers, and residues of ground plants) [81].

• Concentration of the active ingredient (organisms) in granules ranges from 5 to 20%.

• Once applied, the granules slowly release their active ingredient.

• Some granules require soil moisture to release their active ingredient [3, 82].
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products are likely to face in the future [32]. Several strategies, such as the use of 
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two toxins, or two insect control approaches, such that the possibility of evolu-
tion of resistance to two toxins/approaches, independent of each other, is greatly 
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example, assisted mutation with UV light; the combination of Bt toxins with other 
toxins, such as Bacillus sphaericus proteins; and formulations with plant extracts.

Nevertheless, a new method has been used to combat resistance to Bt toxins, 
the phage-assisted continuous evolution (PACE), which rapidly evolves Bt toxins 
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generations of mutation, selection, and replication to bind a new receptor [23]. 
Collectively, these methods establish an approach to overcoming Bt toxin resistance.

7. Formulations based on Bacillus thuringiensis

The production of toxic proteins has given Bacillus thuringiensis enormous inter-
est in its inclusion in phytosanitary formulations. The efficiency of products based 
on Bt depends on the type of formulation, as well as various environmental factors. 
Formulation depends on the persistence of toxicity and the choice of application 
method; other important factors are UV radiation, agitation, sedimentation, water 
quality, contaminants, pH, temperature, susceptibility of insects, and competition 
with other microorganisms [79].

The wide variety of formulations based on spores and crystals intended for 
being ingested by the white insect are the result of many years of research. The 
development of a large variety of spore-crystal complex matrices allows for 
improvements, such as increased toxic activity, increased palatability to insects, or 
longer storage times. These matrices use chemical, vegetable, or animal products, 
which are constituted in such a way that they favor contact between crystals and 
insects, without harming humans or the environment [80].

Proper formulation can help to overcome several of the factors that limit or 
reduce its larvicidal activity and improve control performance by enabling greater 
contact with target larvae, ensuring stability under storage and field conditions, 
providing a variety of application options, and increasing the ease of handling. 
There are several types of formulations, among the most used are:

Powder (DP)

• Formulated by sorption of an active ingredient on finely ground mineral 
powder (talc, clay, etc.).

• Particle size of 50–100 μm.

• Powders can be applied directly to the target, either mechanically or manually.

• The inert ingredients for this formulation are anticaking agents, ultraviolet 
protectors, and adhesive materials to improve adsorption.

• Concentration of the active ingredient (organism) in the powder is usually 10%.

Granules (GR)

• Granular particles are larger and heavier than powder formulations.

• Particle size coarse of 100–1000 μm for granules and 100–600 μm for 
microgranules.

• Made of mineral materials (kaolin, attapulgite, silica, starch, polymers, dry 
fertilizers, and residues of ground plants) [81].

• Concentration of the active ingredient (organisms) in granules ranges from 5 to 20%.

• Once applied, the granules slowly release their active ingredient.

• Some granules require soil moisture to release their active ingredient [3, 82].
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Wettable powders (WP)

• Finely ground dry formulations that will be applied after suspension in water.

• Produced by mixing an active ingredient with surfactants, wetting and dis-
persing agents, and inert fillers, followed by milling.

• Particle size approximately 5 μm.

• Long storage stability, good miscibility with water, and convenient application 
with conventional spray equipment [83].

Water dispersible granules (WG)

• Designed to be suspended in water.

• The granules break to form a uniform suspension similar to that formed by a 
wettable powder.

• Compared to powdered products, these WGs are relatively dust-free and with 
good storage stability.

• The products contain a wetting agent and dispersing agent similar to those 
used in wettable powders, but the dispersing agent is usually at a higher 
concentration.

The emulsions

• Consist of liquid droplets dispersed in another immiscible liquid.

• Size of the droplets in the dispersed phase varies from 0.1 to 10 μm.

• The emulsion can be oil in water (EW), which is a normal emulsion, or water 
in oil (EO), an inverted emulsion. Both products are designed to be mixed with 
water before use.

The suspension concentrate (SC)

• A mixture of a finely ground solid active ingredient dispersed in a liquid phase, 
usually water.

• The solid particles do not dissolve in the liquid phase, so that the mixture needs 
to be stirred before application to keep the particles evenly distributed.

• The composition of the suspension concentrate is complex and contains wet-
ting/dispersing agents, thickening agents, antifoaming agents, etc., to ensure 
the required stability.

• They are produced by a wet milling process.

• Particle size distribution of 1–10 μm.
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Oil dispersions (OD)

• Dispersions of solid active ingredients in a nonaqueous liquid intended for 
dilution before use.

• The nonaqueous liquid is more often an oil (vegetable oil).

• Oil dispersion provides several important characteristics, such as the ability to 
supply water-sensitive active ingredients and the ability to use an adjuvant fluid 
instead of water that can increase and extend pest control.

Capsule suspension (CS)

• Stable suspension of microencapsulated active ingredient in an aqueous continu-
ous phase.

• Intended for dilution with water before use.

• The bioagent as an active ingredient is encapsulated in capsules (coating) made 
of gelatin, starch, cellulose, and other polymers.

• Protected from extreme environmental conditions (UV radiation, rain, tempera-
ture, etc.).

• Residual stability increases due to slow (controlled) release.

• The most frequently applied encapsulation method uses the principle of interfa-
cial polymerization.

The extension of pesticide formulations containing Bt will depend essentially 
on our capacity to improve the performance of the products used [83]. Therefore, 
biotechnology companies have the task of providing not only formulations adapted 
to certain crops and insect pests, but also, they must look for and produce bioinsec-
ticides based on the new high-potency strains originating from the agroecosystems 
where they are going to apply. It is expected that the new products that appear in 
the market will provide a spectrum of higher activity that will impact on a greater 
number of pests in other crops and can help develop sustainable agriculture [80].

8. Bioinsecticides based on Bt

Worldwide, the use of biopesticides increases 16% annually, which represents 
approximately 8% of the pesticide trade in the world [12]. The formulations derived 
from natural materials such as bacteria, animals, plants, or minerals offer a power-
ful tool to create a new generation of sustainable products [84]. About 90% of 
microbial biopesticides are derived from a single entomopathogenic species Bacillus 
thuringiensis [85].

Bt-based bioinsecticides are classified into first-line products up to the fourth 
generation: (1) They are made up of spores and crystals, have several drawbacks, 
since they present a narrow range of activity when more than one pest insect is 
present, have little persistence in the field to solar radiation, and do not reach 
insects that attack roots or internal parts of the plant. (2) They contain spores and 
toxins of strains as an active ingredient with the introduction of genes from other 
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strains, which is very useful to improve the action against the insect, generating a 
synergism, as well as diminishing the possibilities of resistance. (3) They contain 
recombinant bacteria, especially Pseudomonas fluorescens or Clavibacter xyli 
subsp. cynodontis, which are able to reach plant tissues and grow in the rhizosphere. 
(4) They constitute protein chimeras [86].

The varieties of Bt used commercially for the production of bioinsecticides for 
the control of Lepidoptera are kurstaki and aizawai, for Coleoptera the san diego, 
tenebrionis and galleriae are used, and for the control of dipteros, the israelensis is 
the most used (Table 2) [48, 74, 78, 87].

9. Applications

More than a century after its discovery, Bt has become an important tool for 
the management of insect pests, whether in the agricultural sector or in the fight 
against vectors of diseases. Since then the spectrum of its applications has been 
increasing and is no longer limited to its initial function. It has become evident that 
the potential of Bt would transcend the biological control of insects, and recent 
studies analyze new properties for this old acquaintance [88].

These new environmental features include the toxicity against nematodes, mites, 
and ticks, antagonistic effects against plant and animal pathogenic bacteria and 
fungi, plant growth-promoting rhizobacteria (PGPR) activities, bioremediation of 
different heavy metals and other pollutants, biosynthesis of metal nanoparticles, 
production of polyhydroxyalkanoate biopolymer, and anticancer activities (due to 
parasporins) [51–53].

Toxicity against nematodes with several classes of Cry toxin (Cry5, Cry6, 
Cry13, Cry14, Cry21, and Cry55) is well established. In addition to these Cry 
proteins, thuringiensin, chitinase, and a metalloproteinase from Bt are also toxic 
to nematodes [89]. In contrast, the information about the effect of Bt on mites 
is rare, and a few in vitro and in vivo studies have reported the acaricidal activ-
ity of some Bt strains. In a study conducted by Dunstand et al. [90], the in vitro 
acaricidal activity was reported to be caused by the strain GP532 of Bt on the mite 
Psoroptes cuniculi. Histological alterations caused by Bt on this mite included the 
presence of dilated intercellular spaces in the basal membrane, membrane detach-
ment of the peritrophic matrix, and morphological alterations in columnar cells 
of the intestine.

Bt variety Susceptible 
insects

δ-Endotoxin Producer company

kurstaki Lepidoptera Cry1Aa, Cry1Ab, Cry1Ac, 
Cry2Aa, and Cry2Ab

Abbott-Dupont and Certis

aizawai Lepidoptera Cry1Aa, Cry1Ab, Cry1Ba, 
Cry1Ca, and Cry1Da

Abbott-Dupont and Kenogard

san diego Coleoptera Cry3Aa Mycogen

tenebrionis Coleoptera Cry3Aa Thermo Trilogy, Columbia MD, Certis 
Mycogen, and Novo Nordisk

israelensis Diptera Cry4A, Cry4B, Cry11A, 
and Cyt1Aa

Abbott-Dupont, Novo Nordisk, and 
Certis

galleriae Coleoptera Cry8Da Phyllom BioProducts

Table 2. 
Varieties of Bt used as bioinsecticides, susceptible insects, expressing δ-endotoxin, and companies that produce it.
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Cry proteins synthesized by Bt do not show any antifungal activity. However, 
some Bt strains produce antifungal compounds, including cell wall-degrading 
enzymes, lipopeptide fengycin [21]. In a study conducted by Shrestha et al. [91], Bt 
strain C25 was antagonistic to Sclerotinia minor and Sclerotinia sclerotiorum, and it was 
found that the strain was capable of inhibited mycelial growth, suppressed sclerotia 
formation, and germination. On the other hand, strain C25 showed high activities of 
various cell wall-degrading enzymes such as proteases, β-1,3-glucanase, and chitins.

Some strains of Bt colonize plant roots and have plant growth-promoting char-
acteristics. Many Bt strains produce some metabolites which enhance plant growth 
at abiotic stress conditions. These compounds include 1-aminocyclopropane-
1-carboxylic acid (ACC) deaminase, indole-3-acetic acid (IAA), proline, phosphate 
solubilization enzymes, and siderophore production [92].

Different strains of Bt have been shown to produce many potential factors that 
could be of great interest in the biocontrol of phytopathogenic bacteria [55]. Bt 
produces bacteriocins, chitinases, acyl homoserine lactone lactonase, and zwit-
termicin, which collectively elicit detrimental effects on insect hosts and target 
bacteria; although the role of Bt bacteriocins in nature is enigmatic, it is possible 
that they assist in pathogenesis by attacking competing endosymbiotic or oppor-
tunistic bacteria, thereby facilitating propagation of this entomopathogen in the 
hemolymph of susceptible insects [93].

Parasporins are a heterogenous group of Cry proteins produced by noninsecticidal 
Bt strains that specifically act on human cancer cells without affecting normal ones, 
and it has been reported that Cry proteins, such as Cry31A, Cry41A, Cry45A, Cry46A, 
Cry63A, and Cry64A, present anticancer activity when digested with proteases [53].

10. Advantages and disadvantages

The biopesticide based on bacteria is probably the most used and is cheaper 
than the other methods of bioregulation of pests [94]. Almost 90% of the  
microbial biopesticides that are commercially available are Bt derivatives [95].  
Among the advantages and disadvantages of using Bt as a bioinsecticide are the 
following [34] (Table 3):

Advantages Disadvantages

Performance: although each kilogram is more expensive, only 
a few grams per hectare are needed compared to 4 kg of 
chemical insecticides

Application with difficulty

High toxicity: a small amount is needed to kill pests It is not easy to produce it

Specificity: it only kills the target organism Little diffusion and acceptance by 
producers

It does not produce infections: it is demonstrated that an infected 
larva does not harm other insects, animals, or even humans

Its quality could not be controlled. 
Sometimes it works, and sometimes it 
does not

Limited time of permanence in the environment: after 3 or 
4 weeks of application, traces of the bioinsecticide are no 
longer found

Variability in insect resistance

Few cases of resistance: there are few cases reported, and only in 
extraordinary conditions there are certain degrees of resistance

Location. Its use may be limited to faunas 
of a certain region

Table 3. 
Advantages and disadvantages of bioinsecticides based on Bt.
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11. Conclusion

Bacillus thuringiensis has undoubtedly been the most successful microbial agent 
for biological insect control of all time. However, different authors have warned 
of the generation of insect resistant to Bt-derived products, as well as genetically 
modified plants.

During the last two decades, new methods have been widely used on Bt to 
overcome resistance to insects, and it is expected that this advancing trend will be 
well continued in the future, including the search for new toxins and strains with 
increased toxic activity and the development of new biopesticides and technologies 
to maintain the success of this bioinsecticide which is a great challenge to overcome.

Nowadays there exist different lines of research that seek to use Bt in different 
applications, such as anticancer activity, promotion of plant growth; nematicide, 
antifungal and bactericidal activity among others. To achieve the implementation of 
these new features, it is necessary to know more about the biochemical and physi-
ological pathways, as well as the mode of action of the new features. Such properties 
will undoubtedly lead to explore novel Bt strains with more potent insecticide 
activities or novel features which will enhance the implementation of these strains 
in other medical, agronomical, and industrial avenues. At the same time, techno-
logical development is necessary to allow new products to become a reality.
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