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Cereals crops such as wheat, rice, corn, barley, rye, oats, and millet are the base of 
the world’s food supply. Not only are they important sources of human and animal 
feed but they are also useful for fuel production. Over the past 50 years, cereals 
have emerged as rapidly evolving crops because of new technologies and advances 
in agronomy, breeding, biotechnology, genetics, and so on. Population growth and 
climate change have led to new challenges, among which are feeding the growing 
global population and mitigating adverse effects on the environment. One way 
to deal with these issues is through sustainable cereal production. This book, the 
second installation in a two-volume work, discusses ways to achieve sustainable 
production of cereals via agronomy, breeding, transcriptomics, proteomics, and 
metabolomics. Chapters review research, examine challenges, and present future 
prospects in the field.

I would like to thank all the contributing authors for their outstanding efforts and 
timely work in producing such fine chapters. I greatly appreciate all the reviewers 
for their helpful comments. I would also like to thank the staff at IntechOpen, 
particularly Kristina Kardum Cvitan and Lucija Tomicic-Dromgool, for their 
assistance, advice, and encouragement during the development of this book. Lastly, 
I express my heartfelt thanks to my family for their love, encouragement, and vision 
that unveiled in me the desire to reach the highest mountain in everything I do.

Aakash Kumar Goyal (Ph.D.)
CEO,

RAYN Cltivation Inc.,
Edmonton, Canada
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Chapter 1

Characterization of Wild
Rice - Oryza Species Complexes
in Sri Lanka
Shyama R. Weerakoon

Abstract

Rice is the staple food crop in Sri Lanka, which occupies 34% (0.77/million ha)
of the total cultivated area. Sri Lanka currently produces 2.7 million tonnes of rough
rice annually and satisfies around 95% of the domestic requirement. In Sri Lanka,
genus Oryza consists of two species complexes, O. sativa (AA) and O. officinalis
(CC). These two complexes are both pan tropical and have very similar overall
distribution. Five wild rice species are reported in Sri Lanka, (O. nivara [AA], O.
rufipogan (AA) O. eichengeri [CC], O. rhizomatis (CC) and O. granulate (GG). O.
rhizomatis has been reported only in Sri Lanka and considered endemic to Sri Lanka.
Recent studies demonstrated, the reliance on single source of information could
mislead results in the phylogenetic inferences due to analytical inconsistency and
biological processes. Therefore, exact number of wild rice species in Sri Lanka
becomes uncertain and the necessity arises to assess Oryza species complexes in Sri
Lanka using morphological, anatomical, and molecular information to enumerate
number of species within each Oryza complex and characterization of species and
species complexes. The study revealed, characterization of wild rice species, to a
certain extent, can be made through morphological and anatomical characters,
specially lamina anatomical characters. Molecular information is more reliable in
delimitation of wild rice species complexes in Sri Lanka. O. rhizomatis and O.
eichingeri (CC) are well separated from the rest of wild rice species (AA). Molecular
data revealed, O. nivara and O. rufipogon have undergone independent evolution
within Sri Lanka. Well separated five wild rice species are existing in Sri Lanka.
Studies on ecological resilience of morphological, anatomical, and molecular studies
are very useful for species enumeration of wild rice complexes in Sri Lanka. The
findings led to conclude that wild rice species in Sri Lanka are “ecological swarms”
and represents allopatric or sympatric populations. A comprehensive knowledge on
genetic diversity and population structure of wild rice germplasm in Sri Lanka
provides useful information to include these locally adapted and evolved wild rice
species in rice crop improvement/breeding.

Keywords:Wild rice, Oryza species complexes, Sri Lanka

1. Introduction

Rice serves as the main staple food crop of nearly half of the world’s population
and it is obvious that genetic improvement of rice cultivars play an important role
in the rice production for fulfilling ever increasing food demand. Rice is the staple
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food which occupies 34% (0.77/million ha) of the total cultivated area in Sri Lanka
and currently produces 2.7 million tonnes of rough rice annually and satisfies
around 95% of the domestic requirement [1].

The rice genus Oryza L. consists of ca. 21 wild and two cultivated species dis-
tributed in Asia, Africa, Australia, and the America [2, 3] and these species have
been categorized into ten different genome types, such as six diploids (AA, BB, CC,
EE, FF, and GG) and four allotetraploid species (BBCC, CCDD, HHJJ, and HHKK)
[4, 5]. Wild rice spices are important in rice breeding programs because, these
species comprise traits of agronomic interest, for example, the resistance and toler-
ance to biotic and abiotic stresses [2, 6–8]. However, due to the sterility barriers,
most of the Oryza germplasm is of limited use in rice breeding programs [8, 9].
Genetic resources of the AA- genome group also referred to as the Oryza complex,
have long been a focal point of the rice breeders.

The Oryza sativa complex includes eight diploid species [2] and the Asian culti-
vated rice consists of main subspecies, O. sativa ssp. Indica and O. sativa ssp.
Japonica [10–12] are of Asian origin and globally cultivated today. The two pre-
sumed wild progenitors; the perennial O. rufipogon (Figure 1) is distributed
throughout tropical Asia and Oceania, whereas the annual O. nivara is distributed in
tropical continental Asia (Figure 2). Another cultivated species in the genus,
O. glaberrima, was parallelly domesticated in West Africa where it is endemic [2].
There are two additional wild species also endemic to Africa, O. barthii and O.
longistaminata. The former is the annual wild progenitor of O. glaberrima, while the
latter is a perennial, rhizomatous and partially self-incompatible grass species [13].

In Sri Lanka, the genus Oryza consists of two species complexes, the O. sativa
complex that includes the AA genome species, the O. officinalis complex which
includes the CC genome species [3, 14] and a single species O. granulate (GG)
[15, 16]. The two complexes, O. sativa complex and O. officinalis complex are both
pan tropical and have very similar overall distribution. However, only AA genome
species have been cultivated and domesticated. It appears that O. officinalis complex
species do not have the attributes that make them attractive or likely to cultivate. Of
the five wild rice species reported in Sri Lanka, (O. nivara, O. rufipogan (AA);
O. eichengeri, O. rhizomatis (CC); and O. granulate (GG)), O. rhizomatis grows in
partially shaded areas/grass lands and has been reported only in Sri Lanka and hence
considered endemic to Sri Lanka [17, 18].

Figure 1.
O. rufipogon (a) panicle (b) growing in a periodically drying temporary ponds.
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O. rhizomatis is one of the species of the O. officinalis complex (Figure 3). The
taxonomy of O. officinalis complex in Sri Lankan has been puzzling due to insuffi-
ciency of satisfactory herbarium specimens and the living plant materials. As an
attempt of resolving the problem of the morphological variation in the complex,
Biswal and Sharma [19] retracted the name O. collina and considered this taxon to
be synonymous with O. eichingeri. Thus, Biswal and Sharma [19] agreed with both
Bor [20] and Tateoka [14] that O. eichingeri is the sole representative of O. officinalis
complex in Sri Lanka (Figure 4). O. offocinalis in Sri Lanka grows in both shaded
and open habitats, whereas O. eichingeri grows in the shade of forests in Uganda
[21]. However, taxonomists were not able to give much weight to the habitat of this
taxon since field notes are generally infrequent.

The new collections make known clear morphological and habitat differences in
O. eichingeri and it is a larger taxon which occurs in the drier habitats in Sri Lanka
[2]. This larger rhizomatous taxon has previously been called O. latifolia and O.
officinalis. O. latifolia is a large non-rhizomatous tetraploid from South and Central
America with broader leaves and whorled panicle branches. O. officinalis which
usually has rhizomes, has smaller spikelets, shorter palea tip, more branches of
approximately equal length from the lowest panicle node, and spikelets inserted
away from the base of primary branches. O. officinalis is also genetically different
from this Sri Lankan taxon with which it can form sterile hybrids. However,
Sri Lankan taxon belongs to the same genome group as both O. officinalis and
O. eichingeri, which is CC [22].

There are two diploid CC genome species in Sri Lanka, O. eichingeri and
O. rhizomatis [17, 19]. Previously O. collina was the name used for Sri Lankan
germplasm of the O. officinalis complex [23]. O. collina has been used for both
O. eichingeri and O. rhizomatis. However, O. rhizomatis is readily distinguished from
O. eichingeri by its larger plant stature and rhizome formation. O. rhizomatis appears
to be intermediate between O. officinalis and O. eichingeri. Analysis of the nuclear
and chloroplast genome of O. rhizomatis by RFLP and SSR reveals that O. rhizomatis
differed from O. eichingeri and officinalis [24–26].

The nomenclature and the taxonomy of the elements of these complexes have
been studied and nomenclatural changes have been suggested and certain de novo
species was described to disentangle the problem within the complexes. Due to this
reason, the exact number of wild rice species in Sri Lanka becomes uncertain and

Figure 2.
O. nivara (a) panicle (b) growing along the border of a canal in Sri Lanka.
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detailed studies specially, on morphological, anatomical, and molecular aspect of
the Sri Lankan wild rice are needed for the delimitation of Oryza complexes in
Sri Lanka.

Several recent studies demonstrated that the reliance on single source of infor-
mation possibly misleading the results in the phylogenetic inferences due to analyt-
ical inconsistency and biological processes [27, 28]. The inconsistencies among the

Figure 3.
(a) Panicles (b) Rhizomes (c) well-spread rhizome submerged in water of O. rhizomatis. (d) O. rhizomatis in
open spaces in the dry zone (Anuradhapura District), Sri Lanka.
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phylogenies have become one of the most common problems during the
reconstructing molecular phylogenetics using different datasets, such as individual
genes. Studies carried on the genome-wide markers have witnessed new phyloge-
netic reconstructions that use large quantities of genome-wide markers to illustrate
former controversies on evolutionary relationships at all taxonomic levels [27–31].
In general, a gene tree does not necessarily reflect a species tree, even if the
orthology of marker genes are clearly identified and employed. Therefore, many
genetic markers, including unlinked loci with extensive functional representation as
well as intergenic genomic regions, are needed to comprehensively track organismal
history. Such a robust phylogeny will build a foundation for future insights into rice
genome evolution.

Therefore, there is a need to delimit the Oryza species complexes in Sri Lanka
using morphological, anatomical, and molecular information. The objectives of the
present study are to enumerate the number of species within each Oryza complex
(O. sativa complex and the O. officinalis complex) in Sri Lanka and characterization
of species and species complexes with evidence generated from morphological,
anatomical, and molecular studies.

2. Materials and methods

2.1 Seed material

A total of four wild rice species; O. rufipogon, O. nivara, O. eichingeri and O.
rhizomatis were collected from different localities of the Districts, Puttlam, Anura-
dhapura, Vavuniya, Trincomalee, Hambantota, Matara and Ampara of Sri Lanka.
The botanical names and the acronyms used were given in Table 1. The collected
samples were used for morphological, anatomical and molecular studies.

Figure 4.
Panicles of O. eichingeri in open spaces in the forest in the dry zone, Sri Lanka.
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2.2 Morphological studies

The morphological characterization of each species collected was based on the
Plant Genetics Resource Centre (PGRC), Sri Lanka Characterization Catalogue of
Rice [32] (Table 2). The leaf, culm, and rhizomes if available were collected and

Wild Rice species Acronym

Oryza eichingeri Eich

O. nivara Niva

O. rhizomatis Rhi

O. rufipogon Rufi

Table 1.
Botanical names of the wild rice species and acronyms used in the study.

Character Abbreviations

Morphological characters

Plant Height (cm) PLH

Leaf blade length (cm) LBL

Leaf blade wigth (cm) LBW

Leaf blade pubescence at late vegetative stage LBP

Leaf blade color at late vegetative stage LBC

Basal leaf sheath color at late vegetative stage BLSC

Ligule length at late vegetative stage (cm) LiguleL

Ligule color at late vegetative stage LiguleC

Ligule shape at late vegetative stage LiguleS

collar color at late vegetative stage CollorC

Auricle color at late vegetative stage AuricleC

Culm length (cm) CulmL

Culm angle after flowering CulmA

Internode color after flowering IINCAF

Culm strength CulmS

Panicle length PanicleL

Panicle type PanicleT

Panicle excretion Panicleex

Awning after full heading AWNAFH

Awn color at maturity AAWNC

Apiculuscolor ApiculeC

Seed coat (bran) color at maturity SeedCC

Leaf senescence LeafS

Lamina Anatomical characters

Vein diameter (μm) VD

Inter Venial distance (μm) IVD

8
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processed for micro sectioning. Temporary and permanent slides were prepared for
cross sections of leaves, culm and rhizomes.

2.3 Anatomical studies

The free hand sections of the collected specimens were taken and observed
under the light microscope. Measurements of anatomical characteristic features
were made using standard methods.

2.4 Molecular studies

Total genomic DNA was extracted from 7-day old seedlings of wild rice species;
O.rufipogon, O. nivara, O. eichingeri and O. rhizomatis respectively using Promega
Plant DNA extraction kit. A total of twelve SSR primer pairs were used (Table 3)
for molecular study. SSR markers were obtained from Gramene (http://www.grame
ne.org/). All SSR PCR amplification reactions were carried out in a total volume
30 μl of which consist 1 x PCR buffer, 1 mM dNTPs, 2 μM SSR primers, 2 mM

Character Abbreviations

Vein width (μm) VW

Vein height (μm) VH

Leaf thickness (μm) LTH

Height of mesophyll layer (μm) MESOH

Width of mesophyll layer(μm) MESOW

Bundle cell length(μm) BCLEN

Bundle cell width (μm) BCWIDT

Table 2.
Characters Observed for characterization of wild rice.

SSR Chr Fw50–30 Rev50–30

RM11 7 tctcctcttcccccgatc atagcgggcgaggcttag

RM14 1 ccgaggagaggagttcgac gtgccaatttcctcgaaaaa

RM19 12 caaaaacagagcagatgac ctcaagatggacgccaaga

RM21 11 acagtattccgtaggcacgg gctccatgagggtggtagag

RM44 8 acgggcaatccgaacaacc tcgggaaaacctaccctacc

RM55 3 ccgtcgccgtagtagagaag tcccggttattttaaggcg

RM84 1 taagggtccatccacaagatg tgcaaatgcagctagagtac

RM211 2 ccgatctcatcaaccaactg cttcacgaggatctcaaagg

RM219 9 cgtcggatgatgtaaagcct catatcggcattcgcctg

RM253 6 tccttcaagagtgcaaaacc gcattgtcatgtcgaagcc

RM280 4 acacgatccactttgcgc tgtgtcttgagcagccagg

RM289 5 ttccatggcacacaagcc ctgtgcacgaacttccaaag

Table 3.
SSR markers used for the molecular studies.

9

Characterization of Wild Rice - Oryza Species Complexes in Sri Lanka
DOI: http://dx.doi.org/10.5772/intechopen.97244



MgCl2, 50 ng of genomic DNA and 0.5 Units of Taq DNA polymerase. SSR alleles
were resolved on Poly Acrylamide Gel. The SSR banding patterns were identified
using Poly Acrylamide Gel Electrophoresis (PAGE).

2.5 Analysis of Data

Gathered data were analyzed with univariate, bivariate and multivariate statis-
tical procedures. Suitable statistical software was employed in the analysis of data.
In addition, data mining analysis were also attempted for the data gathered from the
study to reduce the noise in the data set.

Molecular data were analyzed using Genemapper 4.1 software and SSR profiles
were analyzed using PowerMarker 3.25.

3. Results

3.1 Morphological studies

The mean values of the parametric morphological measurements of wild rice
species are given in Table 4. According to the table, the species O. rufipogon
indicated highest mean for the plant height (153.23 cm) and the culm length
(94.11 cm) and minimum plant height was observed in O. eichingeri (99.25 cm).
Similarly, the highest leaf length and breadth were found in the samples ofO. nivara
and narrow leaves were occurred in samples of O. rufipogon. The variation of ligule
length indicated that O. nivara possessed a higher ligule length with respect to other
species included in the study. The summary of the ANOVA carried out on the
parametric lamina morphological characters are shown in Table 5, except ligule
length, panicle length, the rest of the characters are significantly varying across the
wild rice species.

The association of the non-parametric characters with wild rice species included
in the study is shown in Table 6. The characters such as leaf blade pubescent, awn
after full heading and intermodal color after full heading are not significantly differ
across the species (p > 0.05). However, the rest of the characters are significantly
associated with the wild rice species and are of potential characters in separating
wild rice species.

Species PLHEI
(cm)

LBL
(cm)

LBW
(mm)

LIGULEL
(mm)

CULML
(cm)

PANICLEL
(cm)

Eich 99.25 41.33 10.73 9.25 90.32 22.75

10.84 6.50 1.20 6.15 11.11 5.97

Niva 140.30 52.00 10.50 11.75 120.78 26.33

10.50 6.68 0.58 1.50 21.91 2.87

Rhi 116.08 48.75 5.58 7.00 119.05 21.40

3.28 2.99 1.06 3.37 1.07 0.66

Rufi 153.23 38.56 4.01 6.31 94.11 23.66

7.17 6.80 4.52 6.46 14.37 2.00

Table 4.
Summary of the parametric morphological characters of the four wild rice species (Mean value and standard
deviation below mean value).
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A total of three clusters were resulted from the cluster analysis of morphological
characters (Figure 5) and species were grouped under each cluster with respect to
their similarities. The samples of O. nivara and O. rufipogon were intermingled and
separated into two groups. Meanwhile the samples of O. eichingeri and O. rhizomatis
well-separated from 80% similarity level and from rest of the clusters representing
two populations. However, one sample of O. eichingeri was grouped with O.
rhizomatis. The phylogenetic tree (Figure 6) constructed by morphological charac-
ters clearly showed a well separated cluster of O. rhizamatis. The samples of O.
nivara and O. rufipogon were intermingled and separated into four groups. Findings
of the study led to conclude that wild rice species in Sri Lanka are “ecological
swarms” and represents allopatric or sympatric populations.

Character Sum of Squares df Mean Square F Sig.

PLHEI 11727.01 3 3909.004 54.527 S

LBL 647.173 3 215.724 5.522 S

LBW 220.522 3 73.507 7.972 S

LIGULEL 94.823 3 31.608 1.065 NS

CULML 3951.715 3 1317.238 6.74 S

PANICLEL 53.154 3 17.718 1.423 NS

**Note: S = Significant at p < 0.05, NS = Not significant, p > 0.05.

Table 5.
Summary of the ANOVA performed on the parametric morphological characters of the four wild rice species.

Character χ2 Value df Sig.

LBP Constant

LBC 23.00 3 S

BLC 4.97 3 NS

LiguleC 23.00 3 S

LiguleS 23.00 3 S

CollorC 13.55 3 S

AuricleC 23.00 3 S

AWNAFH 13.01 6 NS

AWNC 4.55 6 S

ApiculeC 7.53 6 S

SeedCC 18.59 3 S

LasfS 39.25 12 S

CULMA 22.85 6 S

INCAF 7.16 6 NS

CulmS 24.28 9 S

Panilceexer Constant

**Note: S = denote statistically significant difference; NS = Not significant.

Table 6.
Result of χ2 test performed on the non-parametric morphological characters of the wild rice species included in
the study.
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3.2 Anatomical studies

The variation of anatomical characters, especially the laminar anatomical fea-
tures across the wild rice species are given in Table 7. Comparatively, the magni-
tude of mean values of bundle sheath cell width indicated a considerable variation
between the wild rice species O. eichingeri (11.77 μm) and O. rufipogon (10.74 μm).
The summary of the ANOVA (Table 8), indicated that the all the anatomical

Figure 5.
Dendrogram produced by cluster analysis of 22 morphological characters of wild rice species, O. nivara, O.
rufipogan, O. rhizomatis and O. eichingeri.

Figure 6.
Phylogenetic Tree constructed by 22 morphological characters of wild rice species, O. nivara, O. rufipogan,
O. rhizomatis.
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characters except mesophyll height and bundle sheath height. The anatomy of the
culm and leaf sheath of wild rice species indicated that the characteristic features of
the structures reflect the habitat conditions (Figures 7 and 8).

The result of the cluster analysis of anatomical characters of wild rice species is
shown in Figure 9. Comparatively, the Dendrogram resulted from the anatomical

Species VD IVD VW VH LTH MESOH MESOW BCLEN BCWIDT

Eich 6.15 181.48 20.78 24.32 75.72 12.62 6.75 11.78 11.77

0.80 11.79 1.53 2.76 4.43 0.70 1.88 0.95 1.70

Niva 4.33 207.08 29.65 37.03 87.68 12.33 7.65 10.18 9.85

0.25 6.37 2.99 6.82 5.28 1.31 1.04 0.79 0.58

Rhi 5.65 155.53 25.00 28.48 68.60 12.10 3.63 10.55 8.55

0.82 1.32 1.07 1.14 5.80 0.62 0.93 0.91 1.05

Rufi 4.91 210.90 28.91 34.41 85.68 12.49 7.97 11.32 10.74

0.45 6.82 2.15 5.59 5.93 0.83 0.92 1.46 1.15

Table 7.
Summary of the parametric lamina anatomical characters of the wild rice species (Mean value and standard
deviation below mean value).

Character Sum of Squares df Mean Square F Sig.

VD 9.953 3 3.318 8.978 S

IVD 10089.31 3 3363.102 53.518 S

VW 295.528 3 98.509 23.708 S

VH 542.508 3 180.836 7.955 S

LLTH 1150.885 3 383.628 12.917 S

MESOH 0.72 3 0.24 0.319 NS

MESOW 55.442 3 18.481 11.584 S

BCLEN 7.877 3 2.626 1.914 NS

BCWIDT 27.049 3 9.016 5.856 S

**Note: S = denote statistically significant difference; NS = Not significant.

Table 8.
Summary of the ANOVA performed on the laminar anatomical characters of the four wild rice species.

Figure 7.
Laminar anatomical characters of 4 wild rice species collected during the study.
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features indicated that anatomical characters well-separate the samples of each wild
rice species. The samples of O. rhizomatis formed a unique group at similarity level
of 80%. The pattern of the sample grouping was similar to the results obtained
from the cluster analysis of morphological characters. However, samples were
homogenized representing each wild rice species by pure tree branch.

The dendrogram resulted from the morphological and anatomical characters are
shown in Figure 10. The grouping pattern of wild rice samples obtained from the
analysis of morphological characters and anatomical characters reflect the same
pattern observed in previously (Figures 5 and 9).

3.3 Molecular studies

A total of three clusters were resulted from the cluster analysis of molecular
data (Figure 11) and species were grouped under each cluster with respect to

Figure 8.
(a) The transverse section of culm of O. rhizomatis (b) the section through a portion of O. rufipogon culm
encircled by leaf sheath (c) the culm section of O. nivara.

Figure 9.
Dendrogram produced by cluster analysis of anatomical characters of wild rice species, O. nivara, O.
rufipogan, O. rhizomatis and O. eichingeri.
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Figure 10.
Dendrogram produced by cluster analysis of morphological and anatomical characters of Wild rice cultivars, O.
nivara, O. rufipogan, O. rhizomatis and O. eichingeri.

Figure 11.
Dendrogram produced by cluster analysis of molecular data of wild rice species, O. nivara, O. rufipogan and
O. rhizomatis.
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their genetic similarities. The samples of O. nivara, O. rufipogon and
O. rhizomatis were very well separated from 40% similarity level confirming
their distant relationship with each other and of independent evolution within
Sri Lanka.

4. Discussion

The morphological and anatomical characters were investigated in relation to
the species identification and delimitation of wild rice species complex in the coun-
try. The results of the morphological characters have indicated that they were useful
in identification of wild rice species. However, the ecological resilience of the
morphological characters is to be investigated before reaching a firm conclusion on
the diagnostic value of the morphological characters. Compared to the
morphological characters, the anatomical characters especially, lamina and culm
anatomical characters are also indicted higher potential identification of species and
delimitation of the wild rice species in each complex. Both morphological and
anatomical characters can be used to separate the O. rhizomatis and O. eichingeri
(CC) from the rest of wild rice species (AA). Further, based on both morphology
and anatomy, O. rhizomatis can be distinguished from O. eichingeri. This finding
suggests that species status of these two species deserved to maintain for further
confirmation by molecular characterization. As far as the samples of two wild rice
species of AA, O. nivara and O. rufipogon is concerned, there were considerable
overleaps with respect to morphology and anatomy. However, the analysis of
molecular data revealed that samples of O. nivara, O. rufipogon and O. rhizomatis
have a distant relationship with each other and undergone independent evolution
within Sri Lanka.

Finding of the study led to conclude that wild rice species in the island are
“ecological swarms” and represents allopatric or sympatric populations. This find-
ing is further supported by the connotations made by Nelson on the genus Oryza
and its species in Sri Lanka [33].

5. Conclusions

The identification of wild rice species, to certain extent, can be made through
the morphological and anatomical characters. The delimitation of the species com-
plexes also achieved through the morphology and anatomy specially lamina ana-
tomical characters. The nodal and culm anatomical characters are of limited value in
the species identification and delimitation of wild rice species complexes.

However, molecular characterization is more reliable in characterization of wild
rice species complexes in Sri Lanka.

The analysis of molecular data revealed that samples of O. nivara, O. rufipogon
and O. rhizomatis have a distant relationship with each other and undergone inde-
pendent evolution within Sri Lanka.

Therefore, studies on the ecological resilience of morphological characters in
combination with anatomical and molecular studies are very useful for species
enumeration of wild rice complexes in Sri Lanka. The finding led to conclude that
wild rice species in Sri Lanka are “ecological swarms” and represents allopatric or
sympatric populations.

A comprehensive knowledge on genetic diversity and population structure of
wild rice germplasm in Sri Lanka provides useful information to include these
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locally adapled and evolved wild rice species in rice crop improvement and breed-
ing programmes.
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Chapter 2

Economic Perspectives on
Analysis of Ensuring Cereal
Production and Consumption
Security
Ryusuke Oishi

Abstract

Cereals are essential for human nutrition. However, the ever-increasing world
population makes it difficult to maintain the cereal production and consumption
security. It is essential to overcome this situation by increasing cereal yield. An
additional issue is the fact that while some countries suffer from hunger, a signifi-
cant amount of food is discarded in others. This study analyses both production and
consumption of cereals with the goal of ensuring food security. On the production
side, many developing countries lack production capacity in contrast to developed
countries. This is mainly due to a lack of capital, technology and human resources
skills. In this study, we first theoretically demonstrated a cereal production gap
between developing and developed countries. Second, we performed an empirical
analysis to confirm the theoretical demonstration. On the consumption side, we
focused on the cause of food loss and waste. We apply economic theories to dem-
onstrate the situation where food loss and waste are occurring in the market. Then
we introduced the related data to interpret the current world situation. Finally, we
discussed the potential measures to improve cereal production and consumption.

Keywords: cereals, rice, wheat, maise, production, yield

1. Introduction

Cereals are essential for human nutrition. However, the ever-increasing world
population makes it difficult to maintain the security of this food source. It is
essential to overcome this situation by increasing cereal yield. An additional issue is
the fact that while some countries suffer from hunger, a significant amount of food
is discarded in others. This study analyses both production and consumption of
cereals with the goal of ensuring food security.

On the production side, many developing countries lack production efficiency
mainly due to a lack of capital and human resources skills. First, we theoretically
demonstrated a cereal production gap between developing and developed countries.
Second, we performed empirical analysis to confirm the theoretical demonstration.
We also clarified how the production and consumption status of three typical
cereals (wheat, rice and maize—or corn in United States English) are related to the
regional food cultures.
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On the consumption side, we investigated the cause of food loss and waste. We
applied economic theories to demonstrate the market situation where food loss and
waste are occurring. We then introduced the data relating to food loss and waste in
G20 and the least developed countries in the world to interpret the current world
situation. In addition, we also considered some cases of macroeconomic impacts on
cereal productions (i.e. weather extremes and changes in commodity prices).

The remainder of this chapter is organised as follows. Section 2 provides the
formal definition of food security. Section 3 provides both the theoretical and
empirical analysis of cereal production. Section 4 analyses the causes of food loss
and waste. Section 5 interprets the additional issues of cereal production (i.e. the
macroeconomic impacts) and Section 6 concludes the chapter.

2. Food security

According to the Food and Agriculture Organisation of the United Nations
(FAO), food security exists when all people—at all times—have physical, social and
economic access to sufficient, safe and nutritious food that meets their dietary
needs and food preferences for an active and healthy life [1]. The issue of food
security has been raised as a major agenda at the United Nations (for example, Goal
2 of the Sustainable Development Goals: End Hunger, Achieve Food Security and
Improved Nutrition and Promote Sustainable Agriculture) [2].

The above agenda is mainly due to the expected increase in the world population
potentially make it difficult to ensure food security with the current level of food
production. Overcoming this situation will require increasing the production
capacity of nutritious foods for human consumption (especially wheat, rice and
maize). However, the cereal production capacity varies across countries. In partic-
ular, there is more room for improvement in the crop yield in developing countries
than in developed countries. Moreover, a significant amount of edible food is being
discarded without being consumed in many developed countries whereas some
developing countries concern food shortages. Eliminating such consumption waste
can contribute to food security as much as increasing production capacity.

3. Cereal production

3.1 Theoretical analysis

In this section, we used a simple economic model to illustrate the problems of
cereal production in developing countries and the methods for its improvement1. In
order to highlight the problem of cereal production in developing countries, we
comparatively analysed developing and developed countries. A farmer produces a
product (i.e. cereals) by using labour and capital as demonstrated in Eq. (1).

Yi ¼ Lαi
i K

1�αi
i (1)

Eq. (1) takes the form of a Cobb–Douglas production function, where Yi is an
output of cereals. i is a subscript that informs on whether the farmer lives in a
developed or developing country (i.e. i ¼ R, i ¼ P for developed and developing

1 Because many readers of this paper are not expected to be specialised in economics, we will deal with a

simple model that can easily be understood.
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countries, respectively); Li denotes the labour in country i and Ki denotes the
capital used to produce cereals (e.g. machinery). The degree of contribution of Li in
producing cereals is measured by αi. We assume that αR > αP. Because capital is
often exported from industrialised countries to the rest of the world, we assume
that there is no significant difference in performance of capital between developing
and developed countries. In this case, the degree of αi is determined by the produc-
tion capacity of Li relative to the performance of Ki. By considering its relationship
to Ki, labourers in developing countries are often under trained and less productive
than in developed countries.

Next, we investigated the relationship between labour and capital in production
for further details. Specifically, by fixing the production of cereals at a certain level
(i.e.Yi), the marginal rate of technical substitution of i (MRTSi) is derived as
Eq. (2).2

MRTSi ¼ � ∂Li

∂Ki
¼ 1� αi

αi

� �
Yi

Ki

� � 1
αi

(2)

According to Eq. (2), MRTSP is larger than MRTSR. This indicates that, as
compared to developed countries, introducing one unit of capital can replace a
larger number of labourers to produce a given amount of cereal in developing
countries. This is because, as compared to when there is enough farming machin-
ery, productivity is more likely be improved by introducing one machine when
there is a shortage of farming machinery.

Next, we set the farmer’s budget constraints. To use labour and capital, wages
and purchase/maintenance costs for capital resources were incurred, and the
farmers are supposed to cover them out of their budgets. Eq. (3) shows the farmer’s
budget constraints.

Bi ¼ LiIi þ KiC (3)

Bi is a farmer’s budget in country i, Ii is an income of Li and C is the cost of
purchasing and maintaining Ki. We assumed that BR >BP and IR > IP because, in
most cases, the income level in developed countries is higher than in developing
countries. In contrast, we did not distinguish C in terms of subscript i. This is
because capital is often exported from industrialised countries around the world,
and hence its prices do not differ largely between countries.

By using Eqs. (1)-(3), we demonstrate the farmer’s cereal production regarding
to its first-order conditions. The first-order condition is derived by solving the
problem with a Lagrange multiplier (Eq. (4)).

LFi ¼ Lαi
i K

1�αi
i þ λi Bi � LiIi � KiCð Þ (4)

where LFi is the dependant variable of the Lagrange function in country i and λi
is a Lagrange multiplier of the problem in country i, respectively.

To solve the problem, we first differentiate LFi with respect to Li, Ki and λi
shown in Eqs. (5)-(7), respectively.

∂LFi

∂Li
¼ αiLαi�1

i K1�αi
i � λiIi (5)

2 TheMRTSi measures the number of Li to be replaced by increasing one unit of Ki to maintain a certain

level of production (i.e. Yi).
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∂LFi

∂Ki
¼ 1� αið ÞLαi

i K
�αi
i � λiC (6)

∂LFi

∂λi
¼ Bi � LiIi � KiC (7)

By using the first-order conditions of Eqs. (5)-(7), we can derive the optimal
level of Li (L ∗

i ) and Ki (K ∗
i ) as follows:

L ∗
i ¼ αiBi

Ii
(8)

K ∗
i ¼ 1� αið ÞBi

C
(9)

Eq. (8) specifies the optimal number of labourers to produce cereals in country i.
By assuming that the difference between Bi and Ii in developing and developed
countries is the same (i.e.BR

IR
¼ BP

IP
), the optimal number of labourers in developing

countries is smaller than in developed countries.
Eq. (9) specifies the optimal amount of capital resources to produce cereals in

country i. Due to the comparison of Bi and αi between developing and developed
countries, we are unable to comparatively conclude the size of K ∗

R and K ∗
P .

The optimal set of inputs L ∗
R ,K

∗
R

� �
and L ∗

P ,K
∗
P

� �
are illustrated in Figures 1 and 2,

respectively.
The figures are two-dimensional, with the number of labourers in country i (Li)

on the vertical axis and the quantity of capital in country i (Ki) on the horizontal
axis. The negative slope straight line in each figure illustrates the farmers’ budget
constraints in country i (Bi).3 The curves illustrate the farmers’ production in
country i (Yi).4 In this situation, the farmers’ best option is to produce a certain
amount of cereals by minimising the cost, which is reflected by the points where the
production curve touches the budget constraint.

As illustrated in Figures 1 and 2, due to the small budget, the optimal amount of
both inputs in developing countries is less than in their developed counterparts.5

However, closer inspection reveals that the optimal amount of capital is relatively
larger than the number of labourers in developing countries. This is due to the lack
of skilled labourers and the fact that there is more room for productivity improve-
ments through capital in the case of developing countries.6 Even though this is the
optimum input situation based on the model, the situation in reality differs. In
many developing countries, development support has not sufficiently progressed,
and agriculture is often carried out manually.

3 The farmers are only able to purchase the set of inputs allocated inside (lower left) of the budget

constraints.
4 The curve of Yi illustrates the sets of Li and Ki to maintain the fixed amount of the farmer’s production

in country i. Moreover, slope of the curve is reflected by size of MRTSi (without the negative sign).
Because MRTSP is larger than MRTSR, slope of the curve in Figure 2 is steeper than Figure 1.
5 In this case, it is assumed that the difference in Bi is larger than the difference in αi between the

countries.
6 However, as the country develops, the optimal input of labour and capital changes. As the country

develops, labourers acquire higher skills. Moreover, capital accumulation leaves less room for marginal

productivity gains. Hence, the developing country’s optimal condition converges toward that of

developed countries.
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3.2 Empirical analysis

Although we theoretically demonstrate the optimal input of cereal production in
developing and developed countries, it does not reflect the actual situation. In this

Figure 1.
Optimal Set of Imputs in Developed Countries.

Figure 2.
Optimal Set of Imputs in Developing Countries.
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section, we investigate the empirical data to identify the discrepancies between the
optimality condition (L ∗

i and K ∗
i ) demonstrated in 3.1 and reality.

3.2.1 Data source

The data employed for the empirical analysis was extracted from FAOSTAT.7

Specifically, the production quantity (Element code: 5511) and domestic supply
quantity (Element code: 5301) of wheat (Item code: 2511), rice (Item Code: 2805)
and maize (Item code: 2514) in the group of 20 (G20) countries and the least
developed countries in 2018 (Year code: 2018) are extracted from a domain of new
food balance (Domain code: FBS).8 The number of tractors (Element code: 5116 and
Item code: 2455009) in the G20 and least developed countries in 2006 (Year code:
2006) is extracted from a domain of machinery (Domain code: RM).9 The popula-
tion (Element code: 511 and Item code: 3010) in the G20 and least developed
countries in year 2018 were extracted from a domain of annual population (Domain
code: OA). The food losses (Element Code: 5123) of wheat, rice and maize in the
G20 countries and the least developed countries in 2018 are extracted from the
domain of new food balance.10

3.2.2 Data description

Tables 1 and 2 in the Appendix show the domestic production quantity and the
production quantity of wheat, rice and maize, the number of tractors used for
agriculture and the population in the world’s least developed countries and the G20
countries. Close inspection of the tables reveals the problems related to cereal
production and food security in developing countries.

First, in many developing countries, both the quantity of production and the
domestic production of cereals are far below those of the G20, which indicates that
developing countries lack cereal production capacity. Moreover, many G20 coun-
tries’ production exceeds its domestic supply, indicating that those countries import
cereals to cover shortages in their national consumptions. However, the opposite is
true in the case of the least developed countries. A low level of production is
indicative of threatened food security.

Second, although based on scarce information, the number of tractors in the G20
countries is significantly higher than in developing countries. As demonstrated in
the theoretical analysis, abundant machinery contributes to the production of
cereals. The lack of machinery likely causes the difference in the productivity
between developed and developing countries.

Third, the production of wheat, rice and maize varies according to the country’s
region. For example, wheat production in many countries in Table 1 is lower than
that in countries in Table 2. This is because many developed countries are Western
countries whose staple food is wheat (i.e. bread). On the contrary, many countries

7 FAOSTAT (http://www.fao.org/faostat/en/#data).
8 The production quantity is a value that considers import / export and change in stocks from domestic
production quantity.
9 Due to a small data availability, the author decided to show the number of tractors in 2006, which

reports more data than other years.
10 The author identifies G20 countries in the ‘countries’ and the least developed countries in the ‘special

group: Least Developed Countries > List) in the domains of the items (i.e. new food balance, machinery

and annual population). We excluded the European Union (EU) from G20 because the latter is not a

single nation.
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in Table 1 produce more rice. This is because rice is often consumed in Asia and
Africa, and those regions include many countries in Table 1. Unlike the other two
cereals, maize is actively produced in the countries listed in both Tables 1 and 2.
This is because maize is often consumed in Africa as well as in Western countries.

3.2.3 Empirical analysis

To make the discussion in 3.2.2 more reliable, we performed regression analyses.
We confirmed the first (as compared to developed countries, developing countries
lack cereal production capacity) and third argument (i.e. the production of wheat,
rice and maize varies according to the country’s region).11

Cerealcit ¼ βc0 þ βc1G20i þ βc2Africai þ βc3Asiai þ βc4Americai þ βc5Europei

þ
X2018

t¼2015

Yeart þ εit (10)

In Eq. (10), the dependent variable Cerealcit represents the domestic supply
quantity of cereal c in country i at year t.12 Subscript c distinguishes three types of
cereals (i.e. wheat, rice and maize). Subscript t specifies the year in the sample
period.13 The explanatory variable G20i is a dummy variable that takes the value of 1
if country i is a member of G20, and 0 otherwise. Africai,Asiai,Americai and
Europei are dummies that take the value of 1 if country i is in that region and 0
otherwise.14 βc0, βc1, βc2, βc3, βc4 and βc5 are a constant term, the coefficients for
G20i,Africai, Asiai,Americai and Europei in the case of regressing for cereal c,
respectively.

P2018
t¼2015Yeart is the sum of the dummies between 2015 and 2018 for

capturing the year fixed effect.15 εit is an error term for country i at year t:16

Table 3 presents the descriptive statistics for the data employed for the regres-
sion analysis of Eq. (10). As mentioned earlier, the G20 production of all cereals far
exceeds that of the developing countries. The difference is particularly noticeable in
maize production and smallest of the three (wheat, rice and maize) in rice produc-
tion. This is because there are many countries that have rice as their staple food in
poor regions such as Southeast Asia.

Table 4 shows the estimation results of Eq. (10). Close inspection of the esti-
mation results reveals some features that are consistent with the argument in 3.2.2.
First, the estimated coefficients of G20i β̂c1

� �
in the case of all three cereal types are

11 Due to the small amount of available data, we did not perform the regression analysis on the second
argument (i.e. the number of tractors in the G20 countries is significantly higher than that in developing

countries).
12 We separately regressed Eq. (10) for the three cereals types (i.e. CerealWheat i t, CerealRice i t and CerealMaize i t).

Although i is used to distinguish developed or developing country (i.e. i ¼ R, i ¼ P) in subsection 3.1, in

this subsection, i is used to distinguish the countries in the dataset (i.e. i ¼ the US, i ¼ the UK, etc… ).
13 Although Tables 1 and 2 only show the 2018 data for each country, we decided to use the 2014–2018

data for the estimation. This is because a larger data size helps to perform a more significant quantitative

analysis.
14 To deal with collinearity, we dropped Oceaniai from the regression equation.
15 To deal with collinearity, we dropped Year2014 from the regression equation.
16 The data employed in subsection 3.2.3 are extracted from the source introduced in 3.2.1. The dummies

were created by the author. The regional dummies Africai,Asiai,Americai,Europei and Oceaniai were

created by using FAOSTAT information: Regions (Africa > (List), Asia > (List), Americas > (List),

Europe > (List), Oceania > (List)).
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positively estimated with strong significance, indicating that G20 countries produce
larger amounts of all three cereals than the least developed countries. Second, by
looking at the estimation result of the regional dummies, differences in cereal
production by region can be found. For example, in case of CerealRice i t, the size of
the estimated coefficient for Asiai β̂Rice 3

� �
is significantly larger than those for other

regions. This finding makes sense given that rice is the staple food for people in
Asian countries. Similarly, in the case of CerealMaize i t, the size of the estimated
coefficient for Americai β̂Maize 4

� �
is much larger than those for other regions. This is

also understandable because people in the United States consume many foods made
from maize. In case of CerealWheat i t, estimation of the regional dummies is different
from our expectation. Given that wheat-based foods are mainly consumed in
Europe, the estimated coefficient for Europei β̂Wheat 5

� �
was expected to be larger

than for other regions. However, β̂Wheat 3 is larger than that of β̂Wheat 5. This might be
due to China’s wheat production, that surpassed that in European countries. Finally,
the low R2 value in all three cases indicates that the explanatory ability of these
estimation results is not high. This is because all the explanatory variables (except
the constant) are dummy variables.

In order to comparatively analyse cereal production in the developed and devel-
oping countries in greater detail, in addition to Eq. (10), we conducted another
estimation procedure. The production of cereals in a country depends on its popu-
lation. By using per capita productivity, we can exclude the impact of the popula-
tion. In order to reveal the latter issue, we set Eq. (11) as follows:

Cereal Per Capitacit ¼ βc6 þ βc7G20i þ βc8Africai þ βc9Asiai þ βc10Americai

þ βc11Europei þ
X2018

t¼2015

Yeart þ εit (11)

Eq. (11) is different from Eq. (10) in that it uses Cereal Per Capitacit as a depen-
dant variable. This variable was obtained by dividing Cerealcit by population of
country i.17

Table 5 shows the descriptive statistics for Cereal Per Capitacit. Information in
Table 5 is significantly different from Table 3. Specifically, as compared from the
developed country, the mean value of Cereal Per CapitaRice i t is higher in the least
developing countries. This is probably because the large populations in developed
countries used as a denominator value of Cereal Per CapitaRice i t lowered their value
of Cereal Per CapitaRice i t.

Table 6 shows the estimation results of Eq. (11); the interpretation of these results
requires careful consideration. In the case of wheat andmaize, the coefficients ofG20i

(β̂Wheat 7 and β̂Maize 7) are positively significant, indicating that even if the effects of the
population are eliminated, G20 countries aremore productive than the least developed
countries, which is consistent with our view. In contrast, in the case of rice, surprisingly,
the estimation ofG20i (β̂Rice 7) is negatively significant. This is probably because G20
countries with rice food cultures include populous countries (i.e. China and Indonesia).

In the case of rice, looking at the estimated result of the regional dummies shows
that only Asiai (β̂Rice 9) is positively significant. This confirms that Asia stands out in

17 The regression of Eq. (11) additionally uses population data of the countries in 3.2.1 (in the period

between 2014 and 2018) to the data employed for the regression of Eq. (10). To distinguish from the

coefficients in Eq. (10), the constant, coefficient of G20i,Africai,Asiai,Americai and Europei in Eq. (11)

are expressed as βc6, βc7, βc8, βc9, βc10 and βc11, respectively.
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terms of rice productivity. Similarly, in the case of maize, the estimated coefficient
of Americai (β̂Rice 10Þ is significantly larger than those of other regions, indicating
that maize productivity in the American region is higher than in other regions. One
unexpected observation is that, in the case of wheat, all regional dummies are
estimated to be negative. Because the estimated coefficient for Europei (β̂Wheat11Þ has
the smallest negative value, we can argue that the per capita production of wheat in
Europe is the largest; however, the reason for this is not clear.

Compared to Table 4, all the R2 values are slightly higher in Table 6. Therefore,
the explanatory power of the estimation results improved slightly in Table 6.

4. Cereal consumption

In Section 3, we describe both the theoretical and empirical analyses of the cereal
supply. In this section, we identify the problems with and the methods for improv-
ing the consumption of cereals as food security issues. One might think that the only
issue regarding food security is the improvement of production capacity; however,
management of consumption is also important. Among many problems relating to
cereal consumption, we focused on food loss and waste.

The food situation differs from country to country. While some countries suffer
from poverty and lack of food, others have excessive food supply in their markets
and dispose of consumable foods.

Table 7 shows the amount of food lost in the least developed and G20 coun-
tries.18 Not surprisingly, as compared to that in the least developed countries, the
larger amount of food loss is reported in the G20 countries. Considering the larger
production volume and the population, the loss in the G20 can be understood as a
natural consequence of its food consumption. However, the developing countries
are not completely devoid of food loss; although small comparatively, food loss is
also reported in the least developed countries. However, reasons for food loss are
different between the G20 and the least developed countries. In the case of the G20
countries, the cause of food loss is overstocking. For example, in Japan, consumers
strongly demand food safety and quality [3]. As a result, foods that are not sold by
the expiration date are discarded [3]. Moreover, consumable foods with slight
scratches or incompatible size are discarded [3]. Another issue is that the main
concern of business food suppliers is to make profit. When such economic agents
compete with each other to form a market is a basis of capitalism. However, in order
to make profits, they sometimes make decisions that are detrimental to society. For
example, convenience stores in Japan often overstock foods, because they do not
want to lose customers due to out of food stock [3].

In the case of developing countries, due to a lack of sufficient capital for
processing and preserving food, some foods are rarely delivered to consumers while
fresh. For example, in developing countries, most of the postharvest grains are
stored in traditional storage structures, which cannot prevent insect infestation and
mould during storage [4].

Figure 3 illustrates an excess supply of food (caused by overstocking) in devel-
oped countries.19 According to economic theory, if goods are traded at their market
equilibrium (i.e. the intersection of the demand and supply curves), production and

18 Because the food loss data is reported from a limited number of countries, the countries with no data

were deleted from Table 7.
19 S, D, P, Q , QS and QD in Figures 3 and 4 represent supply, demand, price, quantity,

quantity supplied and quantity demanded for a product in the market.
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consumption match and no goods will be left unsold. However, as shown in
Figure 3, if the price of goods deviates from its equilibrium, supply and demand of
goods do not match, and some goods are not sold.

Figure 4 illustrates a food shortage situation in poor countries.20 Unlike in
Figure 3, the supply curve in Figure 4 becomes vertical at a certain quantity (QS).
This shows supplier’s limit of cereal production capacity. Due to the limited pro-
duction capacity in poor countries, once the supply reaches its limit, the quantity
does not increase regardless of the price. Moreover, in this situation, the price of the
goods deviates downward from its equilibrium. The discrepancy between supply
and demand becomes the shortage.

In theory, eliminating oversupply of food and the assurance of food security in
developing countries is mutually achievable. For example, transferring food surplus
from developed countries to developing countries to combat the shortages would
provide a solution to both problems.

5. Measures to ensure world food security

As discussed in Sections 3 and 4, there are the challenges to ensuring world food
security both in food supply and consumption. On the supply side, the main reason
for food insecurity is the lack of capital and training of human resources in devel-
oping countries. However, due to lack of funds, increasing capital and training
human resources are hardly be achieved. Therefore, loans and assistance from
international organisations and developed countries are required. Additionally,
investment projects (i.e. foreign direct investment) are also effective in raising
funds for developing countries. Furthermore, to gain an understanding of the

Figure 3.
The Market with Oversupply of Food.

20 Here, in order to focus on the issue of food security in developing countries, we ignored food loss in

the developing countries.
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outcome of such investments is larger in developing countries than in developed
countries will be important21.

There are other points that need improvement. First, improvement in seed
breeding is effective for sustainable agricultural production [5]. Second, in many
cases, as compared to farmers with large operations, smallholder farmers are
disadvantaged in accessing market; therefore, farming should be re-invented as an
attractive local business opportunity for smallholder families [6]. Third, in the
agri-food system, a few large international firms dominate the market share, and
smallholders mainly trade on local short-supply chains [7]. Fourth, in recent years,
production and consumption of rice in many parts of Asia has been steadily declin-
ing, whereas the opposite is true in Africa [8]. Fifth, due to economic development,
the demand for maize to feed livestock has increased [9]. Six, the problem of food
self-sufficiency does not apply only to developing countries. In Japan, due to the
ageing population and the lack of young people willing to engage in agriculture, the
self-sufficiency rate is low [10]. As a result, Japan imports a substantial amount of
food from abroad (i.e. China) to cover their shortages [10].

Stabilisation of markets to protect suppliers from macroeconomic shocks is also
important. For example, in 2020, the global economy was greatly affected by the
spread of COVID-19. Because the main transmission route of COVID-19 is droplets
from infected people, people stopped eating out. In Japan, food manufacturing and
service businesses were severely damaged by people’s restraints and many food
manufacturers and restaurants went bankrupt [11]. This was mainly because in

Figure 4.
The Market with Shortage of Food.

21 This is because countries with small capital grow faster by capital investment than countries with large

capital. However, on the other hand, we cannot ignore that investment in developing countries often

involves higher risk than that in developing countries.
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Japan many restaurants are small and medium-sized enterprises that lack corporate
strength to withstand severe economic adversities [12]. As a result, a significant
amount of ingredients that were to be delivered to restaurants went left unsold. In
addition, a sharp drop in the demand for restaurant food has spurred the overstock
of food, leading to the collapse of the prices of some foods. If the situation does not
improve, farmers will not be able to make sufficient profits and will be forced out of
business. This will lead to a decline in food production capacity and will worsen
food insecurity.

In addition, inflation and instability of agricultural prices will put pressure mainly
on the world’s low-income group of people and an increase in labour productivity will
be necessary to overcome the problem [13]. The effect of extreme weather is also a
major issue for cereal production. Weather extremes in the United States in 2012
caused a sharp increase in the world maize price, and the poor countries with high
maize import dependency were the most seriously affected [14].

On the consumption side, the main challenge is to reduce food loss in the
developed countries. One measure to correct such market failure is government
intervention in the market to internalise negative externalities. Additionally, trans-
ferring food surpluses from developed countries to developing countries to combat
food shortages may improve the situation. Food banks are one of the potential
measures for recycling food within a country [15]. If such food banks could be
internationalised, food security in developed countries may be ensured in a way
that is close to our idea. However, there are many difficulties with this potential
solution. For example, some foods do not last long and are not suitable for long-
distance transportation. Moreover, as discussed before, due to regional variances in
food culture, some foods may be hard to replenish.22 Many countries also impose
tariffs on imported products because large amounts of imported food may adversely
affect local farmers’ businesses.

Additionally, food loss also occurs in developing countries, where food security
is not ensured. The main cause of food loss here is lack of capital for storage;
therefore, as in the supply side discussion, increasing capital through investment
and assistance is the effective measure23.

In this section, we examined measures to improve food security. Although the
authors’ proposed methods have the potential to improve food security, there are
many challenges. In order to achieve these improvements, in addition to interna-
tional efforts (i.e. international organisations and governments), changing the
mindset of each economic entity (i.e. supplier and consumer) will be necessary.

6. Conclusion

Cereals are essential for human nutrition. However, the ever-increasing world
population makes it difficult to maintain food security. It is necessary to consider
various factors related to production and consumption of cereals to ensure food
security. This study considers the food security issues for cereals in terms of both
supply and consumption.

22 South Asia, where rice is the staple food, is one of the most densely populated regions and the

second poorest region in the world [16]. In order to guarantee its food security, self-sufficiency is

important [16].
23 Installation of evaporative coolers can be considered as one of the realistic measures to reduce food

loss and waste [15].
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On the supply side, we proposed that cereal food security can be improved by
increasing production capacity in developing countries. The optimal condition of
our theoretical model specifies that, as compared to the case of developed countries,
farmers in developing countries should more actively utilise capital resources.
However, reality largely differs from theory. As shown by the data, the use of
farming machinery in developing countries is lower than in developing countries.
Additionally, our regression result confirms that the production of cereals (i.e.
wheat, rice and maize) in G20 countries surpasses that in the least developed
countries. Furthermore, our empirical analysis also confirms that the type of cereals
produced vary significantly regarding the region.

On the consumption side, we emphasised the problem of food loss. Although
some countries in the world suffer from food insecurity, others discard large
amounts of food. Reducing such waste can contribute to global food security.
However, the causes of food loss differ between developing and developed coun-
tries. In the case of the former, the lack of capital means that food rots before it is
consumed. In the case of the latter, foods are oversupplied to the market due to
excessive competition between firms.

In order to mitigate these problems, we proposed the following measures. In
order to increase production in developing countries, their capital resources need to
increased; this requires significant investment and assistance. On the other hand,
one way to prevent food loss in developed countries is to mitigate excessive com-
petition among firms through government market intervention. It may also be
effective to transport surplus food from developed countries to developing coun-
tries to fill shortages. However, there are many challenges to implementing these
measures. To truly improve the global food situation, in addition to international
efforts (i.e. international organisations and governments), each of us needs to
change our consciousness.
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Appendix

Country Wheat Rice Maize Tractors Population

Product Domestic
Supply

Product Domestic
Supply

Product Domestic
Supply

Afghanistan 3613 6995 352 626 107 165 711 37171.92

Angola 3 1111 10 725 2765 2996 30809.79

Bangladesh 1099 6885 54416 56415 3288 4841 161376.7

Benin 0 186 459 2131 1510 1415 11485.04

Burkina Faso 0 277 161 523 1700 1616 19751.47

Cambodia 0 46 10647 10006 604 692 16249.79

Central
Africa

0 5 11 11 90 86 4666.368

Chad 2 75 260 257 438 422 15477.73

Djibouti 0 339 144 241 0 4 958.923
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Country Wheat Rice Maize Tractors Population

Product Domestic
Supply

Product Domestic
Supply

Product Domestic
Supply

Ethiopia 4500 6394 54 441 8350 8255 109224.4

Gambia 0 84 2340 214 39 42 2280.094

Guinea 0 420 171 3527 819 806 12414.29

Haiti 0 278 183 735 260 288 11123.18

Laos 0 24 3585 3436 982 737 7061.507

Lesotho 9 59 258 19 100 292 2108.328

Liberia 0 73 4030 598 0 1 4818.973

Madagascar 6 365 112 4774 215 222 26262.31

Malawi 1 145 3168 118 2698 2736 18143.22

Mali 29 341 232 3027 3625 3226 19077.75

Mauritania 7 551 134 295 16 23 4403.313

Mozambique 21 691 27574 1101 1250 1315 29496

Myanmar 116 560 5152 26176 1984 1559 102750 53708.32

Nepal 1958 1961 102 5700 2473 2616 28095.71

Niger 5 66 120 309 30 60 375 22442.82

Rwanda 11 158 763 148 410 207 12301.97

Senegal 0 682 920 2051 264 645 15854.32

Sierra Leone 0 91 3 1595 23 25 7650.15

Sudan 595 2754 87 125 45 63 41801.53

Togo 0 144 145 222 887 905 7889.093

Uganda 23 647 246 374 2773 2500 42729.04

Tanzania 57 984 2220 2134 6273 5206 56313.44

Yemen 106 3650 0 781 43 687 28498.68

Zambia 114 160 43 56 2395 2859 17351.71

Note: Table 1 is provided by the author based on the data extracted from FAOSTAT. Product and domestic supply of wheat, rice and
maize are in 1,000 tonnes. Population is in 1,000 people.

Table 1.
Production of cereals, number of tractors and population in the world’s least developed countries.
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Wheat Rice Maize

The Least
Developed
Countries

G20
Countries

The Least
Developed
Countries

G20
Countries

The Least
Developed
Countries

G20
Countries

Observation 165 95 165 95 165 95

Mean 1056.667 22955.14 3775.121 24536.86 1343.521 42863.25

Standard Deviation 1862.218 30904.34 10106.54 54650.72 1704.479 83273.31

Minimum Value 5 2735 �42 375 1 346

Maximum Value 7617 127248 56415 206919 8255 343651

Note: Table 3 is provided by the author based on the data extracted from FAOSTAT. Cerealcit is in 1,000 tonnes.

Table 3.
Descriptive statistics for Cerealcit .

Independent Variable Dependent Variable
CerealWheat i t

Dependent Variable
CerealRice i t

Dependent Variable
CerealMaize i t

Estimated Coefficient Estimated Coefficient Estimated Coefficient

G20i 24978.12***
(0.000)

32732.82***
(0.001)

45346.42***
(0.000)

Africai 17217.26***
(0.002)

31947.7***
(0.001)

44958.31***
(0.000)

Americai 7068.021***
(0.001)

8418.469***
(0.001)

80329.6***
(0.000)

Asiai 24711.49***
(0.000)

54529.34***
(0.000)

46233.9***
(0.000)

Europei 13487.44***
(0.000)

254.84***
(0.002)

7352.68***
(0.000)

Constant �17861.62***
(0.003)

�32457.05***
(0.002)

�46880.16***
(0.000)

Number of Observations 260 260 260

Prob > F 0.000 0.000 0.000

R2 0.312 0.309 0.247

Note: This table shows estimation results for Eq. (10). P-values are presented in parentheses. The estimation is
conducted with robust standard errors. Superscripts ***, ** and * indicate statistical significance at 1%, 5% and 10%,
respectively.

Table 4.
Estimation results of Eq. (10).
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Independent
Variable

Dependent Variable
Cereal Per CapitaWheat i t

Dependent Variable
Cereal Per CapitaRice i t

Dependent Variable
Cereal Per CapitaMaize i t

Estimated Coefficient Estimated Coefficient Estimated Coefficient

G20i 0.0388***
(0.001)

�0.150***
(0.000)

0.132***
(0.000)

Africai �0.225***
(0.000)

�0.090***
(0.002)

0.177***
(0.000)

Americai �0.211***
(0.000)

�0.014
(0.103)

0.399***
(0.000)

Asiai �0.209***
(0.000)

0.123***
(0.000)

0.132***
(0.000)

Europei �0.066***
(0.000)

�0.011***
(0.000)

0.087***
(0.000)

Constant 0.270***
(0.000)

0.169***
(0.000)

�0.119***
(0.000)

Number of
Observations

260 260 260

Prob > F 0.000 0.000 0.000

R2 0.340 0.403 0.530

Note: This table shows estimation results for Eq. (11). P-values are presented in the parentheses. The estimation is
conducted with robust standard errors. Superscripts ***, ** and * indicate statistical significance at 1%, 5% and 10%,
respectively.

Table 6.
Estimation results of Eq. (11).

The Least Developed Countries G20

Wheat Rice Maize Wheat Rice Maize

Afghanistan 542 25 16 Argentina 316 53 633

Angola 0 0 307 Australia 209 6 2

Bangladesh 238 3104 250 Brazil 247 1181 8321

Benin 0 115 378 China 2901 8624 11806

Chad 0 10 36 France 326 3 112

Wheat Rice Maize

The Least
Developed
Countries

G20
Countries

The Least
Developed
Countries

G20
Countries

The Least
Developed
Countries

G20
Countries

Observation 165 95 165 95 165 95

Mean 0.0502536 0.1482661 0.1270291 0.0540263 0.0583697 0.20179

Standard Deviation 0.1062425 0.0939006 0.162305 0.0677363 0.0550903 0.2146537

Minimum Value 0.0010715 0.0291697 �0.0019442 0.0045624 0.0002075 0.0146632

Maximum Value 0.8501159 0.3557684 0.61645 0.2757308 0.2365934 1.063882

Note: Table 5 is provided by the author based on the data extracted from FAOSTAT.

Table 5.
Descriptive statistics for Cereal Per Capitacit
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The Least Developed Countries G20

Ethiopia 168 3 252 India 5987 4654 2785

Madagascar 0 403 10 Italy 49 34 11

Malawi 0 5 529 Japan 163 190 4

Mali 21 127 218 Mexico 197 53 4571

Mauritania 22 7 1 Korea 23 481 205

Mozambique 1 5 75 Russia 433 21 115

Myanmar 24 861 90 Saudi Arabia 35 0 92

Nepal 195 486 248 South Africa 85 0 569

Niger 0 4 1 Turkey 2133 30 202

Rwanda 0 3 49 The US 2334 398 17864

Senegal 6 30 33

Sierra Leone 0 120 1

Sudan 48 2 4

Uganda 20 5 175

Tanzania 3 30 738

Zambia 3 2 72

Note: Table 7 is provided by the author based on the data extracted from FAOSTAT. Food loss of wheat, rice and
maize in the least developed and G20 countries are in 1,000 tonnes.

Table 7.
The amount of food loss in the least developed and G20 countries.
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Abstract

Rice is an important staple food crop across the world. It is mainly cultivated 
under irrigated lowland and also rain-fed upland conditions where drought stress 
is often noticed. Global climate change predicts an intensification of drought 
stress in future due to uneven rainfall which was witnessed for the last few years. 
Confronting drought stress can deliver fruitful crop returns in rice and scope for 
research extents. Drought stress affects the overall plant growth and yield. A promi-
nent improvement has been made during last two decades in our understanding 
of the mechanisms involved in adaptation and tolerance to drought stress in rice. 
In order to achieve the marked crop returns from rainfed areas, there is a requisite 
of drought tolerant rice varieties, and genetic improvement for drought tolerance 
should be a prime area of concern in the future. A huge rice germplasm is available 
and good number of the germplasm possess drought tolerance and these genomic 
regions have been exploited in developing some drought tolerant rice varieties. The 
application of available genotyping methodologies, the identification of traits of 
interest, and key genetic regions associated with the drought tolerance have opened 
new prospects to successfully develop new drought tolerant varieties. This chapter 
deals with the importance of drought tolerance in rice crop followed by the evolution 
of molecular markers and breeding techniques in identifying drought tolerant QTL’s/
genes and their utilization in the improvement of drought tolerant rice varieties.

Keywords: Rice, Drought tolerance, Markers, QTLs, Varieties

1. Introduction

Rice is a staple cereal consumed by more than half of the world’s population. It is 
cultivated in wide agro-ecological conditions including rain-fed conditions where 
drought stress is often evident due to erratic rainfall. Rice crop consumes around 
3000 L water to produce 1 Kg rice. Drought stress is one of the major factors that 
leads to decreased rice production [1] and it can expand to above 50% of the global 
arable land by 2050 [2] due to loss of ground water, global climate change leading to 
decreased water sheds. Drought stress was noted in approximately 42 Mha of rice-
producing area [3]. It is of two types, terminal and intermittent [4].
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Drought stress is usually a dry condition where the water availability is less than 
a threshold level which causes damage to plants [5].

Lack of water for a long time leading to the death of plants is terminal drought 
while lack of water for a short time that leads to improper growth is intermittent 
drought [6].

Drought stress tolerance varies among the plant species and is defined as the 
ability of a plant to grow, develop and produce significant yield as well as economic 
benefit [7]. It is also defined as the ability of plant to survive at minimum water 
level in the fresh tissue (23%) [6].

Drought stress leads to morphological, physiological and biochemical changes 
in plants which ultimately lead to decreased yields. In response, plants synthesize 
reactive oxygen species (ROS), proteins and osmolytes to maintain turgor pressure. 
This osmotic adaptation provides dehydration tolerance to tissues [8–10]. But, this 
did not show yield benefit in rice [11].

The first landmark achievement in drought rice tolerance study was the identi-
fication of a small region on chromosome 8 homologous to chromosome 7 of wheat 
[12]. A marker based selection was proposed and this region was worked out to 
identify QTL’s for vegetative leaf rolling and root traits- thickness and root to shoot 
ratio [13].

Historically, upland-adapted germplasm was of Japonica type while lowland-
adapted germplasm was of Indica type [14]. In general, Japonica genotypes were 
dehydration avoidant while Indica types were dehydration tolerant. Geographically 
separated evolution and sterility problems have limited hybridization between the 
two types [15]. If breeding for both osmotic adjustment and rooting capacity is 
considered desirable, then the linkage between high osmotic adjustment and poor 
root traits needs to be broken.

RG1 QTL was identified while working with 52 recombinant inbred (RI) lines 
(F 7), a randomly sampled subset of a population originally developed to study the 
genetics of resistance to rice blast (Pyricularia oryzae) [16].

2. First generation markers

2.1 Restriction fragment length polymorphism (RFLP)

Rice RFLP maps developed at Cornell University [17, 18] and Japan [19, 20] is the 
basis of gene mapping research. In the 1988 wet season at IRRI, Co39 (maternal), a 
lowland, Indica cultivar developed in India, and Moroberekan, a traditional upland, 
Japonica cultivar originally developed in Guinea. Moroberekan is considered to 
be resistant to drought while Co39 is drought susceptible. About 50 F1 seeds were 
obtained from the cross and only 15 F1 seeds were randomly chosen and grown in a 
greenhouse to obtain an F2 population. About 300 F2 seeds were randomly selected 
and planted in the Rapid Generation Advance (RGA) [21] greenhouse from F2 to F6 
using single seed descent (SSD). All panicles were bagged at each generation and F7 
seeds were used for genotype analysis [16].

DNA was extracted from the leaves of the two parents and digested with restric-
tion enzymes DraI, EcoRI, EcoRV, HindIII and Scal. The digested DNAs were 
electrophoresed on 0.9% agarose gels and transferred to Hybond N+ membranes 
(Amersham Corp., Chicago) according to the manufacturer’s instructions. 280 
DNA clones distributed throughout the 12 chromosomes of rice (184 rice genomic 
clones, coded RG; 62 rice cDNAs, coded Rz; and 28 oat cDNAs, coded CDO) 
were linearized and labeled with 32PdCTP by the random hexamer method [22]. 
Hybridized filters were washed once in 1.5 X SSPE and once in 0.5 X SSPE at 65° for 
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15–20 min. Filters were exposed to X-ray film −80° at with one intensifying screen 
for 1–4 days. 127 informative probes were used for segregation analysis of the RI 
lines using the procedures outlined above. Mapmaker [23] and Map Manager [24] 
were used to establish the RFLP map.

Since the indica × japonica crosses suffer from sterility, distorted segregation, 
etc., [16], breeders chose to work on the accessions of indica or japonica sub-species, 
RFLP was considered laborious over RAPD which gained popularity among 
researchers [25].

2.2 Random amplified polymorphic DNA (RAPD)

Prior to the availability of complete rice genome sequence, RAPD markers were 
useful in developing drought tolerant varieties. It is the simplest, cheaper, sensi-
tive and useful technique for the genotype identification, population and pedigree 
analysis, phylogenetic studies, genetic mapping [26] and analysis of genetic fidelity 
of commercially micropropagated plants [27]. It is simple since it requires less DNA 
and simultaneously doesn’t require southern blotting and radioactive labeling [28]. 
Considering the usage of RAPD in wheat, maize, pea-nut, broccoli and cauliflower, 
RAPD was applied in rice to detect diversity in the low land and upland rice variet-
ies with an aim to identify drought-resistant loci [29] as given below.

Thirteen rice cultivars were grown in a growth chamber at 28°-day temperature, 
25°-night temperature and with an irradiance of 800 μmoles m−2 s−1 for 12 h a day. 
At six leaf stage, leaves were collected and stored in liquid nitrogen and genomic 
DNA was extracted and purified [22]. Forty-two GC-rich 10 bp random primers 
were used as RAPD markers. DNA amplification was done in a PCR (Perkin Elmer 
Cetus) programmed for 45 cycles of1min at 94°C,1 min at 37°C and 2 min at 72°C. 
The reaction conditions include 25 μl total reaction volume having 10 mM Tris-HC1 
(pH 8.3), 50 mM KC1, 2mMMgC12, 50 mM each of dNTP’s, 10 ng of a single 
random primer, 25 ng of genomic DNA and 2 units of Ampli Taq DNA polymerase 
(Perkin Elmer Cetus) and 50 ml of sterilized mineral oil.

At the end of amplification, 10 μl of each amplification mixture was loaded 
in either 1.4% agarose (0.5 to 4 kb) or 5% polyacrylamide (<500 bp) gels for 
electrophoresis in 1 x TBE (89 mM Tris, 89 mM boric acid and 2 mM EDTA). Gels 
were stained with ethidium bromide and photographed under UV light. Pair-wise 
comparisons of genotypes, based on the presence (score 1) or absence (score 2) of 
each marker similarity coefficients were calculated which were used to construct 
UPGMA tree. One-to-twelve DNA amplicons were observed from each genomic 
DNA sample. A total of 260 DNA fragments were amplified and 208 (80%) of these 
showed polymorphisms. Upland cultivars and lowland cultivars were classified 
into two main clusters-japonica and indica with seven (Azucena, Rikuto Norin 
21, Moroberekan, IAC25, IRAT13, OS4, and 63–83) six (BPI-76 NS, IR20, IR36, 
CO39, MGL-2 and Salumpikit) cultivars respectively. Later, they screened 2074 rice 
varieties for drought tolerance where upland varieties were identified with higher 
score for drought tolerance and were recommended for donors for breeding drought 
tolerant varieties as well as for developing molecular markers.

However, like RFLP, RAPD is also disadvantageous due to low polymorphism 
among japonica rice, need for hundreds of markers to locate markers in the QTL 
and absence of RAPD markers for some regions of the chromosomes [30].

2.3 AFLP (amplified fragment length polymorphism)

Restriction enzymes were reported from bacteria. This enzyme identifies foreign 
DNA in bacterial cells based on the target site and generally, cuts the DNA within 
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this site if the site is un-methylated. Eventually, the broken DNA cannot show 
its effect on the host bacterial cell and hence, the natural function of restriction 
enzymes is to restrict the growth of foreign DNA. Restriction enzymes differ in the 
length of their target sites (4–8). It is universally accepted that the probability of 
finding the smaller length of sequence is manifold higher than longer sequences i.e., 
in other words if the length of the target site is less, then, it can be repeated more 
frequently in the DNA. In the above example, a 6-base target is rarer to find than 
the 4-base target site. Adapter /adaptor/linker is a short, chemically synthesized 
(known sequence), single-stranded or double-stranded oligonucleotide that can be 
ligated to the ends of other DNA/RNA molecules to convert them to sticky ends of 
desired sequence.

DNA was isolated from 80 plants of F2 population of the cross 
‘Labelle’ × ‘Black Gora’ [30] and AFLP was conducted [31]. AFLP involves cut-
ting of genomic DNA with two restriction enzymes that need different lengths of 
target sites, a 6-base (or “rare”) cutter (EcoRI) and a 4-base (or “frequent”) cutter 
(MseI), ligating adapters to the fragment ends, amplifying MseI-EcoRI fragments 
with primers that match the adapter and contain additional selective nucleotides 
at the 3′ end and separating the fragments on denaturing polyacrylamide gels. 
EcoRI and MseI adapters, T4 DNA ligase, DTT and water were added to the 
restriction reaction-mixture which was incubated for 3 h at 37°C. Then, pre-
amplification of DNA was done with primers which were labeled subsequently 
with spermidine. The amplicons were separated on 4.5% denaturing (urea) 
polyacrylamide gels for 90 to 120 min at 120 W. The gels were dried and exposed 
to X-ray film for 4–7 days.

Bands showing clear polymorphism were scored as present (“1”) or absent 
(“0”). Genetic similarity was computed as the number of common bands divided 
by the total number of bands of both accessions, and genetic distance was com-
puted as 1 minus this value [32]. These distances were used to construct cluster 
diagrams by UPGMA method (SAS, PROC CLUSTER) [33]. AFLP is cheaper than 
RAPD. AFLP is useful to screen small number of samples with large number of 
markers.

3. Second generation markers

3.1 Inter simple sequence repeats (ISSR)

ISSR markers are well distributed in the eukaryotic genome [34] more feasible 
and reproducible than RAPD [35] highly polymorphic, less expensive and indepen-
dent of sequence information [36]. Polymorphism of 73.02% with RAPD markers 
and 90.91% with ISSR markers was observed between six rice lines [37]. Seventeen 
ISSR primers- (8 based on (AG)8, 8 on (GA)8, and 1 on (GATA)4 were used to screen 
12 cultivars as presented below [38].

Genomic DNA was isolated from freshly harvested young leaves of each cul-
tivar by Mini prep method. ISSR-PCR was conducted and the amplified products 
were resolved in 1.8% agarose gel in the presence of ethidium bromide and were 
documented under ultraviolet light. Polymorphism information content (PIC) was 
calculated based on the presence (score 1) or absence (score 0) of band. Similarity 
scores were calculated and un-weighted pair-group method with arithmetic average 
(UPGMA) dendrogram was generated sub-program of NTSYS-PC software version 
2.0at 1000 bootstrap. The three drought tolerant varieties formed one sub-cluster 
by (GA)8YG primer.
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3.2 Simple sequence repeat (SSR) and SNPs (third generation markers)

Rice crop was recognized with more than 20,000 SSR markers and over one 
million SNPs and Indels, which include both functional and non-functional mark-
ers [39–41]. This has opened up huge opportunities for the use of molecular mark-
ers in diversity analysis, mapping genes/QTLs for various agronomic traits under 
drought, and their use in marker-assisted breeding (MAB) and also in positional 
cloning of QTLs to identify candidate genes for complex traits [42].

The accessibility of complete rice genomic sequence information, rice linkage 
maps, and molecular marker technology has made it possible to dissect complex 
traits into individual quantitative trait loci (QTLs) [43–46]. Linkage mapping, 
association mapping, nested association mapping, marker-aided recurrent 
selection (MARS), and genome-wide selection (GWS) are different approaches 
currently followed for the mapping and introgression of QTLs for drought toler-
ance. There are several sources of genomic variation such as QTL main effects, 
QTL × QTL interactions, and QTL × environment interactions. A thorough under-
standing of this variation is very important before embarking on marker-assisted 
selection (MAS) of drought QTLs. Several major-effect QTLs for grain yield under 
drought have been identified and are being used in marker-assisted breeding/
pyramiding. Courtois et al. [47] identified the meta-QTLs for root traits under 
drought stress. Meta-analysis of 53 grain yield associated QTLs identified from 15 
previous studies bring about in 14 meta-QTLs. In general, rice varieties with deep 
and high-volume root system exhibits better adaptability under drought condi-
tions [48]. Among the root traits, root length, volume, thickness and root growth 
angle (RGA) are playing key role in mitigating drought tolerance [49]. In turn, 
RGA determines the root depth. The deeper and profuse root architecture support 
plants to extract water from deeper soil layers. The three major QTLs governing 
root growth angle (RGA) in rice were reported by Uga et al. [49–51]. Among them, 
DEEPER ROOTING 1 (DRO1) is the significant one and this QTL has been fine 
mapped and the underlying gene, an early auxin responsive factor, has been cloned 
using IR64, a shallow rooted variety and Kinandang Patong (KP), a deeply rooted 
variety. The variation in the DRO1 gene in the major Indian rice genotypes used in 
drought tolerant breeding plans and their association with RGA is reported [52]. So 
far, 675 root QTLs and more than 85 genes related to 29 different root parameters 
have been reported in rice [47]; https://snp-seek.irri.org/). The introduction of 
deep rooting traits in high yielding varieties is a resourceful way of enlightening 
drought tolerance in rice.

4. Tissue culture

Polyethylene glycol (PEG) can decrease moisture in tissues [53] by osmosis 
and eventually reduce callus growth. Manually dehusked brown rice of four rice 
varieties- Pusa Basmati 1, Taraori Basmati, Pant Sugandh Dhan 17 and Narendra 
359were washed with detergent (teepol), washed with sterile distilled water, surface 
sterilized by 70% ethanol followed by 1% sodium hypochlorite and 0.1% mercuric 
chloride and were inoculated on to MS medium [54] having 30% sucrose and 8% 
agar. One month old calli were transferred onto the MS medium having a series 
of concentrations (0 (control), 10, 20, 30, 40, 50, 60 and 70 g/L) of PEG. After 
30-day incubation, healthy calli at 70 g/L PEG were identified as drought tolerant 
and were subjected to shoot and root inductions separately followed by the develop-
ment of plant lets. Loss of moisture content was least in Narendra 359 (2.99%) and 
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highest in Pusa Basmati 1 (20.64%) and it indicates the drought response variation 
among the rice genotypes. Proline content in calli of all varieties increased with the 
increase in PEG concentration [55].

5. Gene expression

Transcriptomic analysis identified stress responsive genes like transcription 
factors, genes encoding for osmolyte production, reactive oxygen species (ROS) 
scavenging and other metabolic pathways etc. which help in developing drought 
tolerant varieties [56, 57]. They are divided into signaling and functional groups 
[58]. Despite many techniques are available for transcriptome studies, micro-chips 
developed from quality rice genome sequence were used to identify the regulating 
reproductive development, hormone signaling and abiotic stress response [59, 60].

Seven-day-old seedlings of Dhagaddeshi (DD) and IR20 cultivars were sub-
jected to drought stress and microarray hybridization of the RNA isolated from 
samples collected after 3 h and 6 h along with that of control seedlings, was car-
ried out as per manufacturer’s instructions (GeneChip® 3’ IVT Express Kit User 
Manual, 2008, Affymetrix). The number of probe sets expressing differentially 
after 3 h stress is almost double for DD (10,901) than IR20 (5,502) in comparison 
with the control. However, this difference was less after 6 h with 8,601 for IR20 
and 11,041 for DD. Despite the initial delay in sensing drought stress by IR20, 
differences in transcript levels were more or less mitigated at the 6 h time point. 
Fructose-bisphosphate aldolase (LOC_Os01g67860), OsVP1 (LOC_Os01g68370), 
auxin response factor 2 (LOC_Os01g70270) showed high expression levels along 
with other conserved genes and those of unknown function in DD. Drought stress is 
known to induce accumulation of osmolytes like proline, glycinebetaine that help in 
the prevention of dehydration in plants. A significant increase in the accumulation 
of free proline was observed in both cultivars as the stress duration progressed [61]. 
The gene expression analysis of DRO1 gene elucidates structural variation and this 
information is very crucial for breeding rice for drought tolerance in future [52].

6. Drought tolerance varieties

Development of tolerant varieties is the strategy chosen across the field crops 
including rice. The following are the list of ways by which drought tolerance variet-
ies were developed (Table 1). Grain yield was used as a trait to develop drought 
tolerant varieties and presently, physiological traits are on focus [62]. Most of the 
characters are influenced by numerous loci termed as Quantitative trait loci (QTL) 
and they have only minor influence on the trait [63–65]. Marker assisted selection 
(MAS) is the integration of molecular genetics with artificial selection.

Conventional breeding involves the art of hybrid cross to develop new and 
improved cultivars. It includes the identification of drought tolerant genetic 
variants followed by introduction of these traits into popular varieties [66]. It was 
accepted among the breeders that the existence of drought tolerance variation in the 
germplasm indicates the presence of stress tolerance genes [67].

However, in conventional breeding programs, only a few parents are involved 
and their use efficiency in rice accessions remains low because of the inefficient 
cross-pedigree breeding method, resulting in a narrow genetic base of the devel-
oped cultivars [68]. In addition, 15 drought tolerant rice landraces were identified 
with stable yield under the drought stress while screening both under net house and 
laboratory evaluation [69].
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7. Recurrent selection (RS)

It involves multiple parents which is an ideal breeding approach to steadily 
improve the level of quantitative traits in a breeding population. RS was first 
applied in cross-pollinated crops, maize [70]. In rice, Virmani et al. [71] showed 
random mating composite population facilitated by IR36ms having recessive genic 
male sterility for the improvement of restorers and maintainers. However, these 
two methods were cumbersome and inefficient. In 2001, a mutant of “Sanming 
Dominant Genic Male Sterile Rice” was found from an F2 population of a cross 
between SE21S and Basmati370 [72]. The male sterility of this mutant was con-
trolled by a dominant gene and it was fine mapped on chromosome 8 [73]. Further, 
by multiple backcrosses, they introduced this dominant male sterile (DMS) allele 
into the genetic background of rice cultivar Jiafuzhan (known as Jiabuyu), which 
was used to develop 12 drought-tolerant lines through RS [74].

8. Marker assisted back crossing

In backcrossing a donor and recurrent parents are used. Donor parent contains 
the gene or QTL of interest and the recurrent parent is mega variety or line that is 
improved by adding the gene or QTL of interest. The donor parent is crossed to the 
recurrent parent. The progeny of this cross is then crossed back to the recurrent 
parent (back cross). The progeny of this cross is selected for the added trait and 

S. No. Varieties Key trait Country

1 Shabhagidhan Possess qDTY12.1 India

2 Birsa Vikas Dhan 111 Root QTL from Azucena India

3 DRR Dhan 42 IR 64 NIL with qDTY4.1 & qDTY2.2 India

4 DRR Dhan 50 Samba Mahsuri sub 1 with qDTY 2.1 & 3.1 India

5 CR Dhan 801 Swarna sub 1 with qDTY 2.1 & 3.1 India

Table 1. 
List of drought tolerant varieties released with drought QTLs through Marker assisted breeding.

S.No. QTL Chr Parentage Reference

1 1 QTL CO39 × Moroberekan Lilley et al. [75]

2 39 QTLs CO39 × Moroberekan Ray et al. [76]

3 39 QTLs - IR64 × Azucena Yadav et al. [77]

4 18 QTLs Azucena × Bala Price et al. [78]

5 17 QTLs Bala × Azucena Price et al. [78]

6 28 QTLs IR58821 × IR52561 Ali et al. [79]

7 QCMS1.1 1 IR62266 × CT9993 Tripathy et al. [80]

8 QCMS3.1 3 IR62266 × CT9993 Tripathy et al. [80]

9 QCMS7.1 7 IR62266 × CT9993 Tripathy et al. [80]

10 QCMS8.1 8 IR62266 × CT9993 Tripathy et al. [80]

11 QCMS8.2 8 IR62266 × CT9993 Tripathy et al. [80]

12 QCMS9.1 9 IR62266 × CT9993 Tripathy et al. [80]

13 QCMS9.2 9 IR62266 × CT9993 Tripathy et al. [80]
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S.No. QTL Chr Parentage Reference

14 QCMS11.1 11 IR62266 × CT9993 Tripathy et al. [80]

15 QCMS12.1 12 IR62266 × CT9993 Tripathy et al. [80]

16 15 QTLs IR64 × Azucena Hemamalini et al. [81]

17 5 QTLs CT9993 × IR62266 Zhang et al. [82]

18 23 QTLs IR1552 × Azucena Zheng et al. [83]

19 qgy3.1 3 CT9993-5-10-1-M × 
IR62266-42-6-2

Lanceras et al. [84]

20 qgy4.3 4 CT9993-5-10-1-M × 
IR62266-42-6-2

Lanceras et al. [84]

21 qGY-2b 2 Zhenshan 97B × IRAT109 Zou et al. [85]

22 qDTY1.1 1 CT9993-5-10-1-M × 
IR62266-42-6-2

Kumar et al. [86]

23 qDTY12.1 12 Way Rarem × Vandana Bernier et al. [87]

24 qGy10 10 Tequing × Lemont Zhao et al. [88]

25 13 QTLs - Azucena × Bala Khowaja, F. S., & Price, A. H. 
[89]

26 7 QTLs - Indica × Azucena Zheng et al. [90]

27 1 QTL Apo/2 × Swarna Venuprasad et al. [91]

28 QDS_9.1 9 IR64 × IR77298-5-6-B-
18(Aday Sel)

BP et al. [92]

29 1 QTL R77298 × Sabitri Yadav et al. [93]

30 qDTY 3.4 3 Danteshwari × Dagaddeshi Verma et al. [94]

31 qPN-6-2 6 Xiaobaijingzi × Kongyu131 Xing et al. [95]

32 qDTY3.1 3 TDK1 × IR55419-04 Dixit et al. [96]

33 qDTY6.1 6 TDK1 × IR55419-04 Dixit et al. [96]

34 qPSS8.1 8 IR64 × IRAT177 Trijatmiko et al. [97]

35 qGPP8.2 8 IR64 × IRAT177 Trijatmiko et al. [97]

36 1 QTL IR64 × Cabacu Trijatmiko et al. [97]

37 QSnp1b Teqing × Lemont Wang et al. [98]

38 QSnp3a Teqing × Lemont Wang et al. [98]

39 QSnp11 Teqing × Lemont Wang et al. [98]

40 QGyp2a Teqing × Lemont Wang et al. [98]

41 QSf8 Teqing × Lemont Wang et al. [98]

42 qDTY3.2 Swarna × WAB Saikumar et al. [99]

43 qPDL1.2 1 Appo × Moroberekan Sellamuthu et al. [100]

44 qHI3 3 Appo × Moroberekan Sellamuthu et al. [100]

45 qDTY2-2 2 MRQ74 cultivar Shamsudin et al. [101]

46 qDTY3-1 3 MRQ74 cultivar Shamsudin et al. [101]

47 qDTY1-3 1 Dular × IR62-21 Catolos et al. [102]

48 qDTY8-1 8 Dular × IR62-21 Catolos et al. [102]

Table 2. 
List of QTLs reported for drought tolerance associated traits in rice.
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again subjected to back cross with the recurrent parent. This process is repeated to 
obtain a line as identical as possible to the recurrent parent with the addition of the 
gene of interest that has been added through breeding.

Among the QTLs for drought stress tolerance (Table 2), qDTY12.1 offers sig-
nificant yield under reproductive-stage drought stress by contributing 51% genetic 
variance [87] and is available in Vandana NIL (near isogenic line). Hence, this QTL 
was introduced into Varalu (WGL 14377× CR-544-1-2) which is a popular variety 
cultivated in upland areas of India by back crossing method (Figure 1) [103].

Later, responsible genomic regions have been identified and are popularly 
known as molecular markers. They were used to develop drought tolerant varieties 
by a process known as marker assisted selection or breeding [66].

Figure 1. 
Back crossing flow chart to introduce drought QTL) (adopted from Balija et al. [103].
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Chapter 4

Heterosis and Heterotic Grouping 
among Tropical Maize Germplasm
Richard Olutayo Akinwale

Abstract

Maize (Zea mays L.) is the most important staple cereal cultivated in sub-Saharan 
Africa but its productivity is considerable low due to several factors. Development 
and deployment of maize hybrids have been reported as one of the crucial options in 
achieving sustainable maize production in sub-Saharan Africa. Information on the 
heterotic response among available genetic materials in a breeding program is valu-
able before commencement of any hybrid development program. Unlike the temper-
ate germplasm, maize tropical germplasm is characterized with wide genetic base and 
genetic complexities and thus, proper organization of the pools, populations, varieties 
and inbreds that can serve as parental materials for hybrid development through 
identification of a distinct heterotic groups and patterns among tropical germplasm 
becomes very essential. This paper reviewed past research efforts at characterizing 
heterotic response among tropical maize genetic materials with a view to point out 
merits and demerits in the methods used and future direction towards achieving 
sustainable hybrid cultivation and enhancing food security in the sub-region.

Keywords: combining ability, gene action, heterotic grouping, hybrids,  
tropical maize

1. Introduction

The term ‘heterosis’, as first introduced by Shull in 1909, was used to describe the 
phenomenon when the mean of any character or characters in a hybrid exceeds the 
mean of its descendants obtained by any system of close inbreeding. Four hypoth-
eses were proposed to explain this; the dominance hypothesis which postulates 
that the increase in vigor after crossing results from the combination of different 
dominant alleles contributed by each parent [1]. The heterozygosis hypothesis attri-
butes the increase in vigor to the existence of loci at which the heterozygous state 
is superior to either homozygotes [2, 3]; the pseudo-overdominance hypothesis 
that attributes the hybrid vigor to the effect of tightly linked genes with favorable 
dominant alleles in repulsion phase in the parental lines resulting in an apparent 
overdominance when combined in the hybrid [4] and epistasis hypothesis which 
explains the increased vigor in the light of the interaction of favorable alleles from 
two parents at different loci that show additive, dominant and/or overdominant 
action [5]. Among these hypotheses, heterozygosis gained prominence. Milborrow 
[6] asserted, from physiology view point, that even though the growth of a plant 
may be limited by the genes that regulate certain metabolic pathway down to a 
lower level than the maximum possible, heterozygous plants may partially escape 
the growth regulation, thereby giving them advantage over the homozygous 
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individuals. Brieger [7] explained that heterosis is easily obtained when the parents 
from which the hybrids are produced are inbreds or purelines and that heterosis 
does not affect the individual plant as a whole, but the expression of each of the 
traits that are heterotic. For instance, characters in maize that are affected by 
heterosis include plant and ear heights, size of leaves, intensity, size and strength 
of root system, amount of pollen shed, number and size of kernels and response to 
biotic and abiotic stresses [7]. Characters such as earliness to maturity, row number 
of the ear, plant and kernel color are not heterotic characters.

Two types of heterosis have been described in literatures. Falconer and 
Mackay [8] defined mid-parent heterosis as the difference between the hybrid 
and the mean of the two parents. They also defined high- or best-parent heterosis 
as the difference between the hybrid mean and the mean of either of the parent. 
Mid-parent heterosis value has been of more importance because it provides the 
basis for the identification of heterotic patterns among a fixed set of popula-
tions/inbred lines [9]. Melani and Carena [10] asserted that the utilization of 
mid-parent values is an effective practical method to identify heterotic responses 
among parents.

A heterotic group has been defined as a collection of germplasm that, when 
crossed with germplasm from an external group, tends to exhibit a higher degree of 
heterosis (on the average) than when crossed with a member of its own group [11]. 
Melchinger and Gumber [12] also defined heterotic group as a collection of related 
or unrelated genotypes from the same or different populations, which display 
similar combining ability and heterotic response when crossed with genotypes from 
other genetically distinct germplasm groups. Heterotic pattern refers to a specific 
pair of two heterotic groups, which express high heterosis and consequently high 
hybrid performance in their cross. Melchinger and Gumbler [12] recommended 
the following criteria for the choice of heterotic pattern in hybrid breeding; (i) 
high mean performance and large genetic variance in the hybrid population; (ii) 
high per se performance and good adaption of the parent population to the target 
regions; and (iii) low inbreeding depression, if hybrids are produced from inbred 
lines. Establishing heterotic pattern is of prime importance in the development of a 
successful maize hybrid program [13].

2. Heterotic grouping methods for maize germplasm.

After establishing significant genetic variability among parental materials 
to use, plant breeders employ several methods for classifying the parents into 
heterotic groups. The methods include morphological traits, pedigree method, 
multivariate technique, genetic methods involving mating designs and the use of 
molecular markers. At advanced stage of breeding, genetic and molecular methods 
are preferred because of their high level of precision since their results are mini-
mally influenced by environmental factors. Among several mating designs in plant 
breeding, three are prominent for classifying parents into heterotic groups. Where 
proven testers exist in a breeding program, a line x tester mating design is embraced 
in which each tester represent a heterotic group. Where there is no proven testers, 
diallel method and North Carolina Design II become better alternatives. In studies 
where such designs are employed, information on heterotic groups as well as identi-
fication of testers are usually the prime objectives. The advent of molecular mark-
ers has offered a less-stressful, faster, smarter and somewhat cheaper alternative 
through the use of genetic distance. Examples of markers for popularly used this 
purpose are Amplified Fragment Length Polymorphism (AFLPs), Simple Sequence 
Repeats (SSRs) and Single Nucleotide Polymorphism (SNPs) markers. The qualities 
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of these markers that make them suitable for this purpose include the following: 
high throughput, they are highly reproducible and they are relatively easy to assay. 
In more recent times, SNPs markers has become the most popular and marker 
technologies include Microarray and DarT and DarTSeq have been developed on the 
basis of SNPs.

3.  Classifying tropical maize germplasm into heterotic groups and 
identifying heterotic pattern

In temperate maize germplasm, distinct heterotic groups and establishing clear 
heterotic patterns such as European flint x US Lancaster, which is commonly used 
in Europe and Reid Yellow Dent x Lancaster extensively exploited in US, China [14, 
15] and many parts of the world ([10, 16]). Paterniani [17] noted that there is lack 
of information on the heterotic response among tropical maize germplasm and that 
might be due to the existence of the large number of races and cultivars that were 
yet to be studied, thus making it difficult to have well-defined heterotic patterns 
in tropical maize. By then, only a few studies have been conducted to establish 
heterotic patterns of the tropical maize germplasm [18]. An earlier study reported 
a combination of Tuxpeno with Eto and other Carribean flints as a promising 
heterotic pattern [19]. The study also established Tuson x Tuxpeno, Cuban flint × 
Tuxpeno, and Suwan 1 x Tuxpeno as promising combinations for hybrid produc-
tion in the tropics. Previous studies on the heterotic pattern using late/intermedi-
ate maturing inbred lines from IITA could not establish clear heterotic patterns 
[20–22].  The reason adduced for the results was that the inbred lines were derived 
from source populations formed by mixing different germplasm without taking 
into consideration the need to maintain heterotic groups intact [22]. Menkir et al.  
[20] recommended a combination of divergent testers with molecular markers as 
a better alternative to classifying tropical maize inbred lines. On this basis, Menkir 
et al. [23] attempted to classify 38 tropical maize inbred lines into heterotic groups 
using two testers (TZMI102 and TZMI 1407) and molecular markers. The testers 
successfully classified 23 out of 38 inbreds into two heterotic groups. The results of 
the classification based on AFLP and SSR markers were found to be largely con-
sistent with each other but the molecular markers classified the same inbreds into 
groups different from those classified by the testers. The authors concluded that the 
line x testers method used was found to be more efficient in classifying the inbreds 
than the molecular markers and recommended that the molecular marker-based 
grouping might at best serve as a basis for designing and carrying out combining 
ability studies in the field for tropical maize germplasm. However with the advent 
of more efficient markers for genetic diversity assessment, the result appears more 
promising.

A similar study by Barata and Carena, [13] in their comparative analysis of 
heterotic grouping of maize inbreds using diallel analysis method and SSR mark-
ers corroborated the above findings and recommended extensive field evaluation 
as being more appropriate in assigning unrelated maize inbred lines into heter-
otic groups.

Breeders at national and international research institutes in sub-Saharan Africa 
have developed thousands of inbred lines over years and several efforts have been 
made to identify defined heterotic groups that can be utilized in the sub-region.

Badu-Apraku et al. (2005) used multivariate techniques to classify 47 inbreds 
based on morphological traits and 4 groups were identified. They however, consid-
ered the grouping to be preliminary since morphological traits can be greatly influ-
enced by environmental factors. Badu-Apraku et al. [24] also selected promising 
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inbred parents based on multiple morphological traits under stress and non-stress 
environments using genotype main effect and genotype by environment interaction 
(GGE) biplot.

Wu et al. [25] classified 27 maize inbreds into four distinct heterotic groups using 
North Carolina Design II. Agbaje et al. [26] used a line x tester method to classify 35 
early maturing yellow endosperm inbred lines into heterotic groups with two testers, 
TZi 4001 and Ku1414 evaluated under Striga-infested and Striga-free conditions at 
Mokwa and Abuja and in Striga-free environment at Ile-Ife, Nigeria. None of the 
inbred lines could be classified into heterotic groups under any of the evaluation envi-
ronments, evidently because the testers were not sufficiently effective to discriminate 
among the inbreds. Furthermore, Badu-Apraku et al. [27] could neither identify 
definite heterotic groups, nor identify ideal testers in a diallel study among nine 
yellow-grained early maize inbreds using the genotype main effect plus genotype-by-
environment interaction (GGE) biplot analysis. The reason they adduced for this was 
the overdominating effect of SCA relative to GCA effects. Nevertheless, distinct tester 
groups were identified. In their study of heterosis and genetic distance among 17 
lowland white-grained tropical maize under drought stress and non-stress conditions 
using diallel and RFLP markers, Betran et al. [28] found that the degree of inbreeding 
of the parental lines could affect their response to stress. They also observed that the 
environment significantly affected the correlations of genetic distance with lower 
values observed under more stressed conditions. They equally opined that optimal 
nonstress environments where grain yield is maximal could be more appropriate to 
measure SCA effects and the predictive value of genetic distance.

Conventionally in quantitative genetics, SCA effects of inbreds have always 
been used to classify genetic materials into heterotic groups. This is based on the 
assumption that SCA of two lines from different heterotic groups is greater than 
those from the same group. However, the reliability of this method is dependent on 
the number of materials investigated and adequate sampling of the genetic back-
ground. Fan et al. (2008) used heterotic group’s Specific and General Combining 
Ability (HSGCA), a combination of SCA and GCA effects, to assign some tropical 
maize inbreds into heterotic groups instead of the traditional method involving 
SCA effects only. This proposition was on the basis that SCA effects were often 
greatly influenced by the interaction between two inbred lines and between hybrids 
and environments, which often times lead to assigning the same inbred line into 
different heterotic groups under different studies (Fan et al., 2008). Results of the 
study showed that HSGCA method was more effective than the use of SCA and 
molecular marker methods in classifying tropical maize germplasm into distinct 
heterotic groups. Akinwale et al. [29] attempted to classify 28 tropical inbred lines 
into heterotic groups using SCA yield, HSGCA and SSR-based molecular markers 
and reported that HSGCA was most efficient. They also reported that classifying 
inbreds based on SCA-yield under non-stress environment was closely related to the 
groups established by SSR markers.

Because yield is a complex trait and possesses low heritability, improvement 
progress based on direct selection is usually very slow. Most of the methods used 
for heterotic grouping are based on single trait, yield. Therefore, Badu-Apraku 
et al. [30] devise another method, heterotic groups based on General Combining 
Ability of Multiple Traits (HGCAMT), which integrate general combining ability 
effects of multiple traits especially where additive gene effects are predominant 
over non-additive effects for such traits. Comparing the HGCAMT method with 
other grouping methods, it was reported that results obtained were consistent with 
those of HSGCA, yield-SCA and SNP marker-based genetic distance under stress 
environment and even more effective than other methods across multiple stress 
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environments [31, 32]. Badu-Apraku and Akinwale [33] in another line by tester 
study among 63 lines by 4 testers using GGE biplot concluded that the GGE biplot 
method was efficient in classifying the inbreds.

It should be noted that heterotic grouping of tropical maize germplasm is 
greatly influenced by factors. The amount of genetic diversity among parental 
lines evaluated is a major factor. Badu-Apraku et al. [27] reported in a diallel 
study among nine yellow maize inbreds that the genetic diversity was small 
and therefore distinct heterotic groups could not be identified. The inbreds 
could only be classified into tester groups. In another similar study with white 
inbreds, significant genetic diversity was recorded and two clear heterotic 
groups were identified among a set of 9 inbreds [34]. Another important factor 
affecting heterotic grouping is the type of gene action preponderant in the 
set of parents under study. Heterotic groups are clearly identified when both 
additive and non-additive gene action are significant and there is preponderant 
of additive gene action over non-additive gene action [31, 32, 35]. In any study 
where these conditions are not met, distinct heterotic groups cannot be identi-
fied. The third factor that affects heterotic grouping among tropical germplasm 
is the type of mating design and heterotic grouping method used in the study. 
Heterotic grouping are conventionally based on combining ability effects, 
which are obtained from different mating designs employed in various genetic 
studies. It should be noted that among all mating designs, cross classification/
factorial mating designs are the only type of design that are useful for heterotic 
grouping combining ability effects of the parents and hybrids can only be esti-
mated using this type of mating designs. Examples of these designs are diallel, 
North Carolina Design II and line x tester design. Among these designs, diallel 
mating design has proved to be the most valuable design and most popularly 
used especially when evaluating a sizable number of parents for the purpose of 
heterotic grouping and identification of testers ([29]: [27, 34]). North Carolina 
design II added the advantage of being able to classify more parents more 
efficiently. Based on the type of combining ability effect used in the classifica-
tion, three grouping methods are commonly used; yield’s specific combining 
ability effects (SCA) [20], heterotic group’s general and specific combining 
ability effects (GCA + SCA) [36] and heterotic group’s general combining abil-
ity effects of multiple traits (HGCAMT) [30]. Each of these grouping methods 
gives different heterotic groups and the efficiency of these methods differ 
depending on the mode of gene action prevalent for the trait(s) under study. 
For instance, the use of HGCAMT (which is predominantly based on additive 
gene action for classification) is grossly inappropriate where non-additive gene 
action is prevalent. The fourth factor affecting heterotic grouping is the envi-
ronmental complexes including environmental stresses such as drought, striga 
infestation, insect infestation, and low soil N, which characterize production 
environment in the sub-Saharan Africa. Different groups, in terms of number 
of groups and constitution of each group, are created among the same set of 
parents but under different research environments ([29]: [31, 32, 35]: [33]). 
These factors and their interaction are very important in grouping tropical 
maize germplasm and to establish a clear heterotic pattern with broad applica-
tion to tropical germplasm, which in turn will greatly facilitate development 
and deployment of superior maize hybrid in the sub-region. It is therefore 
recommended that research efforts should be intensified to study these factors 
and how some of them interact in order to decipher the genetic complexities 
and environmental complexes that characterize maize production and produc-
tivity in sub-Saharan Africa.
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Chapter 5

Physiological, Ecological and 
Genetic Interactions of Rice with 
Harmful Microbes
Yulin Jia and Melissa H. Jia

Abstract

Rice is one of the most important food crops for mankind and suffers significant 
crop loss annually due to rice diseases. Availability of genome sequences of rice 
has served as a springboard to utilize its innate immunity to prevent rice diseases. 
Knowledge on interactions of rice and rice pathogens has rapidly accumulated. 
Effective resistance genes have been identified from cultivated, weedy species of 
rice, and wild rice relatives and their roles in plant innate immunity have been 
uncovered. Presently, rice diseases are being managed using host resistance genes 
and pesticides in diverse culture systems around the globe. This chapter presents a 
simple review of interactions of rice with harmful microbes causing the two major 
damaging diseases, rice blast and sheath blight. The review is written to target new 
readers in life sciences. Knowledge and critical literatures on physiological, genetic, 
and ecological aspects of host-pathogen interactions are presented to gain insights 
leading to sustainable disease management systems.

Keywords: rice, disease, resistance genes, innate immunity, crop protection

1. Introduction

Rice originated 130 million years ago to become the annual cereal crop that 
provides 20% of the essential calories needed to feed more than one-half of the 
world population [1]. Major producing countries of rice are China and India; most 
of the rice produced by both countries is domestically consumed. In the USA, rice 
has been under cultivation for over three hundred years; however, today less than 
2 percent of world rice is being produced in the USA. The rice crop in the USA is 
known for its high rough rice yield, and excellent milling and cooking quality that 
occupies the top 10 in the international marketplace. The earliest rice seeds were 
discovered over 7,700 years ago in the Hangzhou area, eastern China [2] establish-
ing China as the first ancient civilized country to grow rice. The domestication and 
agronomic improvement of rice began with the exploitation of wild rice and land 
race varieties during ancient times. Since then, the primary breeding objective 
has been to increase the yield potential to meet the rapidly increasing demands of 
human consumption. In the 1950s, the semi-dwarf gene sd1 was discovered and 
used to develop semi-dwarf varieties with high grain yield but without lodging. 
The rapid utilization of this technology began the green revolution in rice. In 1960, 
the principles and techniques of hybrid production developed by American corn 
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breeders were adapted for hybrid rice breeding in China [3]. During the 1970s, 
indica types of hybrid rice were rapidly deployed in major rice producing areas and, 
currently, hybrid rice is more than 50% of the rice production in China. Hybrid rice 
production has expanded to other countries and in 2020, occupied approximately 
35% of US rice acreage. Globally rice crops have been well protected against dis-
eases; however, throughout this intense agronomic selection for yield enhancing 
genes, the corresponding genetic diversity needed for effective rice disease control 
has decreased [4]. Increasing yield through hybrid rice is one way to increase the 
total rice production. However, rapid extension of hybrid rice worldwide will 
present a new challenge for the control of rice diseases such as rice blast and sheath 
blight diseases since limited germplasm can be used for hybrid seed production. An 
insignificant race of the southern leaf blight fungus Bipolar maydis under favorable 
conditions resulted in 6 billion crop loss when maize hybrids with cytoplasm (cms-
T) were heavily deployed in the southern USA (for example, [5]). Understanding 
mechanisms of interactions of rice with harmful microbes are therefore critical for 
food security.

Most diseases of rice are caused by harmful fungi such as blast disease caused 
by [Magnaporthe oryzae (anamorph: Pyriculara oryzae)], sheath blight [Rhizoctonia 
solani (telomorph: Thanatephorus cucumeris)], brown spot [Cochliobolus miyabeanus 
(anamorph: Bipolaris oryzae)], false smut (Ustilaginoidea virens), kernel smut [Tilletia 
barclayana (Neovossia horrida)], Narrow brown leaf spot [Cercospora janseana 
(telomorph: Sphaerulina oryzina)], crown sheath rot (Gaeumannomyces graminis 
var. graminis), downy mildew (Phytophthora macrospora), aggregate sheath spot 
[Rhizoctonia oryzae-sativae (Sawada) Mordue and R. oryzae Ryker & Gooch)], eyespot 
[Drechslera gigantea (Heald et Wolf) S. Ito], leaf smut (Entyloma oryzae), leaf scald 
(Microdochium oryzae), seedling blight (Pythium, Fusarium, Diplodia, Rhizoctonia, 
and Penicillium spp), stem rot (Phytophthora sojae), bakanae [Fusarium moniliforme 
(syn. F. verticilloides), teleomorph: Gibberella fujikuroi (syn. Gibberella moniformis)], 
respectively. The next most common diseases are caused by harmful bacteria such 
as leaf blight caused by Xanthomonas oryzae pv. oryzae (X. campestris pv. oryzae), 
bacterial panicle blight [Burkholderia glumae and Burkholderia gladioli (Severin)], 
bacterial leaf streak (Xanthomonas oryzae pv. Oryzicola), bacterial foot rot (Dickeya 
zeae); sheath brown rot (Pseudomonas fuscovaginae), bakanae [Fusarium moniliforme 
(syn. F. verticilloides), teleomorph: Gibberella fujikuroi (syn. Gibberella moniformis)], 
respectively [6].

Any of the above mentioned rice diseases can result in severe yield loss when ideal 
circumstances favor disease infection and development. Among them, blast is the 
most devastating rice disease worldwide [6–8]. Disease symptoms of blast are more 
pronounced on rice under high nitrogen based nutrients and drought stress condi-
tions, and often seen on rice plants grown on levees and the edges of rice paddies. 
Blast disease annually significantly reduces the crop in upland and often in flood 
irrigated rice production as well. Three notable crop damages are 1) the widespread 
destruction of the cultivar ‘Newbonnet’ in 1980s in the US; 2) 45% of rice affected by 
blast in 1993 in Japan; and 3) blast disease caused significant damage in 106 million 
hectares from 1982 to 2005 in China [9, 10]. Presently, occurrence and severity of 
blast are becoming more widespread in the Southern US and California. Sheath 
blight causes damage on all rice cultivars, especially on semidwarfs [11]. Sheath blight 
disease is the second most damaging disease after blast worldwide. Sheath blight was 
considered a minor disease for many years but has become more destructive under 
intensified high input production systems. The damage due to sheath blight was 
estimated to be from 20–42% in a simulation study [12] and 50% of crop loss under 
favorable conditions in the USA [13]. To date, sheath blight reduces the crop more 
than that of rice blast in the USA.
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Understanding impacts of rice exposed to the above mentioned harmful 
microbes under changing climates is a never ending challenge. Rapidly evolving 
technologies such as genome sequencing, computational biology and genome edit-
ing methods have been used to study how nucleotide sequence changes influence 
the outcomes of host-pathogen interactions. The aim of this chapter is to update 
the complex interactions between rice plants with the harmful microbes causing 
diseases. Emphasis is placed on some aspects of the physiological, ecological, and 
genetic interactions between the rice plant and harmful pathogens such as rice blast 
(M. oryzae) and sheath blight (R. solani).

2. Physiological responses of rice plants to pathogens

Rice plants have cuticles, silica and cell walls that often serve as the first passive 
defense to contain pathogens [14–16]. Subsequent failed active resistance leads 
to visible pathogen damages. For rice blast disease, typically a diamond shaped 
symptom on the leaf is called leaf blast, and dark brown on the neck as panicle 
blast, respectively (Figure 1). Both leaf and panicle blast can result in significant 
yield reduction.

When they encounter rice plants, asexual spores of blast fungus, M. oryzae 
germinate and initiate their life cycle by penetrating the cells with infection pegs 
from tightly adhered swollen hyphal tips with the highest biological turgor pres-
sures known for a biological organism [17]. During penetration M. oryzae absorbs 
nutrients by producing cutinases to degrade cutin in the cuticle and pectolytic 
enzymes. M. oryae secretes heat labile molecules such as endo ß-1,4-D-xylanase to 
solubilize rice cell wall fragments to kill cells [18, 19]. After penetration M. oryzae 
develops invasive hyphae that are in direct contact with the membrane of the live 
cells. Soon after that within approximately 48 hrs M. oryzae colonizes the host 
tissues and releases asexual spores at the end of invasion [20, 21]. M. oryzae is thus 
classified as a hemibiotrophic pathogen.

Figure 1. 
Typical symptoms of rice blast disease. A. Leaf blast disease after an artificial inoculation under greenhouse 
conditions at USDA ARS Dale Bumpers National Rice Research Center, Arkansas, USA, and B. Panicle blast 
disease in a rice field under natural infections in Puerto Rico (photograph credit: Miss Adriana Rivera).
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Sheath blight disease can be found on young rice seedlings but usually does 
not begin vertical development until the plant is at the reproductive growth stage. 
Typical symptoms are found on the lower leaf sheaths of rice plants at late tillering 
or the booting stage (Figure 2). The sheath blight disease at flag leaf often results in 
significant yield reduction.

Sheath blight lesions appear as circular, or ellipsoid, green-gray, water-soaked 
spots at about 1–3 cm long. As a lesion develops it can enlarge to 2 cm in width and 
3–10 cm in length and becomes bleached with an irregular purple-brown border at 
the center [13]. The fungus R. solani grows on the surface of the leaf sheath upward 
and produces new side branches approximately at 45- and 90-degree angles 5–6 mm 
from the growing tips of mycelia. The continued growing of side branches results 
in the formation of an infection cushion that is attached to the epidermis often with 
mucilage like materials. Penetration peg is then formed from the flattened cells at 
the base of the cushion. The penetration peg then penetrates the inner epidermal 
cells to obtain nutrients from the inner and later the outer epidermal cells of the leaf 
sheath. Within approximately, 48 hrs after inoculation new infection hyphae is pro-
duced in an epidermal cell lumen [22, 23]. During infection R. solani also produces 
toxin [24]. Such toxins are called host specific toxins and are pathogenicity factors 
[25]. Toxins are known to be toxic to plants by inhibiting host defense responses.

3. Ecological interactions of rice plants with pathogens

The three major factors necessary for disease to occur in plants: 1) A pathogen 
that can cause disease, 2) a host plant that is susceptible to a pathogen, and 3) an 
environment that favors the pathogen infection. The environment includes tem-
perature, humidity, light intensity, surrounding areas, and/or human intervention. 
These three-factors referred as the disease triangle contribute to the severity of 
disease. After diseases occur plant pathogens are typically disseminated within 
the same field and are often transmitted by wind and/or insects to fields far away 
from the diseased plants. In nature, rice pathogens find rice and survive with 
and/or without rice after their infection and amplification [26]. In the tropics the 
climates are relatively warm year round. Hence, overwintering is not an issue for 

Figure 2. 
Typical sheath blight disease on sheath and leaves in a rice cultivar at the booting stage in Stuttgart, 
Arkansas, USA.
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M. oryzae. The overwintered conidia and mycelia on alternative hosts and/or rice 
often serve as a source of primary infection in the disease cycle. M. oryzae species is 
a pathogen of over 50 grass species including crops such as wheat (Tritium aestivum 
L. [27]), Barley (Hordeum vulgare L. [28]) and finger millet (Eleusine coracana; L. 
[29]). However, each isolate of M. oryzae is often limited to attack a small group of 
grass species [29]. The causal agent for blast disease in one group of grass species is 
often different from similar groups that attack other grass species. Cross infections 
between the species observed under controlled conditions suggest that grass weeds, 
Rottboellia exaltata, Echinochloa colona, Leersia hexandra and Alopecurus carolinianus 
could be alternative hosts for M. oryzae [30, 31].

Even though M. oryzae is not a good competitor among saprophytes, rice seeds 
and diseased rice residues are considered as the primary sources of M. oryzae [32, 
33]. Infectious M. oryzae were purified from foundation, certified and grower 
seeds in Arkansas (for example, [32]). The spores of M. oryzae produced by the 
contaminated rice seeds infected seedlings from 2 to 4 leaf stages [33]. The infected 
seedlings are then served as an inoculum for nearby healthy plants that develop 
blast symptoms later. Often M. oryzae infection from booting to flowering/imma-
ture panicle results in M. orzyae contaminated rice seeds. Diseased residues are 
considered as another primary source of inocula [34]. Infected rice residues up to 
18 months from surface mulch were the sources of M. oryzae that caused leaf blast 
under field conditions (for example, [34]).

R. solani infecting rice belongs to an anamosis subgroup (AG)1-IA [35]. This 
type of pathogen typically lives on dead tissues, and often changes hosts during 
alternative growing seasons. Infection of R. solani usually begins from sclerotia 
and mycelia on debris from previous crops in the soil. Sclerotia usually accumulate 
around rice plants at the water and plant interface. Once sclerotia germinate, they 
develop mycelia that grow upward on rice plants. Depending upon humidity and 
moisture conditions, disease development is rapid at early booting to heading 
and grain-filling stages [36]. Infections often occur near the waterline after the 
establishment of permanent flood. Lesions on the upper parts of rice plants can be 
developed to the entire leaves and leaf sheaths (Figure 2). Lesions with mycelia on 
rice plants change from white or gray with brown borders to brown where sclerotia 
are loosely attached. At maturity, sclerotia are separated from rice plants for over-
wintering in soil. Under favorable conditions such as high humidity (≥95%) and 
temperature (28–32°C), R. solani spreads rapidly to upper rice plants including rice 
leaves, grains, and to adjacent plants [13]. R. solani causing sheath blight diseases 
is a broad host pathogen which has multiple anamosis subgroups that specialize on 
several plant species causing other plant diseases [37].

4. Genetic interactions of rice plants with pathogens

Blast pathogen M. oryzae is known to reproduce asexually under field conditions 
and it has been a challenge to perform sexual crosses under laboratory conditions. 
The genome sequences of 50 isolates from different times and places showed that 
they belong to six lineages including isolates from two pandemics on japonica 
and indica rice [38]. The de novo DNA sequences also revealed that these lineages 
diverged about a millennium ago. Genome sequences of one lineage uncovered 
evidences of sexual transmission and alleles from multiple lineages. In the USA over 
the past 6 decades M. oryzae races have become more diverse and virulent [39, 40].

Genetic interaction of rice with M. oryzae follows the gene for gene theory where 
a resistance (R) gene is effective in preventing pathogen M. oryzae strains that 
contain the corresponding aviruelnce (AVR) gene [41, 42]. Presently, 40 AVR genes 
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have been identified, 11 of which have been cloned. AVR genes in M. oryzae are 
random secreted molecules predicted to play important roles in pathogenicity and 
fitness [43]. Rice R genes are mutable that may generate more R genes. R gene poly-
morphism is thus a significant source of complexity of the interactions of rice with 
different rice pathogens [44, 45]. Most R genes in rice are members of a small gene 

Figure 3. 
Physiological characterization of rice sheath blight fungus Rhizoctonia solani. A. hyphal growth on potato 
dextrose agar of each hyphae from indicated isolates, and B. different morphologies of sclerotia of indicated 
isolates in a.

Figure 4. 
Molecular characterization of rice sheath blight fungus Rhizoctonia solani. A to C describing region and 
phylogenetic relations (http://www.ncbi.nlm.nih.gov/nuccore, genbank accession numbers, AY185104 to 
AY185115 of 14 isolates from indicated counties in Arkansas).
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family and are predicted to encode cytoplasmic NLR proteins with nucleotide bind-
ing site (NBS) and leucine rich repeats (LRR) [45, 46]. The rice genome (430 Mb) 
has 480 such NBS-LRR genes that can be the sources of R genes to different rice 
pathogens [47, 48].

Details on the genetic interaction of rice with R. solani has lagged far behind 
that of with M. oryzae. A major R gene to R. solani has not been discovered yet. 
Minor R genes such as qSHB9–2 in rice cultivar Jasmine 85 have been identified 
[49, 50]. Further genetic and functional analyses suggest that the ABC trans-
porter genes involved in rapid nutrient transportation is responsible for 25% 
of genetic resistance [51]. R. solani (AG)1-IA contains heterogenic multinuclei, 
and complete genome sequence of R. solani (AG)1-IA has been difficult due to 
the challenges on genome assembly [52]. Differences in morphology, speed of 
hyphal growth have been noticed and some isolates do display less aggressiveness 
(Figure 3).

These isolates have been recommended for controlled inoculations and genome 
sequencing [35]. The length of ribosomal DNA internal transcribed spacer (rDNA-
ITS) can distinguish subspecies of R. solani from R. oryzae and R. oryzae-sativae 
[53], minor variation of DNA sequence, hyphal growth on potato dextrose agar and 
morphology of sclerotia can be seen among the isolates collected. All isolates tested 
so far in the USA were clustered into one clade, (Figure 4) [35, 54].

5. Remarkable features of rice plant innate immunity

Like other plants, rice cannot move to escape from pathogen attack and must 
evolve an efficient defense system [55]. The plant passive defense system is often 
initiated by cell wall, and cuticles by releasing pathogen associated molecular 
patterns (PAMPs, [56]). After sensing these PAMPs plants activate a variety of 
early defense responses including stomatal closure, transcriptional reprogramming 
responses and callose deposition that is called pattern-triggered immunity (PTI) 
[57]. More active defense response is often elicited by NLR R gene products. Upon 
the detection of pathogen AVR gene products NLR proteins reorganize and trans-
duce defense signaling often resulting in programed host cell death that is called 
elicitor triggered immunity (ETI) [58]. Exactly how PTI and ETI lead to effective 
resistance response is still largely unclear (Figure 5A).

R genes are also known to be under fast evolution diversification [58] and have 
also evolved efficient methods to detect the unstable products of AVR genes in 
M. oryzae. A single amino acid of each of major blast R genes, Pi-36, Pi-d2, and 
Pi-ta has been found to determine its efficacy of resistance (for example, [59–61]) 
(Figure 5B). Pi-d2 is a single copy gene encoding a predicted novel B-lectin recep-
tor kinase with an extracellular domain of a bulb-type mannose specific binding 
lectin (B-lectin) and an intracellular serine–threonine kinase domain. A single 
amino acid difference at position 441 Isoleucine to Methionine (R to S) of Pi-d2 
distinguishes resistant from susceptible allele. Pi-d2 was localized in plasma 
membrane [60]. Pi-36 is a single copy gene encoding an NBS-LRR protein. A 
single amino acid at the position 590 Aspartic acid to Serine (R to S) was found to 
associate with the resistance phenotype [61]. Pi-ta encodes an NLR protein with 
imperfect LRR [59]. Surveys in rice germplasm have identified only one Pi-ta allele 
conferring resistance and thirteen pi-ta alleles conferring susceptibility [62–68]. In 
most cases, a single nucleotide substitution results in a functional polymorphism 
distinguishing between resistance and susceptibility [59, 67, 68]. All resistant Pi-ta 
proteins have alanine at position 918 and all susceptible pi-ta proteins have serine at 
 position 918 [62, 65].
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Another efficient method of plant innate immunity is a plausible failsafe 
mechanism. R genes and helper genes in plant immunity are often found in a short 
physical interval that can be easily passed on to the next generation (Figure 5C). 

Figure 5. 
Diagram shows two significant mechanisms of blast R genes. A. Showing effective resistance is a result of 
pathogen/microbe-associated molecular pattern triggered immunity (PTI) and effector triggered immunity 
(ETI) mediated by R protein. B. Showing three blast R proteins with a single amino acid determining 
recognition specificities. Single letter code was used. C. Showing the location and resistance spectra of blast 
R genes Pi-ta and Ptr near the centromere of rice chromosome 12. This genomic region has been transferred 
as a linkage block into diverse rice germplasm due to suppressed recombination. Rice varieties with Pi-ta are 
resistant to the blast races IB49 and IC17 and with Ptr are resistant to the blast races IB49, IC17, IA45, IB45, 
IB54, IH1, IG1, and IE1. Graphics were not drawn in proportion.
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Rice varieties with Pi-ta is resistant to the blast races IB49 and IC17 [63]. Pi-ta 
was predicted to require another gene Ptr to be more effective [69]. The Ptr gene 
referred as Pi-ta2 is 210 kb from Pi-ta on chromosome 12 [70, 71]. The Ptr gene 
was identified using a genetic screen of a mutant population created by fast neu-
trons and was cloned using map-based cloning approach and resistant function 
was validated by CRISPR-CAS 9 [70–72]. Ptr is a broader-spectrum blast R gene 
independent to Pi-ta predicted to encode a protein with 4 armadillo repeats [70]. 
Rice varieties with Ptr are resistant the blast races IB49, IC17, IA45, IB45, IB54, 
IH1, IG1 and IE1. Resistance spectra of both Pi-ta and Ptr were overlapped for both 
races IB49 and IC17. Rice genes with armadillo repeats are known to be involved in 
a wide range of biological functions suggesting that the Ptr gene in rice is a failsafe 
for disease resistance [73]. It remains to be determined the role of Pi39 (t)/Pi42(t) 
(LOC_Os12g1837412), 12 kb from Pi-ta and 198 kb from Ptr [74, 75] in blast resis-
tance [76]. Resulting knowledge can aid in blast resistant breeding.

6. Genetic improvement of rice for enhanced resistance

Disease resistance has been one of the major breeding strategies in rice breeding 
programs worldwide. Continued investigation of the mechanism of plant innate 
immunity can accelerate disease resistant breeding efforts (Figure 6).

A donor or several donors for R genes are used for crossing or triple crossing, 
either resistant progeny are selected for further evaluation or these F2 are advanced 
2 to 3 generations and then evaluated for their disease reactions. Early breeding 
involved the use of field conditions to evaluate the disease reactions of landrace 
varieties or breeding lines. More recently, rice breeding lines and other germplasm 
are evaluated for disease reactions under greenhouse conditions for both blast 
[77, 78] and sheath blight [79]. In many countries evaluations of disease reaction 
are conducted under field conditions because there often exist conducive envi-
ronmental conditions (for example, in Colombia, [80]). However, it is difficult to 
determine if observed resistance is due to any particular R gene due to overlapped 
resistance such as Pi-ta and Ptr for blast races IB49 and IC17. Marker assisted 
selection (MAS) uses genetic markers that are linked to the R genes or derived from 
portions of R genes [81]. This allows the DNA of progeny to be rapidly examined 

Figure 6. 
Understanding interplays of pattern-triggered immunity (PTI) and elicitor triggered immunity (ETI) in 
activating robust defense gene expression results in a short term benefit - breeding for disease resistance using 
marker assisted selection (MAS) approach and a long term benefit- engineering durable effective resistance 
using genome editing.
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for the presence of R genes without growing the plants to observe their reaction to 
pathogens. Breeders can monitor these tagged R genes during crossing, selection 
and incorporation [82–86]. MAS is a promising technology for increasing precision 
of selection for R genes and increasing speed of breeding for resistance.

One bottleneck for the use of MAS in classical breeding is the limitation of 
the number of markers that can be used to accurately tag resistance in any given 
breeding line because genetic backgrounds of breeding lines are relatively uniform 
in comparison with most markers developed using diverse genetic crosses of indica 
with japonica. Thus, the improvements of published markers are needed using local 
breeding lines. Gene specific DNA markers for Pi-ta and Pi-b and SSR markers for 
Pikm/Piks and Piz were developed based on genomic differences of local breeding 
lines, and are effective for MAS in the USA [85–88]. Both Pi-ta and Pi-b markers 
have also been adapted for blast resistant breeding programs worldwide. Another 
limitation for MAS is that increased numbers of markers may create a situation 
in which the segregating population would need to be large enough to ensure the 
incorporation of all R genes to reach the durability of resistance to the pathogens 
in addition to other breeding objectives. Finally, there often exist linkage blocks 
where disease resistance genes co-locate with inferior genes involved in quality and 
productivity [89, 90].

Genetic engineering is a tool that can overcome the above mentioned limitations 
of classical plant breeding with MAS. This approach will eliminate the inferior 
genes due to the linkage block in the final products. Any gene should be able to 
function in any other organism if genetic components for its expression are intact. 
Genes can be available from any organism, not just from a plant of the same species, 
as is the case with classical plant breeding with MAS. After genes are added to a 
genome, their copy numbers, location and their expression may be controlled by 
other genes. The common method is to insert a new gene into a plant using the 
natural genetic engineer, bacterium Agrobacterium tumefaciens [91]. The plants 
are regenerated from a single cell because each cell of the engineered plant must 
contain the new gene. Another method is biolistic transformation using the “gene 
gun”, which bombards protoplasts with metal particles coated with the foreign 
genes [92]. The gene gun is much less efficient than the Ti plasmid for gene transfer 
because of multiple copy integrations. In rice, genetic engineering has been dem-
onstrated to improve resistance to sheath blight and blast in various laboratories 
worldwide [60, 93]. One obvious advantage of genetic engineering is that genes 
from other organisms might give plants defenses that it never had before. The 
isoflavone synthase gene is not available in rice and was transferred from soybean 
into rice conferring an enhanced blast resistance (for example, [94]). Transgenic 
rice expressing these transgenes can be used to cross with the recurrent parent to 
produce cisgenic products without marker genes [95]. Each of cloned major R genes 
can be introduced into each susceptible advanced breeding line at the same time to 
develop improved resistance in as many breeding lines as possible.

7. Promises and challenges of rice crop protection

The most environmentally benign method for human intervention is using host 
R genes integrated with cultural management practices. General effective strategies 
to protect rice crop are prevention of introduction of pathogen; removal of estab-
lished pathogen from infected rice plants; prevention of pathogen from infecting 
susceptible plants by growing rice under unfavorable climate for pathogen; broad-
ening genetic basis; introduction of R genes with overlapping resistance spectra. As 
we better understand exactly how pathogenesis occurs, we can try to interfere with 
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how pathogens find their hosts or inactivate important pathogen enzymes or toxins. 
Major R genes are not available to control rice sheath blight, however, sheath blight 
tolerant cultivars with suitable architecture and plant growth can reduce yield losses 
[96]. In the absence of R genes, fungicides are often used. The reduction in disease 
progress can be achieved when rice fields are treated with efficacious fungicides at 
the proper growth stage. A simulation study shows $43 million increase through 
sheath blight resistant rice production that is enough to feed 1.7 million people in 
the Mid-south [97].

Presently there still exist at least six major challenges for rice crop protection 
(Figure 7). 1). The intense demand for yield and quality decreases the genetic 
diversity of cultivated rice needed for basal defenses, such as expansion of hybrid 
rice that have put rice at a genetic disadvantage relative to the genetic changes of the 
pathogen. 2). Only limited R genes can be deployed locally for preventing diseases 
due to clonal amplification of the pathogen populations. 3). Pathogen populations 
can change through time and pathogen genotypes can interact with specific host 
genotypes leading to the “breakdown” of resistance within very short periods 
of time and the pathogen can adapt to new environments by rapid alteration of 
the AVR genes to create virulent races of the pathogen [98]. 4). Introduction of 
unwanted exotic pathogens into rice production areas through seeds. 5). Decreased 
water supply would increase the incidence and severity of blast disease, and 6) 
increased global warming not only reduces water supply but also is more dangerous 
if increased temperature and CO2 concentration create favorable environment for 
disease and weeds which can be potential sources of alternative hosts.

8. Future perspectives

In the future, the technique of genetic engineering should become easy and 
inexpensive to use, and social and economic concerns of Genetic Modified 
Organism (GMO) will be resolved. Genetic engineering of resistance will certainly 
enhance our capacity to prevent the crop loss due to diseases. Designing rice plants 
with novel resistance to a wide range of pathogens will be possible using genome 
editing mediated by CRISPR-Cas system [99]. At the present time, no commercial 

Figure 7. 
Major challenges of crop protection imposed by host-pathogen and environment.
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GMO rice variety is available, but genome editing is expected to become the 
breeder’s choice since many improved susceptible advanced breeding lines can be 
engineered with R genes in a relatively short time. It is important to monitor if new 
pathogen genotypes have been introduced into a region and at what frequencies 
certain pathogen genotypes change over time. On site information of the structure 
of pathogen populations is useful for the development and implementation of 
effective disease control strategies, and also provides insights into the evolution of 
pathogen populations in response to challenges imposed by host R genes. Therefore, 
the study of co-evolutionary mechanisms controlling the interaction of rice and 
pathogens should allow the application of these discoveries to the construction of 
more resistant plants. Novel approaches applied to study interactions of rice with 
R. solani has also begun to generate useful knowledge that will lead to the develop-
ment of improved rice lines through genetic engineering and MAS. New germplasm 
including weedy species of rice and their adaptive mechanism of resistance will 
be identified or developed that will be used by rice breeders to incorporate novel 
sources of resistance into new cultivars [100–102]. Genetic mutants, mutant and 
mapping populations are available for uncovering important genes to control 
major rice diseases using methods of forward and reverse genetics [101–104]. 
More user friendly molecular markers will be identified to accelerate the develop-
ment of improved rice cultivars through MAS worldwide and more robust R genes 
will be characterized for their deployment either using genetic engineering or 
MAS. Finally, the development of improved crop management programs to allow 
increased crop genetic heterogeneity can also be a solution to reduce crop damages 
due to rice diseases [105].
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Abstract

Agricultural land and resources reduced annually because of climate change thus
it is necessary to further increase the productivity of the major staple food rice to
sustain food security worldwide. However, rice productivity enhancement is one of
the key challenges in abiotic stress-prone environments. The integration of cutting-
edge breeding approaches and research management methods in the current varie-
tal improvement pipelines can make a step-change towards varietal improvement
for the abiotic stress-prone environments. Proper implementation of breeder’s
equations in the crop improvement pipeline can deliver a higher rate of genetic
gain. Single Seed Descent based Rapid Generation Advance (RGA) technique in
field and greenhouse is the most promising innovations and low-cost, high-
throughput marker-assisted selection approaches are applied for rapid and efficient
selection for abiotic stress-tolerances. Also improving efficiency, intensity, and
accuracy of selection and reducing breeding cycle time through holistic rice breed-
ing that can play an important role in developing climate-smart abiotic stress-
tolerant rice for target environments. This information can use as the future
direction for rice breeders and other researchers.

Keywords: abiotic-stress tolerance, high-night temperature (HNT), holistic rice
breeding, QTL, gene, product profile, rice

1. Introduction

Rice is the major staple food for more than half of the world population that
supplies 30–50% daily calorie intake. Rice security is synonymous with food secu-
rity in Bangladesh. If rice production hampers because of different abiotic stresses
then food security also become vulnerable. Abiotic stresses such as salinity,
drought, flood, high-night temperature (HNT), and heat/high-temperature
increase enormous challenges that limit agricultural production and food security.
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Coastal agriculture faces these challenges because salinity affects directly more
than one million hectares of agricultural land in Bangladesh. Salinity causes due to
chemical weathering of minerals that release salts in the soils as Na, Ca, Mg ions;
coastal agricultural land is inundated by salt-water during flash flood/tidal upsurge;
unplanned saltwater intrusion into the shrimp gher (shallow shrimp cultivation
pond) in the southern coastal zone and lifting groundwater with EC >3.0 dS/m for
irrigation.

Several studies revealed that the detrimental effects and suitable genetic [1, 2]
and physiological mechanisms of salt-stress tolerance in various sensitive growth
stages of seedling stages like early seedling stage during seedling establishment in
the field after transplanting, and different susceptible stages of reproductive phase
such as panicle initiation/emergence, booting, flowering/heading, spikelet fertility-
sterility, and seed set, yield and other salt tolerance-related traits [3–10].

For maintaining food security and sustainability in rice production, both drought
and heat/high-temperature tolerance is important in the respective stress-prone rice-
growing areas for increasing rice production sustainably. However, steady growth in
the rice sector is crucial during this pandemic situation to sustain self-sufficiency in
different rice-growing countries in South Asia including Bangladesh.

Drought is also an important abiotic stress that threat for rainfed ecosystem.
This stress adversely impacts on rice production. Drought tolerance is a complex
polygenic trait with a complicated phenotype that affects various growth and
developmental stages sensitive to drought-stress in rice. Different drought-
responsive QTLs and genes regulate the degree of sensitivity or tolerance of rice
through triggering signal transduction pathways to several drought conditions [11].

High-night temperature (HNT), different abiotic stress from heat stress, is
emerging abiotic stress because of climate change. This stress (HNT) is drawing the
attention of plant breeders and physiologists due to its detrimental effects on rice
productivity. HNT varies 25-30°C that adversely affects yield and grain quality such
as chalkiness in rice. This stress was reported in the Rajshahi region of Bangladesh
(M. A. Rahman, unpublished data).

Fragile flood-prone environments belong to 18% of areas of Bangladesh that
suffer from varying degrees of flooding causes due to flash flood submergence,
monsoon flood, and irregular rainfall. The flood adversely influences the rice pro-
duction of more than a million ha of land in Bangladesh. Submergence tolerant
high-yielding rice varieties are grown by the farmers of the flash flood-prone areas.
However, deepwater rice (DWR) is cultivated in areas where flood water-depth
varied from 1.5 to 2.0 m and these areas are more vulnerable to rice production as
there is no high-yielding DWR variety for this harsh ecosystem in Bangladesh.
Thus, rice-growing areas under unfavorable environments need to enhance pro-
ductivity by developing climate-smart rice to cope with the harmful effects of
climate change.

In this review, we discuss the abiotic stresses and the development of climate
resilient rice addressing adverse effect of climate change.

2. Abiotic stresses influencing rice production and food security

2.1 Heat tolerance

2.1.1 Strategies to enhance heat tolerance

Heat/high temperature tolerance is important in the heat-prone rice growing
areas for increasing rice production sustainably. To address climate change,
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screening and breeding for higher level of heat tolerance is needed. Strategies such
as agronomic intervention through sowing time adjustment, chemicals/plant hor-
mones application, genetic and genomic approaches [12], breeding for heat resis-
tant variety development, marker-assisted introgression of qEMF3 QTL [13] for
developing and selecting cultivars with early morning flowering (EMF) before tem-
perature rise are involved for improving heat tolerance.

QTLs associated with heat tolerance related traits using bulked segregant analy-
sis in Rice to evaluate the genetic effect of QTLs controlling heat tolerance at
flowering stage in rice. A population comprising 279 F2 individuals developed from
996 (heat tolerant)/4628 (heat-sensitive cultivar), was investigated for their segre-
gation pattern of the difference in seed set rate under normal/optimum temperature
condition and stress/high temperature condition that exhibited normal distribution,
suggesting the polygenic control on the heat tolerance [14].

Eleven QTLs identified for heat tolerance using RIL population derived from
IAPAR-9 (sensitive)/Liaoyan241 (heat tolerant) at the heading and flowering stage
in rice. Four major QTLs such as qNS1, qNS4, qNS6, and qRRS1 found stable in both
seasons/years in various environments [15].

Jagadish [16] dissected QTLs for relative spikelet fertility during anthesis in rice
qtl_1.1 (38.35 Mb) and qtl_11.1, 24.16 Mb, QTL contributor is Azucena) and one
(qtl_10.1, 20.14 Mb from Bala). Total 24.1% phenotypic variation was explained by
these three QTLs.

2.2 Drought stress tolerance

Improving grain yield is the key and universal objective of any crop breeding
programs including rice. Identification of yield and yield-related traits and their
introgression into adapted varieties is one of the best strategies to increase grain
yield under drought. A number of yield QTLs identified in different chromosomes
of rice under drought stress. QTL qDTY12.1was the first identified major grain yield
QTL on chromosome 12 in rice under drought at the reproductive stage [17].
Another large-effect QTL for grain yield, qDTY1.1, was identified on chromosome 1
[18]. Moreover, other QTLs with major effect such as qDTY2.2, qDTY3.1, qDTY3.2,
qDTY4.1, qDTY6.1, qDTY9.1 controlling drought tolerance in rice were reported by
several investigators [19–22]. The identified QTLs should be consistent in multiple
genetic backgrounds and various target environments [23, 24]. Efficient QTL
stacking of the major effect QTLs in the adapted varietal background is necessary to
achieve higher grain yield under drought [25].

QTLs related to drought tolerance in rice have been shown in Table 1. However,
only a few QTL studies on grain yield under drought stress have been reported.
Most of the QTLs detected for regulating drought stress in rice analyzed for differ-
ent important drought-related traits such as osmotic adjustment [48, 49], drought
avoidance [32], root and shoot responses [50], photosynthesis and whole plant
response [51] to drought tolerance.

2.3 Flood/submergence tolerance

Flood-prone ecosystems are fragile characterized by varying level of flooding,
erratic precipitation that affect the rice production of more than one million ha in
Bangladesh. Deepwater rice is cultivated more than 100000 ha in Bangladesh and
the typical deepwater rice with nodal tillering, kneeing ability to keep the top three
leaves in the air (above the water level) to capture and use solar energy for photo-
synthesis, internode elongation ability to prevent drowning with high yielding
potential comparing with local varieties like Hijoldigha, Laxmidigha, Kartiksail,
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Drought-tolerance
traits/indices

Cross combination
and mapping
population

Molecular
marker
used

%
Phenotypic
variation

No. of
identified
QTLs for
drought
tolerance

References

Root penetration
index, root and tiller
number

CO39/Moroberekan
(RILs)

RFLP 8.0–14.0 39 [26]

Drought traits related
with osmotic
adjustment and
dehydration tolerance

CO39/Moroberekan
(RILs)

RFLP — 1 [27]

Root morphology and
distribution

IR64/Azucena
(Double-haploid)

RFLP 6.0–22.0 — [28]

Root traits related with
drought

IR58821–23-B-1–2-1/
IR52561-UBN-1–1-2

(RIL)

AFLP &
RFLP

6.0–27.0 — [29]

Cellular membrane
stability

CT9993–5-10–1-M/
IR62266-42–6-2

(DH)

RFLP,
AFLP &
SSR

11.8–54.3 9 [30]

Drought resistance
osmotic adjustment
and root traits

CT9993/IR62266
(Doubled haploid

lines)

RFLP,
AFLP &
SSR

8.0–38.0 5 [31]

Drought avoidance,
leaf rolling and drying

Bala/Azucena (F5
population)

RFLP,
AFLP &
SSR

7.4–25.6 17 [32]

Root traits (Seminal
and lateral root length;
adventitious and
lateral root number)

IR1552/Azucena
(RILs)

SSR — 23 [33]

Morphological and
physiological traits

IR64/Azucena
(Doubled haploid

Lines)

RFLP — 15 [34]

Root-penetration
ability

Bala/Azucena (RILs) RFLP &
AFLP

— 18 [35]

Reproductive-stage
drought tolerance

Vandana/Way
Rarem (F3–derived

lines)

SSR 33.0 — [17]

Grain yield under
drought stress

CT9993/IR62266
(Doubled haploid

lines)

AFLP 1 [36]

Seedling stage drought
tolerance

Indica/Japonica
(Azucena) (RIL)

RFLP,
AFLP &
SSR

10.0–27.0 7 [37]

Morphological and
physiological traits
related to drought
avoidance

Azucena/Bala (RIL) RFLP,
AFLP &
SSR

— — [38]

Grain yield under
lowland drought stress

Apo/2*Swarna
(RILs)

SSR 13.0–16.0 1 [39]

Grain yield
performance under
aerobic condition

Three populations,
Apo/(2)*Swarna,
Apo/(2)*IR72, and
Vandana/(2)*IR72

SSR 39.0–66.0 1 [40]
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Khoiyamtor, Lalmohan, and Shishumati. These local germplasm has the ideal
ideotype for deepwater ecosystem but only limitation is low yielding ability. To
address sustainable development goals (SDGs) and maintain food security, we need
to increase the production in the abiotic stress prone environments such as salinity,
flood/submergence, drought and heat-prone areas through horizontal expansion
(expansion of arable land in abiotic stress prone areas which are not yet under
cultivation) of abiotic stress tolerant rice varieties in these areas. However, Flood-
prone ecosystems in Bangladesh are four types such as long time flooding zone
(>35 days; 1.5–2.0 m water-depth), flash flood submergence zone (15–30 days; up
to 1.5 m water depth), deepwater (> 2.0 m water-depth) zone and submergence
during germination (10–12 cm depth) at relay Transplant Aman, direct seeded rice
(DSR Aus) and broadcast Aman (B. Aman) Rice areas anaerobic germination In
Asia, submergence affects rice yield adverselyin 20 million ha, causing food insecu-
rity. The SUB1gene governing submergence tolerance cloned and introgressed into
a number of rice varieties in South Asia, South East Asia and Africa. Yield advan-
tages of Sub1 varieties ranged from 1.0 to >3.0 t ha�t after submergence comparing
with non-Sub1 varieties. These submergence tolerant varieties reached more than
3.8 million farmers within 3 years of release in Asia [52].

Drought-tolerance
traits/indices

Cross combination
and mapping
population

Molecular
marker
used

%
Phenotypic
variation

No. of
identified
QTLs for
drought
tolerance

References

Yield performance
under drought stress

Two populations
Basmati334/Swarna
and N22/MTU1010
(F3:4 population)

SSR — [41]

Reproductive-stage
drought stress

Aday Sel/IR77298-5-
6-B-11 (backcross
inbred lines (BILs))

SSR 19.0 9 [20]

Yield under lowland
drought in different
environments

R77298/Sabitri, (BC1
derived)

SSR — 1 [21]

Drought stress at
reproductive stage

Two populations
Kali Aus/IR64, Kali
Aus/MTU1010

(RILs)

SSR 6.0–9.0 2 [42]

Grain yield and yield
characters during
reproductive stage

IR64/Cabacu (RILs) SNP — 1 [43]

Grain yield under
stress at reproductive
stage

Swarna/WAB
(Backcross inbred

lines)

SSR — 1 [44]

Reproductive stage
drought tolerance

Teqing/Lemont
(Introgression lines)

SNP [45]

Reproductive stage
drought tolerance

IR55419-04/2*TDK1
(BC1F3:4 population)

SSR 36.0 6 [46]

Ratio of deep rooting
(RDR)

3 populations (RILs,
mini-core collection

and landraces)

SSR, SNP — 6 [47]

Table 1.
Useful QTLs responsible for drought-stress tolerance in rice.

95

Enhancing Abiotic Stress Tolerance to Develop Climate-Smart Rice Using Holistic Breeding…
DOI: http://dx.doi.org/10.5772/intechopen.97283



Biosynthesis of growth regulator (Gibberellin) and signal transduction is impor-
tant pathways for internode elongation of the deepwater rice [53]. Two large-effect
QTLs located on chromosomes 3 (qGTIL3,qGLEI3, qGNEI3 located between 38 and
87 cM) and chromosome 9 (qGTIL9, qGLEI9, qGNEI9 positioned between 16 and
88 cM) are controlling traits such as total length of internode (TIL), lowest elon-
gated internode (LEI) and number of elongated internode number (NEI). Three
factors involved to characterize deepwater rice internode elongation ability: (1)
total length of elongated internode (TLEI); (2) elongated internodes number (EIN);
and (3) minimum elongated internode (MEI) [54–57]. Among these, MEI is the
main parameter for initiating the internode elongation of deepwater rice [54]
because MEI is leaf stage- dependent and first starts of internode elongation at the
sixth leaf stage in deepwater rice.

Catling (1992) [58] described the genetic basis of internode elongation during
submergence of deepwater rice that is regulated by several minor and two major
genes. Suge [59] identified one gene with neither allele is found dominant (incom-
plete dominance) that responsible for elongation ability. Internode elongation
depends on the increasing activity of cell division and cell elongation in specific
areas of the internode.

2.4 Salt tolerance

Salt-stress entails changes in different physiological and metabolic pathways,
based on severity and duration of the stress, and eventually decreases rice
productivity [10, 60–62].

Genetic characterization of salt tolerance related traits is important to estimate
phenotypic co-efficient of variation (PCV), genotypic co-efficient of variation
(GCV), broad-sense heritability and genetic Advance (GA).

If sufficient variation with high heritability and genetic advance exists in the
germplasm for salt tolerance related traits; consequently there is possibility to
improve the traits related with salt tolerance in rice by exploiting salt tolerant
landraces/germplasm in the breeding programs.

Genetic component analysis (GCA) study showed that both additive and domi-
nance gene effects controlled low Na-K ratio [63]. The combining ability analysis
shows that both general combing ability (GCA) and specific combining ability
(SCA) effects are also important for deciphering the genetics of salt tolerance. They
also revealed that selection may be made in later generation under controlled
conditions for minimizing environmental effects for low heritable traits like Na-K
ratio.

The additive effects could enhance fixation of the desirable combination of
genes and also additive gene action is correlated to narrow sense heritability [64].
Thus, selection for salinity tolerance may be made in the early generation.
Understanding the gene action for salt tolerance in rice will be useful in the future
breeding program [65].

2.4.1 Molecular basis of complex salt tolerance

The molecular dissection of salt tolerance has considerably enhanced using the
molecular platforms for identifying quantitative trait loci (QTL) controlling related
genetic variation in crops including rice [1, 2, 8, 60, 66–72].

Moreover, several QTLs related with physiological, agronomic traits conferring
salinity tolerance at seedling and reproductive stage have been reported [1, 8, 71, 73,
74] including major QTLs for salinity tolerance such as SKC1 [75] (a sodium trans-
porter OsHKT1; 5 in the SKC1 locus [76] and Saltol [71, 77] on chromosome 1
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(Table 2). Recently unraveled molecular basis of various rice landraces such as
Pokkali [71, 77], Nona Bokra [76], Hasawi [1], Capsule [2], Changmaogu [74] and
Horkuch [72] can withstand different levels of salt-stress at various sensitive
growth stages of rice.

2.4.2 Enhancing genetic gain for salt-stress

Widely used tools for quantitative genetics such as genomic estimated breeding
value (GEBV) and best linear unbiased predictions (BLUPs) are applied to evaluate
the performance to construct high throughput new breeding populations for
selecting the superior breeding lines when combined with genetic relatedness or
kinship matrix/information (i.e. coefficient of coancestry) using pedigree informa-
tion to calculate estimated breeding values (EBVs). This is a key parameter for
selecting complex traits like salt tolerance and yield through estimating parents’
genetic potential to produce better descendants on the basis of parent’s own perfor-
mance, pedigree information and progeny data. EBVs play important role to select
parent for higher rate of genetic gain [83].

Theory of genetic gain in breeding and classical biometrical genetics indicates
the improvement of performance compared to a standard or baseline. It is generally
evaluated after advancing one generation to the subsequent generation and artificial
selection is done [84]. However, genetic gain per year is also known as genetic trend
that measured varietal performance over year by comparing benchmark or domi-
nant varieties [85].

To maintain the food security under this Covid-19 situation horizontal expan-
sion (increase of rice growing areas in high saline zone) of rice cultivation is needed
areas in the coastal zone. Thus large areas will be brought under cultivation in high
saline prone areas.

2.5 Modern breeding

Genomic assisted breeding (GAB) is regularly practiced for the genetic
improvement of salt-tolerant rice applying various innovative tools for genomic
breeding such as forward breeding, rapid breeding, and haplotype-based breeding
[86]; 5G breeding methods such as genome sequence availability (genome assem-
bly), characterization of germplasm at genomic and morpho-agronomic level, gene
detection and understanding function, genomic breeding, and genome editing for
enhancing superior performance of genotypes [87] could be used for enhancing
efficiency and accuracy of breeding for complex traits related with abiotic stress
tolerance. A precise SNP-assisted introgression of the hst1(hitomebore salt-tolerant 1)
gene improved salt tolerance in the high-yielding rice variety was achieved through
SNP based speed breeding [88].

Modern breeding emphasizes data-based parent selection. Local and exotic
germplasms are subjected to genetic distance measurement, trait characterization
through diagnostic trait markers, genomic selection, and breeding value estimation.
Sometimes trait of interest (ToI) like salinity and submergence tolerance, aroma,
disease resistance is found in local germplasm with low yield potential. Then that
ToI is first transferred to an elite background possessing high yield potential for
developing pre-breeding materials. After that, the elite line with the desired traits is
used in breeding purposes to fulfill the product profile. Figure 1 shows the
schematic illustration for optimizing breeding scheme to achieve genetic gain.

We evaluated 1436 breeding lines for trait assay using 20-trait specific single
nucleotide polymorphism (SNP) markers. These lines characterized for important
traits such as disease (blast, bacterial leaf blight: BLB) and insect (brown plant
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hopper: BPH; gall midge) resistance, grain quality (amylose content, chalkiness),
grain number (Gn1a) and salinity tolerance at seedling stage (sodium exclusion,
SES) traits. Out of 1436 breeding lines, 100 lines harbored the 7–10 QTLs/genes that
regulating trait of interest (Figure 2) that designated as Genetically Important Lines
(GILs). Each line assayed against QTLs and genes of interest to assess the presence
or absence of useful traits. IRRI developed trait specific SNP markers used (https://
gsl.irri.org/) and SNP genotyping assay was carried out by Intertek as an external
service provider. The trait-based SNP markers associated with the traits for

Figure 1.
Varietal development through breeding modernization for rapid varietal turnover and replacement for rice
growers of target regions.

Figure 2.
Genetically important lines (GILs) in the STR Breeding program,T. Aman, 2020-21.
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instance, snpOS00478 (Pb1), snpOS00451 (Pi9), and snpOS0054 (xa5),
snpOS0061 (Xa21) etc. were applied for genotyping (Table 3).

These ten SNP markers produced 40% polymorphism across the indica germ-
plasm derived pairwise combinations where in 95% of crosses made at least 1
polymorphic SNP marker was found within the IRRI rice breeding pool or indica
subspecies (gsl@irri.org[https://sites.google.com/a/irri.org/snp-genotyping-mmal/
genotyping/quality-control-panel/indica-rice-qc-10-snp-panel).

Single seed descent method with the facility of rapid generation advance
technique is expected to have better efficiency in the increment of genetic gain
compared to pedigree and other methods of breeding [2]. From each cross, 200–
400 fixed lines evaluated in line stage testing (LST) trial and selection performed
using high selection pressure. Then the selected lines are evaluated in yield trials
and include in new variety release system (Figure 1).

Modern biometric tools are used in data analysis and field layout preparation of
several experiment design e.g. P-rep, Augmented RCB, Alpha-Lattice, Latinized
row-column, RCBD. Observation trials are mainly conducted using P-rep, Aug-
mented RCB, Alpha-Lattice design of experiment based on the entry number and
land availability. Selected genotypes are subjected to grain property analysis (e.g.
grain size, shape, L/B ratio, etc) and physicochemical property analysis (e.g. amy-
lose content). Selected genotypes that hold good agronomic traits, grain quality

Trait category Trait Trait specific markers
(favorable allele)

Chromosome QTL/Trait contributor

Blast Pb1 snpOS00478 (T) 11 Pokkali 26869

Blast Pi9 snpOS00451(C) 6 Pi9 (DQ285630)

Blast Pita snpOS00006 (C) 12 —

Blast qPi33 snpOS00468 (T) 8 IR64

BLB xa13 snpOS00493 (C) 8 IRBB60, some aus

BLB Xa21 snpOS00061(C) 11 IRBB60

BLB xa5 snpOS00054 5 IRRI 154, FR13A

Insect (BPH) BPH17 snpOS00430 (G) 4 Rathu Heenati

Insect (BPH) BPH32 snpOS00442 (G) 6 Honderawala, Rc222

Insect (Gall midge) Gm4(t) snpOS00466 (A) 8 Abhaya

Insect (Gall midge) Gm4(t) snpOS00467 (A) 8 Abhaya

Amylose Waxy snpOS00445 (C) 6 Wx(a) - except Basmati

Amylose Waxy snpOS00446 (T) 6 Wx(a)-Rc222, Exon10

Chalkiness Chalk5 snpOS00024 (G) 5 Minghui63

Grain number Gn1a snpOS00396 (T) 1 Swarna (A8/AP9) allele

Salinity-seedling qNa1L snpOS00405 (A) 1 FL478

Salinity-seedling qNa1L snpOS00409 (C) 1 FL478, Capsule

Salinity-seedling qNa1L snpOS00410 (A) 1 FL478, Capsule

Salinity-seedling qNa1L snpOS00411 (T) 1 FL478, Capsule

Salinity-seedling Saltol snpOS00397 (T) 1 FL478, IR 107321–1–141–
3-120

Table 3.
Useful traits, trait-based SNP markers and their contributors of favorable allele.
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characters and desired traits diagnosed through SNP markers are used as Elite
parent in cyclic breeding program.

During this period phenotypic data collection is aided with data collection
machine (Grain counter, Nondestructive moisture meter, destructive moisture
meter, Phenoapp, CT5) and different software’s like B4R (Breeding 4 Rice),
FieldBook etc.

We need to explore a large number of cross combination derived fixed lines to
experience a remarkable genetic gain with the shortest possible time. Line fixation
can be accomplished within three years using the RGA [89, 90] facility which allows
a breeder to contribute more in varietal development.

Salinity (T. Aman) Breeding Product Profiles (20% Breeding Program Focus)

Country/Region: Salt
affected coastal region and/
Whole Bangladesh

%Resource
allocation for
trait
improvement

Market Leading Variety #1: BRRI dhan41 (Medium
slender, high head rice yield, medium growth duration)

Market Slot: T. Aman Rice
(Medium slender to long
slender grain)

Market Important Variety #2: BR23 (Medium bold, high
yield potential, photo period sensitive)

Trait
Family

Key
Economic
Traits

Trait
value

Standard
Variety
Assessment

Trait
Benchmarking
Details

Trait
availability in
the Breeding
Program

Yield
(Paddy)

Yield (>10%
higher)

1-Must
Have
Trait

BRRI
dhan41

> BRRI dhan41 Program is
actively working
with trait

Maturity Intermediate
/long range

10 1-Must
Have
Trait

BRRI
dhan23

<= BRRI
dhan23

Program is
actively working
with trait

Abiotic
Stress
Tolerance

Salinity
tolerance

20 1-Must
Have
Trait

BRRI
dhan67

> = BRRI
dhan67

Program is
actively working
with trait

Biotic
Resistance
(Fungal)

Blast 20 1-Must
Have
Trait

BRRI
dhan67

Standard
Evaluation
Scale =< 3

Trait Limited or
NOT available

Biotic
Resistance
(Bacterial)

BLB 10 3-Trait
Values

BRRI
dhan67

Standard
Evaluation
Scale =< 3

Program has trait
available

Biotic
Resistance
(Insect)

BPH 10 3-Trait
Values

BRRI
dhan67

= Rathuheenati
(bph32, bph17)

Trait Limited or
NOT available

Consumer
Traits

Amylose
content

15 1-Must
Have
Trait

BRRI
dhan67

=> 24% Program is
actively working
with trait

Zinc content 5 3=
Value
added

BRRI
dhan72

BRRI dhan72;
=> 24 mg/kg Zn

Program is
actively working
with trait

Yield
(Economic)-
Head Rice

Head rice
recovery

10 1-Must
Have
Trait

BRRI
dhan67

> 50% Program is
actively working
with trait

Total 100

Legend: 1= must have traits, 2= nice to have, 3= value added or game changer

Table 4.
Product profile with market demand-led traits for developing salinity tolerant rice (STR) variety for target
region under STR breeding program at BRRI.
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However, promising breeding lines selected in OYT will be recycled to initiate
next cycle of breeding for population improvement. By applying this transformed/
modernized breeding approach abiotic stress tolerant varieties with enhanced grain
yield and quality traits will be developed.

2.6 Product profile (PP) for target region

Product profile (PP) is a realistic roadmap for varietal development which
addresses requirements of plant breeder, farmers, millers/market and consumers
demand. Example of a product profile for salinity tolerant variety development for
Southern Coastal Zone in T. Aman season is shown in Table 4. Variety develop-
ment based on formal PP will be able to replace market leading variety with the new
one; thus farmer could get early turnover from the new variety. However, the
market leading variety may be or may not be a mega variety in target region. The
way of developing PP is:

• Designating the target region that use common PP or trait requirements

• Identifying the market leading variety and second important variety

• Placing key traits into appropriate trait family

• Estimating the amount of emphasis or breeding efforts need to give in the
breeding program for selecting trait.

3. Varietal development

3.1 Germplasm collection and characterization for salt-stress tolerance, and
utilization

A total of 107 landraces collected from southern coastal zone of Bangladesh.
The genetic base of salt-tolerant donors needs to broaden for developing

climate-smart rice [91] varieties for salt-affected regions with higher level of adap-
tation. All germplasm [92] were used for diversity analysis using a genome-wide set
of 376 single nucleotide polymorphism (SNP) markers to identify and characterize
novel sources of salt tolerance.

Three major clusters -the indica, aus and aromatic subgroups were identified.
The largest group was indica, with the salt-tolerant Pokkali accessions in one
sub-cluster, while Bangladeshi landraces, including Akundi, Ashfal, Capsule,
Chikirampatnai and Kutipatnai, were in a different sub-cluster. The salt-tolerant
landrace Hasawi and Kalarata clustered into a distinct aus group near to indica.
Allelic diversity study at the major QTL Saltol shows different alleles at the Saltol
locus for Akundi, Ashfal, Capsule, Chikirampatnai and Kutipatnai.

Sixty-nine landraces were further screened for physiological traits associated
with salt stress at the seedling stage. Seven landraces such as Akundi, Ashfal,
Capsule, Chikirampatnai, Jatai Balam, Kalarata and Kutipatnai uptake less Na and
comparatively more K and maintain lower Na/K ratio in leaves. They efficiently
restrict sodium transport root to the shoot.

Newly identified salt-tolerant landraces are genetically and physiologically dif-
ferent from known donors (Pokkali and Nona Bokra). These landraces can be used
to develop salt-tolerant varieties with higher tolerance [10].
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These landraces may be harbored novel sources of QTL/alleles for salt tolerance
that will be useful in molecular breeding.

3.2 Participatory varietal selection (PVS)

Participatory varietal selection (PVS) demonstrates the varietal/line selection on
the basis of farmers’ need/demand-based choice of varieties that differs from plant
breeders’ selection process. Plant Breeders evaluation of varietal performance –
mostly following statistical designed and quantitative data based methods which is
usually different from the farmers [93–95]. However, variety selection criteria may
vary according to gender, environmental condition, market demand and economic/
social status [95–97]. Until now, breeding objectives in different countries have not
been properly focused on the opinions of farmers, their preferences and needs for
the adverse growing conditions of their regions [94, 98, 99]. To unravel this
situation, participatory varietal selection is the important way of decentralized-
bottom-up breeding or farmer breeding approach that integrates farmers and their
complex criteria for variety selection into varietal development programs [99–103].

BRRI dhan47 (IR 63307-4B-4-3) was first selected through PVS and released as
salt tolerant variety for Boro season in Bangladesh.

Different high-yielding rice varieties for salt (15 from BRRI and two from
BINA), drought, submergence tolerance, upland rice varieties and other developed
and released for Transplanted Aman (T. Aman-RLR) and Irrigated Ecosystem
(Boro-dry season) (Table 5).

Variety name Cross Salient features with growing season Year of
release

Salt-tolerant varieties

BR23 (BR716–7–2-1-1) DA29/BR4 Moderately salt tolerant photosensitive
T. Aman rice variety for Rainfed

Lowland ecosystem

1988

BRRI dhan40 (BR5331–93–
2-8-3)

IR4595-4-1-15/BR10 Moderately salt tolerant T. Aman rice
variety for Rainfed Lowland ecosystem

2003

BRRI dhan41 (BR5828–11–
1-4)

BR23/BR1185-2B-
16-1

Moderately salt tolerant T. Aman rice
variety for Rainfed Lowland ecosystem

2003

BRRI dhan47 (IR
63307-4B-4-3)

IR51511-B-B-34-B/
TCCP266–2-49-B-

B-3

Salt tolerant Boro rice variety for
Irrigated ecosystem

2007

BRRI dhan53 (BR5778–
156–1-3-HR14)

BR10/BR23//BR847–
76–1-1

Salt tolerant T. Aman (RLR) rice variety 2010

BRRI dhan54 (BR5999-82–
3-2-HR1)

BR1185-2B-16-1/
BR548–128–1-3

Salt tolerant T. Aman (RLR) rice variety 2010

BRRI dhan55 (IR 73678–
6-9-B: AS996)

IR64/Oryza
rufipogon

Moderately salt, cold and drought
tolerant rice variety

2011

**BRRI dhan28-Saltol (IR
89573–84)

BRRI dhan28*3/
FL478

Salt tolerant Boro rice line for Irrigated
ecosystem

MABC
product

**BR11-Saltol (IR 89574–7) BR11*3/FL478 Salt tolerant T. Aman(RLR) rice line MABC
product

BRRI dhan61
(BR7105-4R-2)

IR64419-3B-4-3/
BRRI dhan29

Salt tolerant Boro rice variety/Irrigated
rice

2013
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Variety name Cross Salient features with growing season Year of
release

BRRI dhan67 (BR7100-2R-
6-6)

IR61247–3B-8-2-1/
BRRI dhan36

Salt tolerant Boro/Irrigated rice variety 2014

BRRI dhan73 (IR78767-B-
SATB1–28–3-24)

BRRI dhan40/NSIC
Rc106 (IR61920-3B-

22–1-1)

Salt tolerant T. Aman(RLR) rice variety 2015

BRRI dhan78 (IR77092-B-
2R-B-10)

IR84645/IR84649 Dual tolerant (Salinity+SUB1T. Aman
rice variety

2016

BRRI dhan97 (IR83484–3-
B-7-1-1-1)

IRRI 113/BRRI
dhan40

Salt tolerant irrigated (Boro) Rice 2020

BRRI dhan99 HHZ5-DT20-
DT2-DT1 (GSR IR1–5-
D20-D2-D1)

Huang-Hua-Zhan/
OM1723

Salt tolerant irrigated (Boro) Rice 2020

Binadhan-8 (IR66946-3R-
149-1-1)

IR29/Pokkali Salt tolerant irrigated (Boro) Rice 2010

Binadhan-10 (IR64197–3B-
14-2)

IR42598-B-B-B-B-
12/Nona Bokra

Salt tolerant irrigated (Boro) Rice 2012

Drought tolerant varieties

BRRI dhan42 (BR6058-6-
3-3)

BR14/IR25588–7–3-1 Moderately drought-tolerant Upland
(DSR) rice variety

2004

BRRI dhan43 (BR5543-5-
1-2-4)

BR24/BR21 Moderately drought-tolerant Upland
(DSR) rice variety

2004

BRRI dhan56 (IR74371–70–
1-1-B)

Way Rarem/
2*IR5519–4

Drought-tolerant T. Aman (RLR) rice
variety

2011

BRRI dhan57
(BR7873-5NIL)-51-HR6

BR11/5*CR146-7027-
224

Drought-tolerant T. Aman (RLR) rice
variety

2011

BRRI dhan66 (IR82635-B-
B-75-2)

IR78875–176-B-2/
IR78875–207-B-3

Drought-tolerant T. Aman (RLR) rice
variety

2014

BRRI dhan71 (IR82589-B-
B-84–3)

IR55423–01 (NSIC
Rc9)/IRRI148

Drought-tolerant T. Aman (RLR) rice
variety

2015

Submergence Tolerant
varieties

BRRI dhan51 (IR81213–
246–237)

Swarna/IR49830–7–
1-2-3

Flood-tolerant T. Aman (RLR) rice
variety

2010

BRRI dhan52 (IR85260–
66–654-Gaz2)

BR11*3/IR40931-33-
1-3-2

Flood-tolerant T. Aman (RLR) rice
variety

2010

BRRI dhan79 (BR9159-8-
5-40-14-57)

BRRI dhan49*6/
BRRI dhan52

Flood-tolerant T. Aman (RLR) rice
variety

2017

Deepwater Rice variety

BRRI dhan91 (BR10230–
15-27-7B)

Tilokkachari/BRRI
dhan41

Suitable for shallow flooded ecosystem 2019

*A large range of salt tolerant improve genotypes was grown in mother and baby trials of participatory varietal
selection (PVS) in coastal areas of Bangladesh. BRRI dhan47 (IR 63307-4B-4-3) was finally selected and released as
salt tolerant variety for Boro season in Bangladesh.
**First introgression of Saltol locus into the mega varieties and developed two salt tolerant rice genotypes, IR89573–84
(BRRI dhan28-Saltol) and IR89574–7 (BR11-Saltol) through marker-assisted breeding at IRRI that are under
advance stage of testing for release in Bangladesh and Myanmar.

Table 5.
List of abiotic stress tolerant varieties released in Bangladesh for Upland rice (Aus),T. Aman (RLR- wet) and
Boro (dry) season.

105

Enhancing Abiotic Stress Tolerance to Develop Climate-Smart Rice Using Holistic Breeding…
DOI: http://dx.doi.org/10.5772/intechopen.97283



3.3 Marker-assisted selection

FL378 (IR66496-3R-78-1-1), a salinity tolerant recombinant inbred line derived
from cross between IR29 and Pokkali was used as donor for Saltol. FL378 had the
Pokkali introgression on the chromosome 1 from RM1287 (10.9 Mb) to RM493
(12.2 Mb) for about 1.3 Mb and its average tolerance score was around 4.7 [104–
106]. The recurrent varieties were BR11, BRRI dhan28 and BRRI dhan29, three
mega varieties of Bangladesh are widely grown in wet and dry season.

BRRI dhan28-Saltol seeds were developed at IRRI and FL478 as donor parents.
The introgression lines of BR11-Saltol and BRRI dhan28-Saltolwere evaluated in salt
affected coastal district of Satkhira during dry season.

Moreover, Saltol QTL was introgressed into the genetic background of BRRI
dhan49 [107] and Pusa44 and Sarjoo52 [92] through marker-assisted backcrossing.
FL478 was used as a donor for Saltol QTL. A number of Saltol introgression lines
(NILs: BRRI dhan49-Saltol lines) were developed [107]. Krishnamurthy [92]
reported that the NILs PU99, PU176, PU200, PU215, PU229, PU240, PU241,
PU244, PU252, PU263 of Pusa44 and SAR17, SAR23, SAR35, SAR39, SAR77, SAR87,
SAR123, SAR136 NILs of Sarjoo52 exhibited salt tolerance with low salt injury score
(SIS) of 3 or 5.

4. Conclusions

Effect of abiotic stresses increases due to worldwide climate change. The holistic
breeding approach combines different cutting-edge/modern breeding strategies
(data based parents selection for crossing, rapid breeding, genomics-assisted
breeding and haplotype-based breeding) including efficient gene stacking facilitate
the development of climate-resilient rice varieties. Genotypes could cope with the
climatic threats, increase the varietal turnover of farmers, and contribute to meet
challenges of abiotic stress-prone ecosystems through enhancing productivity and
sustaining food security. Also, rice cultivation areas will be expanded under the
high abiotic stress-prone areas where salt-stress is a key problem for rice production
during both dry and wet seasons in different rice-growing countries including
Bangladesh. Moreover, the stress related to HNT needs to be emphasized because
this stress may also become the challenge for food security where the rice is a
staple food.
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Chapter 7

How Sorghum Root Traits Can 
Contribute to Cereal Yield Increase
Tobias Wojciechowski and Josefine Kant

Abstract

In recent decades the effects of climate change became more visible and the 
problems it causes for agricultural production and yield maintenance. Future 
crops need to be higher yielding than today, but at the same time more resilient 
to drought and increased temperatures, especially in drought-prone regions 
with erratic precipitation. Sorghum, more heat and drought tolerant than maize, 
presents an interesting candidate for potential genetic material to provide this 
increased resilience, containing traits and the underlying genetic loci conferring 
better performance. Compared to the above-ground tissues, root systems are less 
investigated, but an improvement in this “hidden half” also improves yield. Due to 
their close relationship, findings in sorghum may be easily incorporated into maize 
breeding programs. In this chapter we will review recent literature on sorghum and 
other cereal root system improvements and provide unpublished data on the natural 
variation of sorghum root development.

Keywords: Sorghum, root, root hair, natural variation, genomic diversity

1. Introduction

The domestication of Sorghum (Sorghum bicolor (L.) Moench) occurred in 
the region of present-day Sudan approximately 10,000 years ago. It diffused to 
diverse climates and regions across Africa, India, the Middle East, and Asia between 
8,000–1,500 years ago [1, 2]. More recently, diffusion occurred to more temperate 
zones of northern China and the introduction to North America expanding the 
range of sorghum cultivation even further [1, 3]. Sorghum bicolor, the 5th most 
important cereal in the world behind maize, rice, wheat, and barley, is grown in 
both subsistence and commercial agriculture. It is a major crop in the semiarid 
regions and a dietary staple for more than 500 million people predominantly in 
Sub-Saharan Africa and South Africa [4–6]. Sorghum, a C4 grass, is cultivated for 
production of grain, forage, sugar / syrup, brewing, lingocellulosic biomass, and 
bioethanol [7–9]. Climate change threats the agricultural production and food 
security in semiarid regions increasing the importance of drought-tolerant crops. 
Although grain yield gains for maize have been higher than for sorghum, especially 
under rain-fed management in high water-holding capacity soils [10], sorghum has 
a higher water use efficiency compared with maize, when grown under optimal 
growing conditions [11]. Sub-Saharan Africa and South Asia are predicted to have 
the greatest decline in agricultural productivity due to a significant risk of rising 
temperatures [12]. These geographical regions overlap with areas with drought 
and erratic rainfall, where sorghum is already grown as a major staple food. There, 
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sorghum is an important crop for subsistence farmers in these regions due to higher 
yields compared other cereals in drought and low perceptions regions, which make 
these areas unsuitable for maize and rice [13, 14]. However, grain yield of sorghum 
is likely to be affected by post-anthesis drought stress in rainfed farming systems 
of northeastern Australia [15], India’s western-central monsoon region [16], the 
southern USA [17], and sub-Saharan Africa [18–20]. Selection for stay-green in 
elite sorghum hybrids should have the potential to increase yield, profitability, and 
sustainability for farmers in rainfed environments worldwide, without greater yield 
penalties during wetter years.

Sorghum evolved after splitting from the shared ancestors with rice in Africa 
50–70 million years ago, but diffusion into other regions and the widespread cul-
tivation led to high natural genetic diversity within sorghum nowadays [1], which 
has resulted in distinct phenotypic variance defined by their floral architecture and 
seed characteristics [6, 21]. Sorghum is a diploid C4 grass with 10 chromosomes 
and a genome of approximately 800 Mbp [22, 23]. A first reference genome was 
reported in 2009 [8]. The reference genome of sorghum is derived from the inbred 
‘BTx623,’ a genotype with reduced height and early maturation, which is primar-
ily used for production of grain. The phenotype of this reference genotype is very 
distinct from the tall, late maturing sorghums, which are usually grown for sugars 
or high biomass yield [1]. Commercial production systems in Argentina, Australia, 
Brazil, Mexico or USA utilize sorghum hybrids. However, subsistence agriculture 
mainly plants sorghum inbred lines for their livelihood. The preference of both 
consumers and regulators for non-GM sorghum has focused significantly on 
identifying and utilizing the natural genetic variation of sorghum to improve yield 
and quality. Currently, Sorghum breeding focusses on tackling abiotic and biotic 
stresses such as drought, acid soils, and insect and fungal pests [4]. The genetic 
resources that are largely created by public research are important to understand 
crop physiology to improve crop performance and production. It is aided by 
genome-wide map of SNP variation that will accelerate marker-assisted breeding. 
The adaptability and stress tolerance found in sorghum accessions allows to study 
the genotype–phenotype relationship as well as dissect genotype-by-environment 
(G x E x M) interactions for complex, quantitative traits [24] permitting future 
insights in drought tolerance and thereby mitigating the impacts of climate change. 
Especially, the exploration of the unknown and unexplored genetic potential taking 
advantage for the improvement of other cereals, especially maize.

The origin in Africa, distribution to other ecosystems, and agricultural practices 
is reflected in the phenotypic variation [21] ranging from traditional varieties 
across Africa and Asia to modern germplasm in China, Australia, and the Americas. 
This provides a wide variance of morphological and physiological traits for crop 
improvement [3, 7, 25]. Rainy periods are long and erratic in parts of West Africa, 
and subsequently, open panicle guinea types are preferred to reduce yield penalties 
such as grain mold and insect damage. In contrast, other parts of South and East 
Africa, where rainy seasons are relatively short and predictable, dense panicle kafir 
and durra types are preferred to increase grain yield per plant [4]. Further selection 
has occurred in the United States in the last 150 years as temperate and tropical 
sorghum from Africa and Asia has been bred for commercial agriculture [26].

While research on climate change impact on sorghum is limited, the importance 
of its root system has been highlighted. Modelling studies have shown that sorghum 
root systems have a relative adaptive advantage over maize in water-limited condi-
tions [27]. The differences between maize and sorghum root system might facilitate 
adaptation to drought-prone regions with erratic precipitation. Maize and sorghum 
differed in root development at the seedling stage for both the number of seminal 
roots and the timing of nodal root appearance [28]. After germination, sorghum 
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produced a single primary root and a coleoptile, by day 7 the two leaves stage was 
reached and the primary root had started to form lateral branches. In contrast to 
maize, no nodal or seminal roots had formed by day 7 (see also Figure 1). Sorghum 
produced only one primary root from seed and nodal roots emerged at the 4th–
5th leaf stage, whereas maize produced 3–7 roots from the seed and nodal roots 
emerged at the 2nd leaf stage [28]. The differences in root development and the 
adaptation to different environmental and agricultural practices of sorghum root 

Figure 1. 
The root system of Sorghum bicolor. Depicted are three european sorghum genotypes either germinated and 
grown in filterpaper for 14 (A) or 10 days (B) and for 21 (C) or 14 days in soil (D). Root systems and root hair 
formation of the varieties ‘WL08–713′ (A,B,D) and ‘Zerberus‘ (A,C,D), and ‘SOR19‘(A, D) are shown from 
left to right. The arrow in (B) highlights sorgoleone excretion at root hair tips. In (D) the Maximum Intensity 
Projections of traced roots grown in rhizotrons of 4 plants per genotype are visible.
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systems might explain the better performance of sorghum in drought-prone regions 
with erratic precipitation when compared with maize. Increased access to water can 
be achieved either by better water acquisition from the soil exploring an increased 
soil volume, which could be achieved by deeper rooting or greater lateral spread [29, 
30]. A relationship between drought adaptation and nodal root angle was reported, 
which further supports the role of below-ground biomass traits in sorghum produc-
tion under water stress [31]. Furthermore, QTLs were mapped for nodal root angle 
in sorghum at the 6-leaf stage and evaluated the relevance of the trait for improving 
drought adaptation via marker-assisted selection. All four nodal root angle QTLs 
in sorghum identified co-located with previously identified QTLs for stay-green 
loci [31]. The grain yield benefit of the stay-green phenotype under drought was 
found to be a result of reduced vegetative biomass and water uptake during the 
pre-flowering growth stages [32]. Under artificial conditions, sorghum root length 
during the seedling stage was found to be a major factor in drought tolerance [33].

The parasitic plants, Striga asiatica and Striga hermonthica, cause serious yield 
penalties in subsistence and commercial sorghum production. Striga is an obligate 
root parasite, which seeds will not germinate unless it receives a chemical signal 
from a potential host plant [34]. Chemicals identified in sorghum root exudates 
promote seed germination of Striga, the most potent are the strigolactones, a class 
of related compounds used by most terrestrial plants as hormones to regulate shoot 
and lateral root development [35, 36], and symbiotic colonization by arbuscular 
mycorrhizal fungi (AMF) [37]. Sorghum produces several strigolactones and 
exudes them from its root hairs, particularly under conditions of phosphorous 
and nitrogen limitations, promoting mycorrhizal association [38]. Colonization 
with AM fungi greatly improve the performance of sorghum in low-nutrient and 
drought environments [39]. Striga seems to utilize the signaling to detect its prox-
imity to sorghum roots, so germination at the right time and place will increase 
the chances of infestation and completing its life cycle. The breeding strategy 
of Striga-tolerant lines included the introgression of lines that exude less of the 
Striga-promoting strigolactones, reducing yield penalties through Striga.

Root growth is impeded by aluminum, the third most abundant element in 
the Earth’s crust. A major physiological mechanism facilitating plant aluminum 
tolerance is aluminum exclusion from root apices based on organic acid release 
forming stable, nontoxic Al3+-complexes in the rhizosphere. Quantitative RT-PCR 
analysis showed that the responsible gene (AltSB) was expressed only in roots 
of the aluminum-tolerant near isogenic lines and was induced by aluminum. Its 
expression was highest in the first centimeter of the root [40]. The aluminum and 
Striga-tolerance are rare examples of adaptive root traits being part of breeding 
programs. Sorgoleone has similar potential due to its allopathic properties and 
facilitation of arbuscular mycorrhiza. Sorghum performance on tropical soils is the 
result of adaptations to multiple stress conditions, including tolerance to aluminum 
toxicity, efficient acquisition of drought conditions increase the impedance of soils. 
Sorgoleone is a major component of sorghum root exudates (see also Figure 1). It 
composes from 76 to 99% of the total exudates from sorghum root hairs [41], and 
is one of the most studied allopathic chemicals [42]. Phosphorus (P) is immobi-
lized in aluminum and iron complexes due to low pH in tropical soils (reviewed 
in [42–44]). Several root system properties can facilitate P uptake efficiency by 
responses of root system morphology and architecture [45], modulation of P 
transporters, organic acid exudation, phosphatase secretion, and association with 
arbuscular mycorrhizal fungi (AMF) (e.g. [46]). The utilization of sorgoleone in 
breeding programs could facilitate crop production in drought-prone regions and 
mitigate the effects of climate change. Sorgoleone synthesis is constitutive and 
compartmentalized within root hairs, which can accumulate up to 20 μg of exudate 



121

How Sorghum Root Traits Can Contribute to Cereal Yield Increase
DOI: http://dx.doi.org/10.5772/intechopen.97158

per milligram of root dry weight [47, 48]. Attracting AMF for an increased P uptake 
efficiency is one opportunity, root hairs offer another opportunity to mitigate the 
effects of climate change such as drought and low precipitation as at low P concen-
tration in tropical soils, root exudation and subsequent mycorrhizal colonization 
will increase the phosphorous uptake efficiency [44, 48–51]. Furthermore, root 
hairs play an important role in the uptake of soil phosphorous and water [52–55] as 
they facilitate acquisition of immobile nutrients such as phosphorous and potassium 
through increased soil exploration. Acquiring nutrients and water from tropical 
soils requires a root system that explores the soil volume to deliver these water and 
nutrients. Soil exploration is often impeded by increased soil strength [43, 56, 57] 
but a study suggests that root hairs can provide anchorage force required to pen-
etrate tropical soils [56] concluding that root hairs provide anchorage for individual 
maize root tips and that could provide anchorage for root penetration. Nevertheless, 
the degree of anchorage provided by root hairs will depend substantially on root 
hairs and mucilage production. The phenotypic and underlying genotypic potential 
of sorghum, especially the less studied root traits such as root hairs, has a great 
potential for breeding as breeding is a necessity in production of new, ideally 
improved varieties. It requires traits-of-interest with proven effects and phenotypic 
variation, ideally based on genetic diversity in a known population [57, 58]. To what 
degree diversity in root phenotypes can be expected will be presented and discussed 
in the following sections.

2. Results and discussion

To exemplify what degree of variation can be expected by sorghum varieties, a 
set of European sorghum lines was grown under sterile conditions in filter paper 
and in soil-filled rhizotrons. Grown in filter paper, the primary root and its lateral 
roots were identified easily, while no seminal roots were observed (Figure 1). In 
agreement with [28] 14 and 21 days after sowing (DAS), no seminal roots were 
observed in any of the varieties grown, while a varying number of crown roots was 
found. All root types of all the tested sorghum varieties did have root hairs and all 
those hairs were excreting sorgoleone, visible as droplets on each root hair tip. On 
soil-grown roots no sorgoleone was observed, but that might have been absorbed by 
the surrounding soil or washed away during the washing procedures at harvest.

2.1 Diverse set of sorghum genotypes, but little aboveground diversity

30 diverse sorghum genotypes, selected for variation in origin and breeding 
status, including physiological traits such as drought tolerance, and flowering time, 
(summarized in Table 1) were grown in soil-filled rhizotrons and their roots and 
shoots non-invasively phenotyped over three weeks. Although genotypic variation 
was large for most traits, the mean shoot height over all genotypes followed a linear 
increase (Figure 2) and its variation was stable in the last week of growth. Both, 
shoot height as well as shoot dry weight had a variation of ~2x and ~ 4x, meaning 
the largest genotype had a dry weight or shoot height twice or four times as large 
as the smallest genotype. At harvest, 21 DAS, the most contrasting lines had 35 cm 
compared to 60 cm high shoots and 0.23 g compared to 0.82 g shoot dry matter. 
Among the varieties with largest shoot height were ‘Mace Da Kunya’, ‘SC35’, and 
‘Mota Maradi‘, landraces described either as drought tolerant, post-flowering or pre-
flowering drought tolerant, respectively. The shortest three varieties were ‘Tx430’, 
‘Tx631’, and ‘Tx436’, all American feed-grade hybrids. Genotypes with large shoot 
height tended to also have higher shoot dry mass compared to genotypes with shorter 
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shoots. A higher variation in shoot biomass compared to shoot height implicated 
additional factors influencing the first independent of the latter, such as leaf num-
ber, width and thickness. Given the highly diverse origin of these selected genotypes 
(Table 1) a high phenotypic variation above- and below ground was expected.

2.2 Diverse set of sorghum genotypes with much higher belowground diversity

In contrast to the relatively small above ground variation in the rhizotron-
grown sorghum lines, root dry matter varied much more after three weeks of 

ID Pedigree Description Origin

1 T × 430 Feed-grade hybrid pollinator-parent USA

2 T × 2752 Feed-grade hybrid seed-parent USA

3 T × 631 Food-grade hybrid seed-parent USA

4 T × ARG1 Food-grade hybrid seed-parent USA

5 T × 436 Food-grade hybrid pollinator-parent USA

6 B N223 Food-grade hybrid seed-parent Niger

7 SC599 Post-flowering drought tolerant accession USA

8 SC35 Post-flowering drought tolerant accession USA

9 Kuyuma Improved, open pollinated variety Zambia

10 Sepon82 Improved, open pollinated variety Niger

11 SK 5912 Short Kaura Improved, open pollinated variety Nigeria

12 Ajabsido Drought tolerant landrace Sudan

13 CE-151-262-A1 Improved, open pollinated variety Senegal

14 CSM-63 Drought tolerant landrace Mali

15 Mota Maradi Pre-flowering drought tolerant landrace Niger

16 Koro Kollo Pre-flowering drought tolerant landrace Sudan

17 Feterita Gishesh Pre-flowering drought tolerant landrace Sudan

18 Segeolane Pre-flowering drought tolerant landrace Botswana

19 PI609567 Post-flowering drought tolerant accession Mali

20 MR732 Elite, food-grade, hybrid pollinator-parent Niger

21 Wassa Improved, open pollinated variety Mali

22 Seguetana Improved, open pollinated variety Mali

23 El Mota - S241 Pre-flowering drought tolerant landrace Niger

24 Honey Drip Sweet-stem sorghum USA

25 Theis Sweet-stem sorghum USA

26 Framida Improved, Striga-resistant variety Burkina Faso

27 ICSV1049 Improved, Striga-resistant variety Burkina Faso

28 Sariaso 14 Improved, Striga-resistant variety Burkina Faso

29 Grinkan Improved, open pollinated variety Mali

30 Mace Da Kunya Drought tolerant landrace Niger

Table 1. 
Commercial sorghum parent lines and accessions. Sorghum bicolor lines selected for whole genome sequencing 
including diverse varieties from Africa, Striga-resistant lines from West Africa, and elite sorghum parent lines.
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growth- almost 7x between the most extreme genotypes (Figure 2). At harvest 
the root dry weight varied between 0.22 g and 1.4 g. Again, the three largest 
root biomass varieties were observed as drought tolerant landraces (‘Ajabsido’, 
‘Segeolane’, ‘Mace Da Kunya’), while improved and hybrid varieties had lower 
root biomass (‘Tx430’, ‘SC599’, ‘Wassa’). A similar wide range of variation (6-7x) 
was found for root length of all separated types- the primary root, nodal roots, 
and lateral roots (Figure 3), but it changed over time. One week after sowing the 
first emerging primary root showed the highest length and variation while crown 
and lateral roots were almost not detected. Primary root length reached a plateau 
between 14 and 17 DAS, both due to the physical rhizotron constraints and the 

Figure 2. 
Variation in growth of 30 Sorghum bicolor genotypes. Shoot height of 30 sorghum genotypes over 3 weeks 
grown in soil-filled rhizotrones are shown (A). Single genotype values are means over 4 replicates. At harvest, 
21 DAS (example image in B), root and shoot dry weight was determined (C) and shown per genotypes as 
mean (n = 4) +/− SE. Per timepoint a one-way ANOVA Least Significant Difference (LSD) is depicted. 
Detailed information on genotypes can be found in Table 1.
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limited number of one primary root per plant. Two weeks after sowing, nodal 
root length varied from not detected to close to primary root length (50 cm), and 
just three days later their length doubled, and more than doubled again at har-
vest, 21 DAS. Lateral root length showed an even stronger increase in length over 

Figure 3. 
Variation in root growth of 30 Sorghum bicolor genotypes. Root length of 30 sorghum genotypes grown for 
3 weeks in soil-filled rhizotrones are shown. Single genotype values are means over 4 replicates. Visible and 
traced primary root (PR) length (A), nodal root (NR) length (B), and lateral root (LR) length (C) are 
depicted. Maximum intensity projections of all replicates per genotype are shown for the smalles LR and NR 
length (D, genotype ‘SC599‘) and the largest LR and NR length (E, genotype ‘Mota Maradi‘). Coloured lines 
represent traced PR (green), NR (blue), and LRs (red). Per time point a one-way ANOVA Least Significant 
Difference (LSD) is depicted. Detailed information on genotypes can be found in Table 1.
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time, the genotype with the longest LRs had 1,400 cm LR length at harvest, while 
the most contrasting genotype on the other end had only 250 cm LR length. With 
increase in NR and LR length over time, their variation among the tested geno-
types also increased both in absolute and relative values. Although the genotypic 
ranking per investigated root type varied slightly, also over time, a general trend 
of stable ranking became visible. Since these plants were grown without nutri-
tional, water, light, or biological stress this expresses their genetic potential to 
either form rather small or large root systems, often also with higher numbers of 
main axis. In all three root types, ‘Tx436’, a food-grade hybrid pollinator parent, 
and ‘SC599’ (Figure 3D), a post-flowering drought tolerant accession, were 
among the lowest ranking genotypes. Among the largest root systems were ‘Mota 
Maradi’ (Figure 3E), a pre-flowering drought tolerant landrace, and ‘SK5912’ 
and short ‘Kaura’, an improved open pollinated variety. Thus, previously drought 
tolerant described varieties did not show comparable root system developments 
in contrast to their early shoot development.

To gain more detailed knowledge about root morphology of these 30 sorghum 
genotypes, microscopic analyses were performed. Per root type (PR, NR, LRs) 
root diameter, root hair length, and root hair density were measured (Figure 4).  
When root hair density was plotted against root hair length per root type, a 
dependency became visible: roughly the more root hairs the longer they were 
(Figure 4A). All root types except for nodal roots showed significant correla-
tions of root hair length and density. On all root types the genotypes ‘Tx430’, 
‘Tx631’, ‘Tx436’, and ‘Mace Da Kunya’ formed the shortest and fewest root hairs. 
As root hairs are known to be instrumental for water und nutrient uptake [59] it 
is surprising to find ‘Mace Da Kunya’ in this list as it was also producing high root 
and shoot biomass. It should be noted that without nutrient and water limitation 
short and fewer root hairs were shown to be sufficient for plant growth [60, 61]. 
The longest and most root hairs were formed on roots of ‘Segeolane’, ‘MR732’, and 
‘Mota Maradi’. Since the latter, a pre-flowering drought tolerant landrace, also had 
the largest root system, it overall has the highest root surface area leading to the 
most soil contact for water and nutrient uptake. Like ‘Mota Maradi’, the genotypes 
with most root hairs also have the potential to excrete more sorgoleone into their 
soil environment compared to varieties with smaller root systems and fewer root 
hairs. Nodal roots had longer root hairs compared to all other root types, followed 
by primary roots, but their lateral roots did not differ from each other. Overall 
these soil-grown roots did produce many, but short root hairs of ~150 μm length; 
similar ranges of root hair formation have been reported for soil-grown rice 
varieties [60]. On the other hand, field-grown barley genotypes were reported to 
form longer root hairs from 400 μm [62] up to 700 μm [61]. Root hair formation 
in these studies varied with environmental conditions, be it nutrient or water 
supply, or other soil properties, therefore it is likely that sorghum root hairs could 
be longer in less optimal conditions then the one they were grown in here. Studies 
on rice root type-dependent root hair formation also showed a high dependency 
on the growth media used [63, 64].

The rhizotron-grown 30 genotypes showed root type-specific separation of 
root diameters (Figure 4B). For every genotype, nodal roots were not only thicker 
than primary roots, they did separate clearly with PRs ranging from ~300–550 μm 
and NRs from ~700–1,050 μm thickness. In contrast, their lateral roots had similar 
diameters, and both main roots (NR & PR) had ‘thin’ and ‘thick’ lateral roots, the 
first with ~100 μm diameter and little variation, the latter with higher variation 
from ~150–300 μm. In rice, distinct classes of lateral roots, S-type (thin) and L-type 
(thick) have been identified that are distinguishable by their diameter, but also 
branching ability [65, 66]. Recently those LR types have also been indicated to have 
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different functions in water and nutrient uptake and transport [67, 68]. If these 
different diameters do also indicate different LR functions in Sorghum would be 
interesting to investigate in future experiments, especially with resource limited 
conditions. Interestingly, while the primary root diameter did significantly correlate 
with the diameter of its lateral roots, this was not found for nodal roots and nodal 
root lateral roots. This may be due to the higher variation in lateral root diameter 
on nodal roots. The genotypes ‘Tx436’, ‘Koro Kollo’, and ‘Tx631’ had thin roots, 
while ‘CSM-63’, ‘Feterita Gishesh’, and ‘Framida’ were among the biggest root types. 
Interestingly, ‘Kuyuma’ had very thick PR and NRs, but very thin lateral roots, espe-
cially on NRs, while ‘Ajabsido’ behaved contrastingly. Overall, the thicker the root, 
the longer root hairs were measured (Figure 4), a trend that has also been observed 
in maize [69] and in rice [63].

Figure 4. 
Root morphology of 30 Sorghum bicolor genotypes. Root morphological traits of 30 sorghum genotypes grown 
over 3 weeks in soil-filled rhizotrones were determined using a stereomicroscope and analysed with the software 
Image J. Each point represents a single genotype value which is a mean over 4 replicates. Shown are root hair 
length depending on root hair density per root type (A) and lateral root (LR) diameter depending on their 
main root diameter (B). Significant linear correlations are depicted. Detailed information on the genotypes can 
be found in Table 1.
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3. Conclusion

Already, sorghum is grown in regions where maize production might fail due 
to adverse drought conditions. One difference between maize and sorghum lies in 
their root systems. The phenotypic and genotypic variation within Sorghum bicolor, 
especially for root traits such as root morphology, root hairs, and biomass, has great 
potential for breeding programs to mitigate climate change and to contribute to 
yield stability in drought prone regions with erratic precipitation. To explore the 
potential of the sorghum root system, we studied a subset of 30 selected genotypes, 
which varied in origin and breeding status, and found variation of above ground 
traits, but a much wider variance of root morphology, root biomass, and root hair 
density and length. Future experiments with resource limiting conditions will help 
to understand the underlying physiology of root hairs and their exudates facilitating 
water and nutrient acquisition, while impacting neighboring weeds and arbuscular 
mycorrhizal fungi.

4. Material and methods

4.1 Plant material and growth conditions

4.1.1 Plant material

For demonstration images (Figure 1) three different European sorghum 
genotypes were grown, WL08–713 and Zerberus from Germany, and SOR19 from 
Portugal. In the larger rhizotron screening 30 genotypes were grown, selected for 
variation in several physiological traits, including drought tolerance, flowering 
time, and origin (summarized in Table 1).

4.1.2 Growth in filter paper

Fungicide-coated seeds were sown either in between sheets of moist (DI water) 
white filter paper, placed in square petri dishes wrapped with parafilm or placed 
in moist brown filter paper which was rolled and placed standing upright in a 5 l 
container with 1 l DI water. After 10 (white) and 14 (brown) days in a greenhouse 
chamber with 22°C day (16 h) and 18°C night (8 h) sorghum roots were observed 
for root system structure, sorgoleone production and root hair formation using a 
stereomicroscope (MX12.5, Leica).

4.1.3 Growth in rhizotrons

Fungicide-coated seeds of 30 selected genotypes (Table 1) were sown in sheets 
of moist white filter paper, placed in a square petri dish and wrapped with parafilm. 
After two days a single germinated seed was placed into a rhizotron, four rhizotrons 
per genotype. The rhizotrons were 30x60 cm large and filled with 3 kg soil substrate 
(dried & sieved field soil 50:50 (v/v) mixed with dried organic soil low in nutrients 
“Nullerde”). Groups of six rhizotrons were grouped into a larger container, inclined 
to ~45° and covered to reduce light falling onto the transparent plexiglas side used 
for root imaging. The 30 genotypes in each replicate were randomized and grown 
in a greenhouse compartment at 24°C during the day (16 h, 70% humidity) and 
20°C during nights (8 h, 90% humidity). After 7, 14, 18, and 21 DAS non-invasive 
phenotyping, and after 21 DAS invasive measurements were performed.
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4.2 Non-invasive root and shoot measurements

Seedlings grown in filter paper were unwrapped gently without removing them 
from the paper. Roots were photographed with a digital camera and primary and 
their branched lateral roots imaged under a stereomicroscope (MX12.5, Leica) to 
evaluate sorgoleone production, root diameter, and root hair formation (length and 
density).

For rhizotron-grown plants, at the given time points, roots and shoots of the 30 
genotypes were non-invasively measured. Shoot length was measured until the tip 
of the youngest elongated leaf. The root systems of rhizotron-grown plants were 
imaged using a photo-station equipped with a digital camera. The PaintRhizo soft-
ware (FZJ) was used to mark and track primary, lateral, and nodal roots separately 
over time.

4.3 Invasive root and shoot measurements

4.3.1 Shoot and root dry weight

At harvest, 21 DAS and following the last non-invasive measurements, shoots 
were cut off, dried for seven days in a 60°C oven and then weighted to determine 
total shoot dry weight. After shoot removal, rhizotrons were opened and the soil 
was gently removed by washing using running tap water. The primary root as well 
as the longest crown root were gently separated from the remaining root system. 
From these roots several 1 cm segments (at 5, 10, 20, 30, 40 cm from the root tip) 
were cut and transferred to 50% ethanol (p.a.) for subsequent root morphological 
analyses. The remaining root system was dried for seven days in 60°C and then 
weighted for root dry weight determination.

4.3.2 Root morphological analyses

All root segments were imaged using a stereomicroscope (MX12.5, Leica) fol-
lowed by analysis using the image J software (Fiji). Per root segment four images 
were taken; per image root diameter and ten root hairs were measured in length, 
while sorgoleone production was noted as presence or absence. Root hair density 
was scored following the procedure described in [63]. Distinguished were the 
primary root and the longest nodal root as well as their daughter roots, separated as 
‘thick’ and ‘thin’ lateral roots.

4.4 Statistical analyses

The experimental data were analyzed with Excel (version 2019, Microsoft) and 
R (Rstudio, version 4.0.3). Genotypic variation per time point was analyzed by a 
one-way ANOVA followed by Tukey’s Honest Significant Difference (HSD) and the 
LSD (Least Significant Difference). Linear correlations over all plants was calcu-
lated as Pearson’s correlation.
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Chapter 8

Irrigated and Rain-Fed Lowland
Rice Breeding in Uganda: A
Review
Jimmy Lamo, David Ochan, Desta Abebe,
Zelalem Zewdu Ayalew, Anna Mlaki and Cyprien Ndikuryayo

Abstract

Since introduction of rice into Uganda in 1904, improvement of the irrigated
and rain-fed lowland types was undertaken to address a number of production and
quality constraints in three consecutive and overlapping phases. The initial phase
was achieved through evaluation of introduction, selection of promising lines and
subsequent release of the selected lines for production by the farmers. In the second
phase, genetic potential of traits and characteristics of interest were analyzed and
used to guide selection of suitable parents for hybridization and the third phase
employed genotyping approach in screening and selection of the parental lines and
the segregating populations to enhance the breeding efficiency for the traits of
importance. Simultaneously, the key production constraints addressed included
resistance to rice yellow mottle virus (RYMV), rice blast, bacterial leaf blight and
narrow leaf spot diseases as well as submergence tolerance and cold tolerance. The
quality traits considered for the improvement alongside the grain yield parameters
were the grain aroma, amylose content, shape and size. These interventions have
resulted into release and wide adoption of seven rice varieties in Uganda besides
several breeding lines which have informally diffused into different major rice
production agro-ecology. Subsequently, it can be concluded that a substantially
strong and functional breeding platform for rice in Uganda has been established.

Keywords: evaluation, genotyping, grain quality and yield, hybridization,
inbred lines and variety release

1. Introduction

Uganda is a tropical country that lies astride equator, but with modified climatic
conditions due to large water bodies and high peaked mountains. The altitude varies
from 614 to 5,111 metres above sea level (masl) with much of the rice production
areas falling within an altitude ranging from 1,000 to 1,400 masl. The least and the
highest recorded temperature within the rice production agro-ecology is 8°C and
38°C, respectively, whereas on the basis of the average for the entire country,
lowest temperatures range between 10°C and 17°C and highest from 23°C-25°C. The
annual rainfall intensity in Uganda varies from 600 mm to 2,500 mm with much of
the country receiving between 900 mm and 1,800 mm of rainfall. Owing to the
diversity in the climatic conditions, rice production ecologies in Uganda are

137



classified into three broad categories of rain-fed upland, irrigated and rain-fed
lowland production areas. The total land area suitable for rain-fed upland rice
production constitutes an estimated 70% of the arable land in Uganda and are
mostly located within Upper Nile basin in the Northern region and Albert basin in
Western Uganda [1]. The area is classified into four zones on the basis of availability
of water for production and proximity to critical services for rice production,
namely Upper Nile basin, Albert basin, Victoria basin and Kyoga basin. The upper
Nile basin drains an area of 48,911 sq. km2 comprising Albert Nile (21,234 sq. km2)
and Aswa catchment. The Albert basin covers 21,875 sq. km2 with 4.5% of the area
being permanent wetlands and 3.5% seasonal/ temporary wetlands while Victoria
zone covers 30, 880 sq. km2 and Kyoga zone covering 137,500 sq. km2. Overall, a
total of 239,166 sq. km2 catchment basin suitable for rice production is located in
Uganda. Of the Uganda’s 241,500 sq. km2 catchment area, 15% is open water and
3% represent permanent wetland area while 9.4% comprise the seasonal wetland
area. In essence, therefore, much of the Uganda’s land surface is collectively suitable
for rain-fed and irrigated rice production.

Rice was introduced to Uganda in the early 1900’s, but the exact year remains
contradicting as the different years of 1904 [2] and 1910 [3] were reported. In
addition, other authors believed that rice was already introduced into the country
by end of the 1870’s, the time when the Arab community grew rice for their
consumption [4]. However, it was believed that rice was first introduced in milled
form for consumption by European administrators and Indian businessmen as well
as Indian rail construction workers, the ‘coolies’ who built the railway line then
referred to as the ‘Iron Snake’, from Mombasa to Uganda. Subsequently, small
observation and minimal fields were latter established during the period from 1904
to 1940 by Swahili and Indian staff and Church Missionary Society (CMS) staff [2].
In the year 1921, rice was already recognized and reported as one of the food crops
produced and promoted in the country [5]. Rice production was promoted further
during the World War II in 1939–1945 to provide food to soldiers. Progressively, a
successful irrigated rice trial was launched in central Uganda [2] and by 1940’s,
commercial production of rain-fed lowland rice in the country had increased [2, 6].
Later, during the 1950’s, the Uganda government developed further interest in rice
and potential for irrigated rice farming. Subsequently, two irrigation schemes of
Kibimba and Doho were developed in the 1970’s in Eastern Uganda and later on a
third rice irrigation scheme was constructed at Olweny swamp in Northern Uganda.

Given the relatively many decades of rice cultivation of the introduced rice crop
and with expanding acreage under production, a long-standing draw back to irri-
gated and lowland rice production of pests and diseases were reported [2, 3, 6–9]. In
most cases, some of the then existing varieties were dropped due to susceptibility to
insect pests and diseases [7]. With this background constraints threatening rice
yield, the rice breeding program was inevitably established to identify and incor-
porate broad-spectrum and durable resistance (BSDR). The initial stage was to
identify the genetic donors for the targeted traits for the improvement through
characterization and conservation of germplasm collections. This was followed by
development of segregating populations and selection of genotypes possessing the
desirable traits and identify candidate rice genes contributing towards BSDR
through co-localization with resistance to different stress genes. The new lines
generated were then advanced through anther culture technique and modified
Rapid Generation Advance (RGA) technique, for which the anther culture tech-
nique has proved useful in improvement of selection efficiency for yield and other
traits of low heritability. In addition, the doubled haploid lines developed from the
RGA have been associated more with additive genetic variance component com-
pared to the conventional F2 and F3 generations as the dominance variance
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component is eliminated in double haploid technology, implying higher irritability
of these economic traits in rice [10]. It was reported that in the case of F3 and F4,
both additive and dominance gene effects contribute to phenotypic differences
between individuals, which tends to mask the expression of the desired traits [11]
whereas variation in doubled haploid progeny is only due to some environmental
effects.

The elite breeding lines were then evaluated in replicated yield trials and
multilocation testing to identify promising lines for onwards evaluations on-farm
and testing in National Trials following the National Variety Release guidelines and
subsequently the promising lines basing on the key preferred production and qual-
ity attributes are nominated to the National Variety Release Committee of Uganda
for approval and release as new rice varieties.

Key attributes of preferred rice for production are highlighted below:

1.Agronomic traits: This target breeding for high yielding and preferred plant
type such as high yielding rice exhibiting 20% yield increase compared to the
existing rain-fed lowland and irrigated rice varieties, but with plant height
ranging from 90 to 110 cm and maturity period of between 90 and 135 days
after planting.

2.Biotic stress: The focus in regards to the abiotic stress has been development of
new climate resilient varieties tolerant to abiotic stresses such as drought, iron
toxicity, low nitrogen (high nitrogen use efficiency), submergence and cold
stresses.

3.Biotic stress: Among the biotic stresses, efforts were directed to develop
varieties resistant to currently important and emerging insect pests and
diseases. Major pests include stem borers (Scripophaga sp., Chilo sp., Diopsis
sp), African rice gall midge (Orseolia oryzae), leaf hopper (Cnaphalocrosis
medinalis), grain sucking insects such as rice bugs (Nezara viridula, Leptocorsia
sp and Nephotettix spp), root feeding insects including Rood weevil
(Lissorhoptrus oryzophilus) and whorl maggot (Hydellia sp); while major
diseases include rice leaf blast (Magnaporthe oryzae), panicle blast, bacterial
leaf blight (Xanthomonas oryzae pv. oryzae). bacterial leaf streak, rice yellow
mottle virus, sheath blight, sheath rot, narrow leaf spot and brown leaf spot
diseases.

4.Grain quality: Development of rice with quality attributes preferably with low
amylose content for diabetic and elderly persons of less than 20%, noodles
(>29%), high milling recovery (>65%) and preferred cooking quality of non-
sticky and aroma characteristics. Preference for aromatic, non-sticky, whole
grain and white rice grains traits are also commonly preferred by most rice
consumers in Uganda [7, 12]. In terms of size, medium and long grains are
preferred in the country as well as rice with intermediate amylose and
intermediate gelatinization temperature desired.

5.Physiological characteristics: This involves breeding for moderate threshability
(non-shattering and tight grain attachment) as detailed in an earlier study
conducted in Uganda [reference].

6.Produce quality breeder and foundation seed. This is one of the prescribed
roles of a breeder to ensure availability of quality seeds in the right quantity
either directly or through the agro-input dealers to the farming communities.
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2. Evaluation and deployment of rice varieties

2.1 Introduction of rice varieties to Uganda

Irrigated and rain-fed lowland rice varieties were introduced into Uganda in two
phases namely, first from 1921 to 1970 and second during 1971–2020. In the first
phase, a total of eight irrigated and rain-fed lowland rice varieties, specifically
Jaggery, Cakala, Matama, Kawemba, Kigaire, Seena, SUPA LOCAL and Bungala
were introduced and grown (Table 1). On the basis of aroma, all the eight rice
cultivars except Bungala were aromatic types.

In the second phase covering the period from 1971 to 2020, six released varieties
and up to 70 unreleased but informally released rice varieties were commonly being
grown by the farming communities. The 70 informally released varieties are classi-
fied into two different groups according to their generations. The first are called the
K-series of rice introduced from China under technical assistance program, while
the second are introductions from major breeding centers detailed in Table 1. Both
groups are modern varieties with high-yielding capacity and tolerance for various
biotic and abiotic field stress conditions. The K-series is an acronym of Kibimba
lines, named so probably due to the series being grown then in the Kibimba gov-
ernment rice irrigation scheme. Fortunately, most of the K- series had a desirable
combination of intermediate amylose content and intermediate gelatinization
temperature and a notable variety is IR64, which has been widely accepted as a
high-quality rice. Later, however, there were several devastating stresses that
undermined the importance of these varieties for which reasons more introductions
from other centres were requested and received. The major breeding centers that
provided rice germplasm to Uganda include Africa Ricer Center (AfricaRice),
International Rice Research Institute (IRRI), International Centre for Tropical
Agriculture (CIAT), Colombia, Tanzania Agricultural Research Organization
(TARO), Nigeria, Crop Research Institute (CRI) Ghana, Yunnan Agricultural Uni-
versity, Kunming, China and Chinese Academy of Agricultural Sciences (CAAS),
China. Overall, the germplasm received include the following specie of Oryza sativa,
generations involving crosses between O. sativa and O. glaberrima, Oryza barthi x
O. sativa crosses, and O. sativa x O. longistaminata crosses.

2.2 Screening introduction, genetic studies and hybridization

2.2.1 Rice diseases

Rice yellow mottle virus (RYMV) disease is apparently the most serious
disease of rice under irrigated and rain-fed lowland conditions in Uganda.
In order to identify lines with resistance to RYMV disease, 934 rice lines were
screened in the years 2015, 2016, 17 and 2018. These list excluded IR 64, K 34, K 38,
K 85 and KOMBOKA (susceptible control), Gigante from AfricaRice (resistant
check), Namche 2, NERICA 4 (MET P71), NERICA 8 (MET P72) and WITA 9
(local resistant check) that were included in each set [20, 21]. Each line was
sown in the field at high plant population of 10 grams in a land area measuring
20 cm x 20 cm in size. Mechanical inoculations were carried out on seedlings
(10 plants test line) at 3 weeks post germination as described by Thouvenel and
Fauquet [22]. Symptom appearance was monitored on daily basis to assess the stage
of disease initiation and thereafter, disease severity was scored using a scale of 1 (no
symptoms) to 9 (severe symptoms) [23, 24] at 45 days post-inoculation (DPI). Of
the 934 lines evaluated, a total of 54 either highly resistant or just resistant were
identified (Table 2). Majority of the RYMV resistant lines were crosses with Tongil
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No Genotype Designation Reaction Breeding centre Reference

1 ARC-1 ARC36-2-1-2 HR AfricaRice [25]

2 ARC-2 ARC36-4-EP-2 HR AfricaRice [25]

3 ARC-3 ARC39-145-P-3 HR AfricaRice [25]

4 ARC-4 ARC39-145-P-2 HR AfricaRice [25]

5 ARC-5 ARS126-3-B-1-2 HR AfricaRice [25]

6 ARS126-3-B-1-2 ARS126-3-B-1-2 HR AfricaRice [25]

7 IRL 2 (GP 54) IRL 2 (GP 54) R AfricaRice [25]

8 IRL 4 (69 GP 54)] IRL 4 (69 GP 54)] R AfricaRice [25]

9 Gigante Gigante HR AfricaRice [25]

10 ARICA-5/NamChe1 WAB95-B-B-40-HB
(ARICA 5)

HR AfricaRice [25]

11 Tog5672 Tog5672 HR AfricaRice [25]

12 Tog5674 Tog5674 HR AfricaRice [25]

13 Tog5681 Tog5681 HR AfricaRice [25]

14 MET14 ART34-256-3-1-B-2 HR AfricaRice [19];
[25]

15 NamChe2 NM7-8-2-B-P-2-1 HR AfricaRice [25, 26]

16 MET3 ART35-114-1-6N-2 HR AfricaRice [25, 26]

17 MET8 ART35-100-1-7D-1 HR AfricaRice [25, 26]

18 MET12 ART34-88-1-2-B-1 HR AfricaRice [25, 26]

19 MET13 ART34-113-3-2-B-1 HR AfricaRice [25, 26]

20 MET16 ART35-272-1-2-B-1 HR AfricaRice [25, 26]

21 MET35 ART27-58-3-2-2-1 HR AfricaRice [25, 26]

22 MET44 PCT-11\0\0\2,Bo\2
\1>404-1-1-1-1-1-M

R AfricaRice [25, 26]

23 MET50 PCT-11\0\0\2,Bo\2
\1>82-3-1-1-3-2-M

R AfricaRice [25, 26]

24 MET60 PCT-4\0\0
\1>295-2-3-1-3-3-M

R AfricaRice [25, 26]

25 MET66 PCT-4\SA\1\1,SA\2
\1>746-1-1-4-1-3-M

R AfricaRice [25, 26]

26 MET70 PCT-4\SA\5
\1>1754-5-1-5-
3-1-M

R AfricaRice [25, 26]

27 Nerica8 R AfricaRice [25, 26]

28 IR61979-138-1-3-2-3 R AfricaRice [26]

29 SR33859-HB3324-133 SR33859-
HB3324-133

HR AfricaRice [26]

30 NM 15-1 R33701-HB3330-78
X SR33859-
HB3324-133

R AfricaRice [26]

31 NM 15-2 FAROX 521-357-H1
X SR33701-
HB3330-78

HR AfricaRice [26]
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No Genotype Designation Reaction Breeding centre Reference

32 NM 15-3 NamChe-2/
SR33705-
HB3381-62

HR AfricaRice [26]

33 NM 15-4 NamChe-5/
SR33705-
HB3381-62

HR AfricaRice [26]

34 NM 15-5 ARC36-2-P-2/
SR33705-
HB3381-62

HR AfricaRice [26]

35 NM 15-6 32610A X
NERICA-4

HR AfricaRice [26]

36 NM 15-7 326104 X
NamChe-5

HR AfricaRice [26]

37 NM 15-8 326104 X
NERICA-1

HR AfricaRice [26]

38 SR34034-HB3471-10 HB4052/Ungwang HR AfricaRice [26]

39 SR34034-HB3471-23 HB4052/Ungwang HR AfricaRice [26]

40 SR34034-HB3471-24 HB4052/Ungwang HR AfricaRice [26]

41 SR34555-HB3472-18 HB4055/Hopum HR AfricaRice [26]

42 SR34039-HB3366-64 HB4055/MS11 HR AfricaRice [26]

43 SR34042-HB3475-6 HB4057/Japonica 1 HR AfricaRice [26]

44 SR34035-HB3477-61 HB4057/Ungwang HR AfricaRice [26]

45 SR34035-HB3477-96 HB4057/Ungwang HR AfricaRice [26]

46 SR33705-HB3381-62 Hwaseong/
IR84421-4-47-B-1-3

HR AfricaRice [26]

47 SR33705-HB3381-113 Hwaseong/
IR84421-4-47-B-1-3

HR AfricaRice [26]

48 SR33703-HB3482-8 Ilpum/IR84421-4-
47-B-1-3

HR AfricaRice [26]

49 SR34040-HB3367-55 Japonica 1/HB4052 HR AfricaRice [26]

50 SR34038-HB3420-35 MS11/HB4052 HR AfricaRice [26]

51 SR34038-HB3420-38 MS11/HB4052 HR AfricaRice [26]

52 SR34038-HB3420-56 MS11/HB4052 HR AfricaRice [26]

53 SR33859-HB3324-93 Samgwang/
Yeongdeok53

HR AfricaRice [26]

54 SR33859-HB3324-133 Samgwang/
Yeongdeok53

HR AfricaRice [26]

55 SR33701-HB3330-78 Odae/Borami HR AfricaRice [26]

56 CN127 D20-ARS-22-B HR AfricaRice [26]

57 AR38 ARS887-9-1-4-4 HR AfricaRice [26]

58 LW21 CSR36 HR AfricaRice [26]

59 RF96 IR 97071-24-1-1-2 HR AfricaRice [26]

Table 2.
Rice genotypes resistant to RYMV.
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rice types in their background developed under Korea-Africa Food and Agriculture
Cooperation Initiative (KAFACI) rice collaborative research.

In 2018, another set of 112 germplasm was screened for rice yellow mottle virus
disease (RYMVD) resistance. The germplasm comprised of O. barthi interspecific
lines generated from crosses between Oryza sativa L. and O. barthi. These breeding
lines were selected for their high yield potential, resistance to diseases and other
desirable culinary qualities. Seventeen promising genotypes were identified, among
which six comprising of [ARS126–3-B-1-2 (11), ARC36–2-P-2 (2), ARC39–145-P-2
(5), Gigante, IRL 2 (GP 54) and IRL 4 (69 GP 54)] were highly resistant to RYMV
disease. List of the 11 resistant lines for RYM derived from O. barthi crosses are
shown in Table 2.

In 2019, a total of 307 lines including the 247 KAFACI lines were introduced into
East African Regional Rice Research and Training centre at NaCRRI, Namulonge-
Uganda and each of the introduced seed samples were divided into three parts. The
first part was planted using a single row plots in the screen house at NaCRRI. Each
row had 10 cm spacing with 15 hills and the rows were. Spaced 15 cm apart. A
prepared RYMV inoculate was used to inoculate 5 plants in each row following
procedure described by [22]. Symptom appearance was monitored on daily basis to
assess the stage of disease initiation. Also, symptom expression post inoculation
(DPI), severity on weekly intervals from 21 DPI, through 28 DPI, 35 DPI and 42 DPI
were collected. We also took record of plant height for inoculated and non-
inoculated plants and the percentage reduction for each of the lines were calculated
The results revealed that 3 lines ofIR64/rymv1-2, IR64/rymv1-3 and IR64/RYMV3
showed severity score of 1 on score 1-9; 14 lines showed severity score of 3. These 7
lines are; SR34574-HB3565-284, ARS1958-1, SR34574-HB3565-285, SR34574-
HB3565-290, HR32068F1-4-20-1-6-3-2, HR32068F1-4-20-1-6-4-2 and
HR32068F1-4-20-1-6-4-3, which were also found to exhibit resistance to all other
diseases assessed, namely rice blast, BB, sheath rot and narrow leaf brown spot. A
total of 39 lines showed severity score of 5 while up to 57 lines showed reduction in
plant height by at most 30%. Further analysis based on a rating scale for Susceptible
(7-9), Medium resistance (4-6) and Resistance (0-3) indicated line, namely,
HB4057, rymv1-2, rymv1-3, RYMV3, Hannam, NamChe-2 and Ungwang as the
resistant donors.

In respect to bacterial leaf blight (BLB) disease, a total of 18 isogenic lines
developed for BLB disease were screened in three hotspot areas of Namulonge-
Wakiso, Olweny-Lira and Kibimba- Bugiri districts in Uganda. The results revealed
IRBB21 (Xa 21) as the most resistant line in all the three locations followed by IRBB8
[27], implying that lines with these genes could be used to pyramid for multiple
stress resistance in our breeding programme.

In another study, 32 lines were screened for resistance to BLB and six other lines,
namely, CT 12, WITA 132 x NERICA 14, NERICA 10, NERICA 4 and NERICA 1
were reported resistant to BLB [27]. These four lines could be donor parents in
breeding for BB resistance as currently, several rice lines have shown resistance to
leaf bacterial blight (Table 3).

Rice blast disease has been mentioned in several articles as a major constraint in
rice production in Uganda [2, 3, 5, 6]. Accordingly, 450 lines were progressively
screened in 2014, 2015, 2016, 2017, 2018 and 2020 for sources of resistance to the
rice blast disease. In 2014, a total of 50 lines introduced from South Korea though
the KAFACI were screened alongside a resistant (IR-64) and a susceptible
(NERICA 1) checks. These were the breeding population from a cross of an
African cultivated rice, Oryza glaberrima of Niger Delta origin and Milyang 23, a
Tongil-type Korean rice variety and a total of 29 lines were resistant to rice blast
[26] (Table 4).
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Another set of 46 rice genotypes introduced from South Korea though the
KAFACI were screened for resistance to rice blast under screen house condition and
in the field at NaCRRI Uganda in the year 2015 [28]. The screening exercise involved
infecting and selecting the infected rice plants and by observing the symptoms on the
leaves based on the rice blast identification guide. Data on leaf blast severity, lesion
size, area under disease progress curve (AUDPC) for leaf blast severity and lesion
size, panicle blast and yield were collected on five randomly selected plants in the
field and on three plants in the screenhouse from each plot according to the standard
evaluation system of rice [24]. Results revealed that genotypes SR33859-HB3324-133,
SR33859-HB3324-93 and SR33701-HB3330-78 were highly resistance to rice blast and
had good performance for yield [28] (Table 4).

In a related study aimed at understanding transmission of genes for resistance to
rice blast, it was found that both additive and non-additive effects contributed to
transmission of resistance genes for rice blast disease to the progenies. The inheri-
tance of rice blast resistance has been indicated to be mainly controlled by additive
gene effects, besides a small influence of a non-additive effects [28].

In an effort to combat brown spot disease caused by Biplaris oryzae pathogen, a
total of 100 lines were screened for resistance to rice brown spot in 2017 and 2018 at
Namulonge. The results showed that 18 lines were rated as highly resistant, 52
resistant, 27 moderately resistant and three lines including the checks were suscep-
tible [29]. The list of the highly resistant lines recommended for further breeding
work is presented in Table 5.

Further studies where F2 progenies from the crosses involving parents with
distinct phenotypic classes of brown spot revealed information of segregation ratios
for the different crosses. In particular, crosses TXD 306 � NERICA 4, NERICA
1 � NERICA 4, NERICA 4 � NERICA 1 and E 22 � PAK conformed to the 3:1 ratio,
suggesting the presence of at least one gene showing dominance [30].

Another study conducted to identify lines resistant to bacterial leaf streak (BLS)
identified three lines of NERICA 1, NERICA 6 and IURON 2015-1 as highly resistant
to the pathogen causing bacterial leaf streak [31].

2.2.2 Insect pests

A study was also conducted to identify rice lines resistant to African rice gall
midge (AfRGM) and 20 rice genotypes with diverse breeding background were
evaluated for the resistance to AfRGM under controlled conditions in a screen house
and under the field conditions at NaCRRI, Namulonge - Uganda [32]. Infestation
was done in accordance with the method use by Ogah [33] where 3 females and 2

No Genotype Designation Reaction Source

1 IRBB21 Xa 21 HR NaCRRI

2 CT 12 Unknown HR NaCRRI

3 NERICA 1 WAB 450-1-B-P-38-HB HR NaCRRI

4 NERICA 4 WAB 450 IBP91HB. HR NaCRRI

5 NERICA 10 WAB 450-11-1-1P41-HB HR NaCRRI

6 WITA 132 x NERICA 14 Unknown HR NaCRRI

Key: HR = high resistance; NaCRRI = National Crops Resources research Institute, Namulonge - Uganda.
Source; Lussewa et al. [27].

Table 3.
Lines resistant to bacterial leaf blight disease.
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male of AfRGM were released in each cage. A total of 180 females and 120 males of
gall midge was used. Genotypes MET P-7 and NERICA 6, NERICA 4 and NERICA 1
consistently exhibited high tolerance to AfRGM. The most desirable (high negative)

No Genotype Designation Reaction Breeding centre Reference

1 MET3 ART35-114-1-6N-2 R AfricaRice [26]

2 MET8 ART35-100-1-7D-1 R AfricaRice [26]

3 MET12 ART34-88-1-2-B-1 R AfricaRice [26]

4 MET13 ART34-113-3-2-B-1 R AfricaRice [26]

5 MET16 ART35-272-1-2-B-1 R AfricaRice [26]

6 MET35 ART27-58-3-2-2-1 R AfricaRice [26]

7 MET44 PCT-11\0\0\2,Bo\2\1>404-1-
1-1-1-1-M

R AfricaRice [26]

8 MET50 PCT-11\0\0\2,Bo\2\1>82-3-1-1-
3-2-M

R AfricaRice [26]

9 MET60 PCT-4\0\0\1>295-2-3-1-3-3-M R AfricaRice [26]

10 MET66 PCT-4\SA\1\1,SA\2\1>746-1-
1-4-1-3-M

R AfricaRice [26]

11 MET70 PCT-4\SA\5\1>1754-5-1-5-3-1-
M

R AfricaRice [26]

12 Nerica8 R AfricaRice [26]

13 SR34034-HB3471-10 HB4052/Ungwang R KAFACI [26]

14 SR34034-HB3471-23 HB4052/Ungwang R KAFACI [26]

15 SR34034-HB3471-24 HB4052/Ungwang R KAFACI [26]

16 SR34555-HB3472-18 HB4055/Hopum R KAFACI [26]

17 SR34039-HB3366-64 HB4055/MS11 R KAFACI [26]

18 SR34042-HB3475-6 HB4057/Japonica 1 R KAFACI [26]

19 SR34035-HB3477-61 HB4057/Ungwang R KAFACI [26]

20 SR34035-HB3477-96 HB4057/Ungwang R KAFACI [26]

21 SR33705-HB3381-62 Hwaseong/IR84421-4-47-B-1-3 R KAFACI [26]

22 SR33705-HB3381-113 Hwaseong/IR84421-4-47-B-1-3 R KAFACI [26]

23 SR33703-HB3482-8 Ilpum/IR84421-4-47-B-1-3 R KAFACI [26]

24 SR34040-HB3367-55 Japonica 1/HB4052 R KAFACI [26]

25 SR34038-HB3420-35 MS11/HB4052 R KAFACI [26]

26 SR34038-HB3420-38 MS11/HB4052 R KAFACI [26]

27 SR34038-HB3420-56 MS11/HB4052 R KAFACI [26]

28 SR33859-HB3324-93 Samgwang/Yeongdeok53 R KAFACI [26]

29 SR33859-HB3324-133 Samgwang/Yeongdeok53 R KAFACI [26]

30 SR-133, SR33859-HB3324-133, KAFACI [28]

31 SR-93 SR33859-HB3324-93 KAFACI [28]

32 SR-80 SR33701-HB3330-80 KAFACI [28]

Table 4.
Lines resistant to rice blast.
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SCA effects were observed in the crosses from NERICA 6 X E 22, NERICA 1 X K 85,
NERICA 1 X KOMBOKA and NERICA 4 X KOMBOKA. Low (desirable) GCA
values were witnessed in the case of genotypes of NERICA 6, NERICA 1, NERICA 4
and MET P-7, indicating the importance of the parents in contributing resistance
towards AfRGM in rice.

In another study to identify sources of resistance to stalk-eyed fly pest (D.
longicornis) in rice plants, four out of eight lines namely, NERICA 4, TXD 306, K 85
and NM7-22-11-B-P-1-1, showed high resistance to stalk eyed fly upon screening
on-station at Namulonge in 2015 [34]. These four-high resistant (HR) lines were
crossed with moderately susceptible lines NERICA 1, NERICA 6, Namche 2 and
PAKISTAN in a North Carolina II mating design to determine their combing abili-
ties for the insect pest resistance. The results showed that NERICA 4 and K 85 were
good general combiners for resistance to the pest. The crosses Pakistan � TXD 306
and NERICA 1� NM7-22-11-B-P-1-1 were identified as promising lines for
advancement. Further analysis revealed that the stalk-eyed fly in rice seems to be
controlled both by additive and non-additive genes, thus selection at early

No Genotype Designation Reaction Source

1 NM-22-1 NamChe-2/SR33705- HB3381-62 HR NaCRRI

2 NM-22-2 NamChe-5/SR33705- HB3381-62 HR NaCRRI

3 NM-22-3 ARC36-2-P-2/SR33705- HB3381-62 HR NaCRRI

4 E22 NM7-22- 11- B-P-1-1 (WAB 450-1-
BL1-136-HB /WAB 450-B-136-HB)

HR NaCRRI

5 NERICA 10 HR AfricaRice

6 NERICA 4 WAB450-1-B-P-91-HB HR AfricaRice

7 E1 NM7-22- 14- B-P-1-5 HR NaCRRI

8 E11 NM7-1- 9- B-P-1-1 HR NaCRRI

9 P27H4 NM7-27- 5- B-P-1-2 HR NaCRRI

10 E186 NM7-186- 8- B-P-1-3 HR NaCRRI

11 E51 NM7-51- 9- B-P-1-4 HR NaCRRI

12 P8H13 NM7-8- 9- B-P-1-5 HR NaCRRI

13 E123 NM7-123- 10- B-P-1-6 HR NaCRRI

14 E3 NM7-3- 9- B-P-1-7 HR NaCRRI

15 E104 NM7-104- 16- B-P-1-8 HR NaCRRI

16 E99 NM7-99- 14- B-P-1-9 HR NaCRRI

17 E16 NM7-16- 12- B-P-1-7 HR NaCRRI

18 E135 NM7-135- 11- B-P-1-9 HR NaCRRI

19 E8 NM7-8- 11- B-P-1-12 HR NaCRRI

20 P26H6 NM7-26- 11- B-P-1-9 HR NaCRRI

21 P27H3 NM7-27- 11- B-P-1-12 HR NaCRRI

22 P3R1 NM7-3- 11- B-P-1-4 HR NaCRRI

23 P55H7 NM7-55- 11- B-P-1-6 HR NaCRRI

Source: Marco et al. [29].

Table 5.
List of rice lines resistant to brown spot.
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generations (F1 and F2) would not be effective. Therefore, selection can be appro-
priately delayed to a later generations, between F4 and F6. Advancement of selected
breeding lines (Pakistan � TXD 306 and NERICA 1� NM7-22-11-B-P-1-1) is,
therefore, recommended for further evaluation for resistance to the stalk-eyed fly
in later generations [34]. The parental lines NERICA 4 and K 85 are recommended
as good general combiners and could be used as the donor parents in the breeding
programme for the pest.

2.2.3 Abiotic stresses

Further, an investigation aimed at identifying rice lines with tolerance to cold
was conducted and 41 lines at panicle initiation growth stage were subjected to
controlled environmental condition of 17°C for 30 days prior to screening and the
results revealed three lines, namely, Yunertian, Yunkeng and Zhongeng to exhibit
tolerance to cold stress. Furthermore, a study was carried out to determine mode of
transmission of genes resistance to cold stress and the crosses from Agoro x
Zhongeng, TXD x Zhongeng, 1189 x Zhongeng, 1052 x Zhongeng, TXD x Yunertian
and 1189 x Rumbuka presented high and positive specific combining ability (SCA)
effect to cold stress at seedling stage indicating that the crosses could be used in
selection of cold tolerant lines.

Submergence is a salient yield decimating factor in rice partly because water
control and field level under irrigated and rain-fed conditions is weak. In order to
address this challenge, a total of 29 rice genotypes were screened for submergence
tolerance. Of these, six genotypes namely, O. barthi interspecific lines which were
obtained from a cross of O. barthi and O. sativa, where O. glaberrima is a monocar-
pic annual derived from O. barthi. Two are released varieties (Namche 5, Namche
2) and six are candidate lines for release (ARS 126-3-B-1-2, ARU1189, ARU1190,
ARU1191, E20 and E22) are potential candidate varieties for rain-fed lowland con-
dition [35]. Evaluation of submergence tolerant rice genotypes following the IRRI
standard protocol revealed a significant difference in seedling height assessed
immediately after submergence stress. The genotypes were screened by submerging
14 days old seedling at 100 cm water depth for 14 days and another set at 45 cm
water depth for 14 days following IRRI standard protocols. The study revealed four
rice genotypes of Swarna, IRRI SUPA 3, KOMBOKA and SUPA 5 to be tolerant to
submergence at 45 cm water depth for 10 days, with at least 85% survival rates.
While varieties Swarna, SUPA 5, IRRI SUPA 3, KOMBOKA Mahsuri and IR 64
showed stable survival rate at both water depths with ≥75% survival rates.

2.2.4 Grain quality

Aroma in rice is a trait of high economic importance, thus are highly valued by
consumers and thus commanding higher prices compared to the non-aromatic
genotypes. However, the popular global varieties, namely, Basmati of India and
Pakistan origins could not be adopted in Uganda because they succumbed to multi-
ple biotic stresses rendering them not suitable for production in Uganda. In
response to this challenge, the rice breeding program in Uganda, therefore, have
employed two intervention strategies. The first was to screen all rice germplasm for
aroma and initiate breeding program for improvement of aroma characteristics and
through cooking and leaf sample testing, 39 aromatic rice varieties were identified
(Table 6). In the second study, screening was conducted based on 2-acetyl-1-
pyrroline (2-AP) concentration and the genotypes MET 3, SUPA 1052, Namche 1,
ART-4 and BASMATI 370 exhibited not only high, but also stable 2-AP levels. These
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S/N Genotype Designation Reaction Breeding centre Reference

1 AGRA 41 AGRA-CRI-UPL-3-4 Aromatic CRI, Ghana [19]

2 AGRA 55 AGRA-CRI-UPL-4-4 Aromatic CRI, Ghana [19]

3 AGRA 60 AGRA-CRI-UPL-4-13 Aromatic CRI, Ghana [19]

4 AGRA 78 AGRA-CRI-UPL-2-1 Aromatic CRI, Ghana [19]

5 ART 4 ART15-22-10-8-1-B-2-2 Aromatic AfricaRice, Nigeria [19]

6 ART 7 ART15-17-7-8-1-1-1-B-1-1 Aromatic AfricaRice, Nigeria [19]

7 ART 10 ART15-21-2-4-1-B-1-B-1-1 Aromatic AfricaRice, Nigeria [19]

8 Basmati 370 Unknown Aromatic India [19]

9 Komboka IR 05N 221 Aromatic IRRI, Philippines [19, 36]

10 MET 3 ART35-114-1-6N-2 Aromatic AfricaRice, Nigeria [19]

11 MET 4 ART34-146-1-8N-1 Aromatic AfricaRice, Nigeria [19]

12 MET 6 ART35-49-1-4N-1 Aromatic AfricaRice, Nigeria [19]

13 MET 12 ART34-88-1-2-B-1 Aromatic AfricaRice, Nigeria [19]

14 MET 13 ART34-113-3-2-B-1 Aromatic AfricaRice, Nigeria [19]

15 MET 14 ART34-256-3-1-B-2 Aromatic AfricaRice, Nigeria [19]

16 MET 16 ART35-272-1-2-B-1 Aromatic AfricaRice, Nigeria [19]

17 MET 40 ART27-190-1-4-2-1-1-3 Aromatic AfricaRice, Nigeria [19]

18 NERICA 10 WAB 450-11-1-1-P41-HB Aromatic WARDA/Africa Rice [19]

19 Sande O. barthi interspecific lines Aromatic AfricaRice, Nigeria [19]

20 Supa 3 IR 97011-7-7-3-1-B Aromatic IRRI, Philippines [19]

21 Supa 5 IR 97011-16-2-4-B Aromatic IRRI, Philippines [19]

22 Supa 6 IR 9712-4-1-2-1-1 Aromatic IRRI, Philippines [19]

23 Supa 1052 SUPA V88*2/ IR09F154 Aromatic AfricaRice, Nigeria [19]

24 Yasmin aromatic Unknown Aromatic Egypt [19]

25 GSR-1 GSR IR1- 5-S14-S2-Y1 Aromatic IRRI, Philippines [19]

26 GSR-2 GSR IR1- 4-D3-Y1-Y1 Aromatic IRRI, Philippines [19]

27 GSR-3 GSR IR1- 4-D6-LI2-LI1 Aromatic IRRI, Philippines [19]

28 GSR-4 GSR IR1- 3-D7-LI1-S2 Aromatic IRRI, Philippines [19]

29 GSR-5 GSR IR1- 4-D3-LI1-LI1 Aromatic IRRI, Philippines [19]

30 GSR-5 GSR IR1- 3-S13-Y1-S1 Aromatic IRRI, Philippines [19]

31 NM 19-12-13-1 ARC36-2-P-2/Komboka Aromatic NARO, Uganda [19]

32 NM 19-12-13-1 ARS126-3-B-1- 2/Komboka Aromatic NARO, Uganda [19]

33 NM 19-12-13-1 SR33705-HB3381- 62/
Komboka

Aromatic NARO, Uganda [19]

34 NM 19-12-13-1 NamChe-2/Komboka Aromatic NARO, Uganda [19]

35 NM 19-12-13-1 NamChe-5/Komboka Aromatic NARO, Uganda [19]

36 Supa local SUPA V88 Aromatic Tanzania [37]

38 TXD-306 TXD-306 Aromatic Tanzania [37]

39 Pishori Pishori Aromatic Tanzania [18]

40 GSR1 GSR IR1- 5-S14-S2-Y1 Aromatic IRRI/CAAS

41 GSR2 GSR IR1- 4-D3-Y1-Y1 Aromatic IRRI/CAAS
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parents identified with strong aroma characteristics could be used in the subsequent
breeding program for aroma characteristics.

Amylose level influences grain cooking quality and therefore rice with high
amylose content are not preferred, for example in Uganda, rice with intermediate
amylose level ranging from 15–22% are the commonly grown varieties. Therefore,
in a bid to maintain preferred amylose content within the Uganda’s rice collections,
a study was under taken to screen 60 lines for amylose content for two seasons in
2018 [38]. Of the 60 lines screened, seven lines consistently were of intermediate
amylose content (AC), namely Namche 1 (21.84%), P62H17 (20.86%), Namche 1
(21.84%), Namche 2 (16.74%), Namche 3 (14.64%), Namche 5 (22.77%) and ARU
1190 (27.86%) in both environments. A study to understand the mode of transmis-
sion of genes for amylose content revealed that six crosses, namely, 1052 x Suparica,
326104 x NERICA 4, 1052 x Namche 2, Namche 2 x Namche 3, Namche 1 x NERICA
4 and Namche 3 x NERICA 4 with significant (P ≤ 0.05) negative SCA effects
indicating that there was reduced AC% in the crosses whereas the remaining seven
crosses with positive significant SCA effects for amylose content indicated increase
in the AC% of the progenies in these crosses.

2.3 Variety release

In light of the challenges of rice production and increasing demand for climate
smart agriculture, varieties that are tolerant to known biotic and abiotic stresses
were developed and released in Uganda (Table 7). Overall, 7 rainfed lowland rice
varieties were released in addition to existing local rice varieties. Of the 7 varieties 2
were aromatic and 5 non-aromatic varieties [14, 39].

2.4 Current focus

This information will guide selection of parents to use in rice improvement in
the country. In the development of improved rice varieties, core sets of population
are critical. Identified SNP markers are accelerating this process. Currently, rice
germplasm available are being genotypes for presence of known genes of impor-
tance in rice breeding. Over 50 SNP markers covering major biotic and biotic, grains
quality, yield and physiological traits are the current target are being used on the
Uganda germplasm. With SNP markers being developed already aiding the process
of selecting core populations for breeding and accelerating selection of promising
lines, we believe that efforts to identify more SNPs in populations that show pres-
ence of genes through morphological but not positive under current SNP panel be
given urgent attention. This will provide broad accumulations of preferred genes at
genome level for O sativa. This is critical considering that core populations may

S/N Genotype Designation Reaction Breeding centre Reference

42 GSR3 GSR IR1- 4-D6-LI2-LI1 Aromatic IRRI/CAAS

43 GSR4 GSR IR1- 3-D7-LI1-S2 Aromatic IRRI/CAAS

44 GSR5 GSR IR1- 4-D3-LI1-LI1 Aromatic IRRI/CAAS

45 GSR6 GSR IR1- 3-S13-Y1-S1 Aromatic IRRI/CAAS

46 GSR7 NM7-8-2-B-P-11-6 Aromatic IRRI/CAAS

47 GSR8 IR 83683-63-3-1-2-1 Aromatic IRRI/CAAS

Table 6.
Rice lines showing aroma characteristics.
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Variety details Exceptional characteristics

Name: Chiga-1
Designation: DU 363-2
Cross: NA
Source: China
Year of release: 2019
Potential yield: 9.600 Kgs/ha
Maturity period: 129 days
Type: Hybrid

Bold and big grains like SUPA; Leaf blade has
distinctive purple edge that warrants purity
management; Strong stem, moderately resistant to
RYMV

Name: ARIZE-1
Designation: ARIZE GOLD 6444
Cross: NA
Source: Bayer Crop Science
Year of release: 20149
Potential yield: 7,900 Kgs/ha
Maturity period: 108 days
Type: Hybrid

Has distinctive erect flag leaf; moderately tolerant to
RYMV, tolerant to rice blast and BLS; Flaffy when
cooked

Name: Komboka
Designation: IR 79253-55-1-4-6
Cross: IR 74052-297-2-1/IR 71700-247-1-1-2
Source: IRRI
Year of release: 2014
Potential yield: 6,900 Kgs/ha
Maturity period: 118 days
Type: Inbred

Has distinctive erect flag leaf; moderately tolerant to
RYMV, tolerant to rice blast and BLS; Flaffy when
cooked, Aromatic

Name: Agoro
Designation: IR 09 A 136
Cross: IR 75000-69-2-1-2 / IR 71684-36-3-3-2
Source: IRRI
Year of release: 2014
Potential yield: 6,100 Kgs/ha
Maturity period: 124 days
Type: Inbred

Has light green and erect flag leaf; moderately
tolerant to RYMV, Rice blast and BLS; Flaffy when
cooked

Name: Okile
Designation: GSR-I-0057
Cross: ZGY 1
Source: IRRI/CAAS
Year of release: 2014
Potential yield: 6,800 Kgs/ha
Maturity period: 140 days
Type: Inbred

Has large erect flag leaf; moderately tolerant to
RYMV, Rice blast and BLS; Flaffy when cooked

Name: WITA-9
Designation: TOX 3058-28-1-1-1
Cross: IR 2042-178-1/CT19
Source: AfricaRice/IITA
Year of release: 2014
Potential yield:
Maturity period:
Type: Inbred

Has short erect flag leaf; tolerant to RYMV, resistant
to Rice blast and BLS; Flaffy when cooked, purple
stipes in the leaf sheath and leaf margin

Name: NERICA-6
Designation: WAB450-1-B-P-160-HB
Cross: CG 14/WAB56-104
Source: AfricaRice
Year of release: 2014
Potential yield: 6100
Maturity period:
Type: Inbred

Has long flag leaf; smooth leaf, Tolerant to RYMV,
resistant to Rice blast and BLS; Flaffy when cooked

Table 7.
Irrigated and rainfed rice varieties released in Uganda.
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solve current challenges but not necessarily emerging constraints. This is important
considering that several breeding programs Uganda rice breeding developing vari-
eties with relatives of O.sativa especially O. glaberrima and O. barthi in their back-
ground that may open new causative genes one by one sources of traits of
importance. The Uganda rice breeding program urgently needs the global rice
community to urgently work towards identification of numerous causative genes
and the phenotypic performances for the current populations being developed with
O. glaberrima and O. barthi in their background and understand biochemical path-
ways associated with them.

3. Conclusion

This paper provides information on the trends in the development of irrigated
and lowland rice in Uganda. It reveals that there are more unreleased rice genotypes
under cultivation than the released varieties. This observation points to the fact that
rice improvement and variety release is a recent development in the country. Also,
that more effort has been in screening introductions and conducting adaptation
trials. These efforts contributed to selection of widely adapted genotypes that
became accepted in the rice breeding program in Uganda. The panel of adapted
lines have diverse parental background that includes Oryza barthii, Oryza
glaberrima and the parent O. sativa. These lines will form basic germplasm for use in
integrating the classical breeding to molecular biology led breeding.
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Chapter 9

Recent Advances in Crop 
Establishment Methods in  
Rice-Wheat Cropping System: A 
Review
Sripriya Das, Manoj Kumar Singh, Sneha Kumari  
and Manimala Mahato

Abstract

Traditional practices of growing rice and wheat in Asian countries involve 
a huge cost in establishment methods adopted by farmers which not only limit 
the yield and return but also degrade soil and require more water. Adaptation of 
improved crop establishment methods suitable under adverse climatic conditions is 
of utmost importance for scientific utilization of natural resources and to maintain 
the sustainability of rice- wheat cropping system Therefore, an attempt has been 
made in this chapter to review precision rice establishment methodology viz., direct 
seeding, non-puddle/unpuddled transplanting, bed transplanting, strip tilled and 
single pass shallow tilled rice, double transplanting and system of rice intensifica-
tion (SRI) and wheat establishment methods viz., zero tilled, strip tilled and bed 
planted wheat. These are recent improved crop establishment techniques that can 
be used under specific agro-ecological conditions for enhancing yield and resource 
conservation in Indo-gangetic plains of Eastern India.

Keywords: Direct seeded rice, resource use efficiency, single pass shallow tilled rice, 
SRI, strip tilled rice, unpuddled transplanted rice

1. Introduction

Rice–wheat cropping (RWC) system is of immense importance for the food 
security and livelihood of people residing in South Asian countries [1]. It occupies an 
area of about 18Mha in Asia, out of which 13.5 Mha lies in the Indo-Gangetic Plains 
(IGP) and feeds about a billion people (20% of the world population). Rice (Oryza 
sativa L.) is a staple food of more than 50% of the world’s population [2] and supplies 
20% of total calories required by world and 31% required by the Indian population 
[3]. Presently, rice is cultivated in 43.79 Mha area with 112.91 Mt. production while 
wheat is cultivated in 29.58 Mha area with a production of 99.70 Mt. [4]. Introduction 
of high-yielding varieties along with improved crop management practices, access 
to irrigation water and chemical inputs during the green revolution period has led 
to impressive increase in system productivity. But recent evidences indicate a pla-
teau in productivity and decline in total factor productivity because of continuous 



Cereal Grains - Volume 2

162

environmental degradation and socio-economic changes seen in the IGP [5, 6] highly 
risking the sustainability of the system [1]. Crop establishment methods are important 
aspects of rice wheat production technology. It refers to the sequence of events starting 
from sowing of seed of the crop, germination of seed, emergence of the seedling and 
development of seedling to a stage from where it could be expected to grow to maturity 
[7]. Precision crop establishment is very vital for realizing optimum plant population 
and agro-ecological sustainability, lack of which substantially reduces crop yield. 
Traditional practices not only consume more time and money but also deplete natural 
resources and may result in unsatisfactory crop stand. Various improved establishment 
methods for rice and wheat crop are reviewed and discussed in this paper.

2. Major challenges in puddle transplanted rice establishment

Increasing futuristic demand of water with increasing population and indus-
tries along with decreasing rainfall activity and labor scarcity are the major factors 
that challenge the sustainability of highwater demanding rice-wheat cropping 
system especially in South-Asian countries. Although puddling creates proper 
anaerobic condition for rice growth and reduces weed emergence but puddling 
and transplanting are highly labour, water, time and energy intensive leading 
to higher cost of cultivation. Puddling (wet tillage) consumes upto 30% of total 
irrigation water application in rice in case of light textured soils [8]. Also, it has 
been reported that on an average wheat yield is reduced by 8% when sown after 
puddled transplanted rice compared to wheat sown after direct-seeded rice in 
unpuddled conditions [9] as puddling results in destruction of soil structure and 
creation of hard pans at shallow depth which affect the performance of succeeding 
wheat crop [10]. Puddling operation in rice delays wheat planting which results 
in wheat yield loss of 35–60 kg day−1 ha−1 in the IGP [11]. Disturbing the flora and 
fauna of ecosystem regularly in cropping site fails to attain the climax community 
which provide ample opportunity of invading alien pests. Thus, the adoption of 
some new crop establishment techniques with higher resources conservation/use 
efficiency and ecological stability is of vital importance for the sustainability of the 
agro ecosystem.

3. Advances in crop establishment methods of rice

The alternative tillage and crop establishment methods are site-specific and 
therefore evaluations under wider agro-ecological conditions are needed to have 
significant adoption. The crop establishment methods which had got renewed inter-
est in case of rice have been discussed below.

3.1 Direct seeded rice (DSR)

Direct seeded rice (DSR) involves the establishment of a rice crop from seeds 
directly sown in the field by any suitable sowing method rather than by transplant-
ing the seedlings from nursery  [12]. Three techniques of DSR viz. dry seeding, wet 
seeding and water seeding are known. Dry seeding involves the sowing of seeds into 
prepared seed bed under unpuddled and unsaturated soil conditions by broadcast-
ing, drilling or dibbling, which is suitable for rainfed areas with severe water short-
ages. Dry direct-seeding with 22% increase in grain yield [13] and 35–57% of water 
saving [14, 15] as compared to flooded system and over 80% NUE [16], is generally 
adopted for upland rice [17]. The wet seeding method of DSR is suitable for irrigated 
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areas [18] with relatively fair amount of rainfall in which pre-germinated seeds are 
sown into well puddled field either by broadcasting or by using drum seeder. Drum 
seeding refers to the process of direct sowing of pre-germinated (sprouted) paddy 
seeds in puddled and leveled field after draining out the excess water by using an 
equipment known as drum seeder, which generally consists of 4 hyperboloid shaped 
drums capable of sowing 8 lines in one pass with 20 cm row to row spacing [19]. 
However, handling of the equipment is a problem which may lead to uneven seed 
distribution due to clogging of holes of the drum. In case of water seeding suitable 
for high rainfall areas, seeds are sown in standing water in fields where ridges and 
furrows are prepared prior to submergence. The depressions are created to prevent 
the seeds from getting drifted away and maintain favorable crop geometry.

DSR facilitates saving of resources as well as their efficient utilization and timely 
sowing of the subsequent crops. Although, the yield obtained in transplanted 
method of rice is more than that of DSR, but the net return as well as the B-C ratio is 
higher in case of DSR as reported by Kumar and Batra (Table 1) [20]. In the absence 
of water deficit stress, the faster development of DSR than transplanted rice is con-
sistent over many findings as reported by Alam et al. [21]. And drum seeding which 
is a type of direct seeding is also beneficial in the same way as reported by [22] who 
found that the B:C ratio was higher in dry seeded rice with drum seeder (1.70) as 
compared to transplanting after puddling (1.54). However, the main constraint of 
direct seeding is the preponderance of weeds and proper crop emergence followed 
by establishment. The risk of yield loss in DSR is much greater (50–91%) as com-
pared to that of conventional transplanted rice [23].

3.2 Non puddled/unpuddled transplanted rice

In case of unpuddled transplanting, the field is made ready for transplanting by 
a single pass strip tillage (or without tillage) followed by inundation of the field for 
nearly 2 days to make the land sufficiently soft for transplanting [24]. Thus, in this 
process the travail of puddling is omitted while the advantages of transplanting are 
obtained. It saves 31–76% of fuel, 25–26% of water [25] and time required for field 
preparation. Problems of proper establishment of the seedlings at the initial stage of 
germination and infestation of diseases, pest and weeds are few threats to the rice 
crop established by this method. Thus, growing rice by this method requires proper 
care and vigilance. Hossain et al. [26] reported greater yield (5.47 t ha−1) and lesser 
fuel consumption (4.38 l ha−1) in unpuddled transplanted rice as compared to the 
puddled transplanted rice. However, similar rice yield under puddled transplanted 
rice and unpuddled transplanted rice under zero tilled condition was reported in 
the Eastern gangetic plains [27]. Also, there was a trend of increasing grain yield in 
zero tilled unpuddled transplanted rice over that of puddled transplanted rice in the 

Particulars TPR DSR

Production (q ha−1) 41.90 38.30

Gross Return 107244.25 98142.25

Net Return 87.28 1803.27

Cost of Production (Rs per quintal) 2517.95 2472.94

B-C Ratio 1.00 1.02

Source: Kumar and Batra [20].

Table 1. 
A study showing economics of TPR and DSR in Haryana (Rs ha−1).
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second season [28]. The practice of transplanting on unpuddled soil, suitable for 
low land areas, is a potential technology for those farmers who are skeptical about 
direct-seeded rice to avoid adverse effect of puddling on succeeding wheat crop.

3.3 Bed transplanted rice

Rice is also transplanted in bed with 15 cm height, 35 cm top width, 60 m bot-
tom width and 25 cm furrow length [29] with rice seedlings are transplanted at the 
edges of beds. This method increases yield by 16% as compared to the conventional 
method [29]. The yield attributing characters viz. plant height, productive tillers/m2, 
number of grains/panicle and test weight in case of rice grown on beds have been 
found to be at par with that of rice grown under conventional puddling as reported 
by Aslam et al. [30], however the B:C ratio was higher in case of bed transplanting 
as compared to conventional transplanting. Two types of nursery bed are possible 
in this method viz. dry bed and wet bed. Bed transplanting has many advantages 
out of which border effect on majority of the seedlings is most important. Also, 
irrigation can be applied efficiently in the furrows with comparatively less amount 
of water. The same beds can be used consequently for 5–6 years which is profitable 
in monetary terms. Irrigation water productivity (IWP) was significantly higher in 
beds to the tune of about 13% than flat transplanting during both the years of study 
by Sandhu et al. [31]. However, labour required for bed construction is more in this 
case. It is generally suitable for medium upland under irrigated condition.

3.4 Strip tilled rice

In unpuddled strip tilled rice, 4–6 cm wide and up to 6 cm deep tilled zones are 
made just after a little rain shower and seedlings are transplanted at a spacing of 
25 cm × 20 cm which may vary according to soil conditions [24]. In this method, 
only 16–25% of the surface soil is disturbed and the rest remain conserved as it is 
which reduces the mechanical impedance on the soil surface and allows efficient use 
of resources as fertilizers are applied as band placement. Hossain et al. [32] reported 
that the yield and B-C ratio of rice was increased by 9% and 25%, respectively in 
the kharif season and 13% and 23%, respectively in the rabi season for strip tillage 
as compared to conventionally tilled rice. Adhikari et al. [33] reported that the 
rice grain yield under strip tillage without mulch was significantly higher than rice 
grown under full tillage with mulch.

3.5 Single pass shallow tilled rice

Single pass shallow tillage refers to tilling the entire soil surface upto 4–6 cm depth 
by using Versatile Multi-crop Planter (VMP) [34] and incorporating the residues into 
the field in one single go of the equipment. After tillage, irrigation is done to inundate 
the field for 24 hours before transplanting. Significant differences were not reported 
for grain yield under single pass shallow tilled (SPST) and conventional tilled rice 
but the gross margin was significantly higher for SPST as compared to conventional 
transplanting (Table 2) [24]. This method of sowing rice may be followed in both 
upland and medium land conditions where soil is compacted and impermeable.

3.6 Double transplanted rice

Double transplanting is a crop establishment system in which rice seedlings are 
transplanted twice, first on secondary nursery and then in the main field [35].  
In this method, seeds are first sown in the primary nursery and subsequently after 
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3 to 4 weeks, rice seedlings from secondary nursery are again uprooted and trans-
planted in the main field [36]. In situations where the main field is not ready for 
transplanting at appropriate time due to late onset of monsoon or continuous stag-
nation of flood water, double transplanting is advantageous producing healthy and 
taller seedlings that can easily overcome the adverse situation like high water depth 
at the time of transplanting [37, 38]. Satapathy et al., [35] reported that double 
transplanting resulted in higher net returns and benefit–cost ratio than normal 
transplanting which is owing to higher grain yield. Kumar et al. [39] also reported 
higher B-C ratio of 1.99 in double transplanting as compared to single transplanting 
with a B-C ratio of 1.27. However, this method is quite labor intensive due to the 
involvement of a second stage nursery and transplanting without proper skill from 
smaller to larger polybags could give rise to severe transplanting shock. This system 
is suitable for long duration rice varieties in shallow low land areas.

3.7 System of rice intensification

System of Rice Intensification (SRI) is one of most revolutionary method 
of rice establishment which is being adopted in many countries. It consistently 
outperforms conventional practices providing new possibilities for food security 
and poverty reduction [40]. The four main principles of SRI are early, quick and 
healthy plant establishment, reduced plant density, improved soil conditions 
through enrichment with organic matter, reduced and controlled water applica-
tion. Unlike conventional method, in SRI, seedlings are transplanted at 2 leaf and 
3rdphyllocron stage [41] at 8–12 days age under square planting. Latif and Abdullah 
[42] reported that the use of irrigation water was reduced by 52.7% in compari-
son to transplanted rice. In 2002, at the first international conference on SRI, 15 
countries reported that the average yield of rice was twice the current average with 
the use of this system of rice cultivation [43]. Kumar et al. [44] reported higher 
grain yield and total water productivity of rice grown in SRI method as compared 
to normal transplanting method. Hossain et al. [45] also reported a handsome 
grain yield of 7.62 t/ha in SRI as compared to 6.59 t/ha in traditional method. SRI 
is generally suitable for areas where the soil is fertile, fine textured, well drained 
and maintenance of alternate wetting and drying conditions is possible. However, 
high labour requirement and problems faced at the time of transplanting of young 
seedlings are some of the constraints of this method.

4. Recent advances in crop establishment methods of wheat

The main constraint faced by wheat crop in the rice-wheat cropping system 
is delayed planting leading to terminal heat stress due to growing of long dura-
tion rice varieties and the time required for land preparation after harvesting of 

Parameters Tillage treatments

Traditional puddled Single pass shallow tillage

Grain yield (t ha−1) 4.91 4.98

Gross return (US $ ha−1) 1416 1436

Gross margin (US $ ha−1) 1122b 1209a

Source: [24].

Table 2. 
A study showing mean effect of tillage types on grain yield and economic return of rice.
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the submerged rice crop. The crop establishment practices mentioned below are 
devised to manage those problems.

4.1 Zero tilled wheat

Zero tillage is an already proven resource conserving technology for 
wheat crop and it was found that it results in increase in crop yield by 5–7% 
(140–200 kg ha−1) and food production by 0.7% (343000 tonnes ha−1) in the Indo 
Gangetic plains [46]. Seed and fertilizers are placed by opening the furrows with 
the help of equipments like zero till ferti seed drill or Happy seeder in a single go 
in standing crop residues by completely avoiding the primary tillage operations. 
Singh et al. [47] reported that the grain and straw yield obtained by sowing of 
wheat by happy seeder is higher than the farmers practice in one of the two exper-
imental locations (Table 3). This method reduces the tillage operations with a 
single pass and saves fuel, labour, farm machinery cost, water, fertilizers etc. [48], 
permits earlier wheat planting in rice-wheat system and control the problem of 
Phalaris minor [46]. Pandey et al. [49] reported higher grain yield (3440 kg/ha) 
and B:C ratio (2.38) for zero tilled wheat as compared to conventionally grown 
wheat with a grain yield of 3224 kg/ha and B:C ratio of 1.81 in Kailali district of 
Nepal. Since residue retention is a common practice in zero tillage system, so the 
organic matter content of the soil is also increased and soil compaction is reduced 
due to enhancement of biological activities in soil. The constrains of adapting 
zero tillage in wheat under RW system of developing countries are the small size 
of land holdings of small and marginal farmers and the involvement of lumpy 
technology (i.e. non-divisible piece of machinery) [5, 6] involving high procure-
ment cost.

4.2 Bed planted wheat

In this method of wheat crop establishment, which is synonymous to furrow 
irrigated raised bed (FIRB), the land is cultivated traditionally and ridges/raised 
beds and furrows are prepared by using a raised bed planting machine where seeds 
are planted in rows and irrigation water is applied in furrows. In rice-wheat crop-
ping system, raised beds are newly prepared for wheat and then in the next season 
rice is grown on the same bed under zero tillage with required repairing of the beds 
[50]. The most beneficial aspect of this method as mentioned in case of rice is the 
border effect imparted to maximum number of plants. Bed planted wheat also 
showed better performance with significantly highest number of tillers per running 
meter compared to others establishment methods viz. broadcasting and criss cross 
sowing, in the middle gangetic plain regions during both the experimental years 
[51]. Mollah et al. [50] reported a yield increase of 21% and water saving of 41–46% 
with a 70 cm wide bed with two rows over conventional method in wheat. However, 

Treatment Grain yield (q ha−1) Straw yield (q ha−1)

Jalandhar Patiala Jalandhar Patiala

Rotovator 41.19 44.52 63.02 68.1

Happy Seeder 43.63 49.53 66.75 75.8

Farmers practice 42.47 46.02 64.98 70.4

Source: Singh et al., 2013.

Table 3. 
A study showing influence of sowing methods on grain and straw yield of wheat.
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the requirement of labour for bed preparation and favorable soil texture are some 
constraints in the adoption of this method.

4.3 Strip tilled wheat

In strip till planting, seed and fertilizers are placed simultaneously in a single 
operation by tilling the planting strips with a width of 4–6 cm [52] and depth of 
2–7 cm. Unlike zero tillage, the row zone is completely pulverized with standing 
crop residues in the field. This method facilitates early establishment of wheat 
crop, reduces soil erosion from surface and efficient utilization of resources such as 
labour, fuel, soil etc. The fuel consumption in strip tillage was reduced by 57% and 
38%, respectively as compared to conventional tillage and minimum tillage [52]. 
Usage of strip tillage produces high crop yields with lower production costs and 
provides better soil erosion control compared to conventional tillage [53]. Hossain 
et al. [32] reported higher yield of wheat in this method as compared to conven-
tional method in all the three experimenting years. This method is recommended 
for medium land with irrigation facilities. However, higher cost of the strip till 
machine poses a constraint for the adoption of this method.

5. Conclusion

Newly developed techniques are precision establishment techniques, use of 
need based crop establishment technology conserves the scarce resources and 
reduces the crop establishment cost of rice-wheat system These techniques are 
machine based which help in mechanization and optimization of resources. 
Thus, these techniques should be promoted to obtain higher net return, sustain-
able intensification, maintenance of soil health and reduction in environmental 
pollution.

6. Future thrust

Weed management is a major challenge in these crop establishment methods as 
new complexes of weed flora are being observed by the farmers. Therefore, efficient 
weed management practices should be researched for wider adaptability of these 
techniques.
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Chapter 10

Rice: Worldwide Production, 
Utilization, Problems Occurring 
Due to Climate Changes and Their 
Mitigating Strategies
Muhammad Ikram and Haseeb-Ur-Rehman

Abstract

The production of rice is least in Pakistan and quite low as compared with 
other countries. Proper crop management techniques such as intercropping and 
combining organic manures are useful for better productivity and eco-friendly 
environment. Whereas studies are needed to evaluate the efficiency of intercrops 
and incorporation of certain nutrients with these plants. To examine results of 
intercropping experiment was carried out research by combining nutrient manage-
ment practices. Five methods were taken including, sole rice, sole Green gram, 
rice + Green gram (drill), rice + green gram (Ridges), rice + green gram (bed) in the 
main plot moreover sub-plot included treatments of organic and inorganic supple-
ment. The results show that sole rice followed by intercropping rice along green 
gram (poultry manure) has better characteristics of growth and yield, higher yield.
by changing irrigation methods and farming methods, managing organic additives 
and fertilizer inputs, and choosing appropriate varieties and planting methods.
CH4 decreased by 75% and N2O increased by 58%. The overall rice production 
of Rice + green gram(ridges) is 2285 kg ha−1 followed by rice + green gram(drill) 
(2060 kg ha−1). Rice + green gram(ridges) intercropping and (25 percent Urea+25 
percent FYM+ 50 percent PM) were also correlated with better N usage perfor-
mance and post-harvest soil usable N, phosphorus (P) and potassium (K) Benefit: 
cost (BC) ratios were also higher in the same treatment. From these results it is 
obvious that the integration of intercropping and induction of organic manures has 
a substantial impact on the outcome of rice.

Keywords: intercropping, F.M(farmyard manure), P.M(poultry manure), N:P: K, 
Rice, CH4

1. Introduction

As the world population is increasing, the demand of the food supply is also 
increasing [1]. Estimating the future food demand, it can be considered that the 
food requirements will increase approximately 100 to 110% in regard to feed 
the world’s growing inhabitants by 2050 [2]. Cereal crops have been utilized as a 
main component of the human diet for start of life in world. Rice (Oryza sativa) 
belongs to one of the major cereal crops. It is grown for >7000 years in all over the 
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world [3]. The annual production recorded in 2014 > 740Mt. It is consumed as a 
staple food in many countries of the world [4]. Furthermore, Various components 
of rice crop such as rice husk, rice brans etc. are being used for the manufactur-
ing of the different products such as rice bran is utilized to obtain the oil and rice 
husks are being used in manufacturing of different bakery products as a nutrition 
enhancing element. Rice is inimitable crop in term of its growth, it can be grown 
in various conditions either these are wet or dry, different kinds of soils, wide 
range of hydrological circumstances and different climatic conditions. But it is 
grown mostly in tropics, sub tropic, humid and sub humid areas. Irrigated rice 
gives average yield of 5 tons/ha globally, but this estimate varies widely in accord-
ing to seasons, nations and regions. In tropic regions, well expert farmers can get 
the yield of 5 to 6 tons/ha and 7 to 8 tons/ha in wet and dry seasons accordingly. 
The decrease in the yield of rice in wet season may be due to the less quantity of 
solar radiations reaching to the earth [5].

2. Classification of rice

2.1 Origin

The most grown and utilizing species of rice are glaberrima (known as African 
rice) and Oryza sativa (known as Asian rice). These are considered as a progeni-
tor of the Oryza species. It is estimated that Oryza sativa is grown approximately 
on the area of 1200 km belt including the areas of Himalaya mountains, areas 
near the Gangs river of India, Bangladesh, Bhutan, northern Burma, crossing 
the areas of Thailand, passing through Laos and Vietnam, it covers the some area 
of china as well. The Asian rice is mostly cultivated in south east Asia and south 
region. Due to the large belt of rice cultivation, the exact origin of domestication 
and evolution of related species and intermediates of the rice could not find. The 
domestication of Asian rice took place at many places in various times in south 
Asian regions [6]. On other hand, O glaberrima was known to be originated 
from the Niger river areas in west Africa, almost 3000 years before. The wild 
crop Oryza barthi is considered as its progenitor. After that Oryza glaberrima was 
grown in Liberia [7].

Kingdom Plantae

Sub 
kingdom

Tracheobionta

Division Magnoliophyta

Class Liliopsida

Sub class Commelinidae

Order Poales

Family Poacaeae

Sub family Oryzoideae

Tribe Oryceae

Genus Oryza

Specie 22 species including Oryza sativa, Oryza barthii, Oryza glaberrima, Oryza latifolia, Oryza 
longistaminata, Oryza punctate, Oryza rufipogon
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2.2 Domestication and diversification

There were two ways used for the domestication of the rice cultivation in China 
and India. In Yangtze japonica, the traits for the domestication were utilized in 
the beginning and this process was accomplished in China 6,000 to 6,500 years 
ago. But it was completed approximately after 20,000 years in India. At that time, 
the Chinese rice was hybridized. When farming trends increase then the grow-
ing of rice also moved to the nearby areas among the populations. In this way the 
rice, the spreading of the rice take place from china to its south regions such as 
Austronesian and Sino-Tibetan groups. On other hand, In south regions of Asia 
the distribution of the rice take place after Dravidian and Indo-Aryan have gotten 
the whole quantity of rice from the northern India [8]. Rice Diversification and 
domestication processes were exposed to with the help of archaeology, ecology and 
genetics. Archaeology discovers the evolutionary dates of rice were 4000 BC in 
india and 5000 BC in china. First detailed study was conducted in Hastinapur city 
of India on carbonized grains of rice at 1100–750 BC. The samples were taken from 
Atranjikera a city of Uttar Pradesh almost 1500–1000 BC. After that the cultivation 
of rice started spreading in different countries of the words such as its cultiva-
tion was introduced to the Japan 100-300 BC, west areas of India at 2000 BC, and 
Philippines and Malaysia by 1400 BC [9].

2.3 Distribution of rice

Paddy rice are those rice which do not contain husk on their surface and brown 
rice are those which contained any outer surface on it. This can be removed by the 
milling. After that the rice are polished to obtain the white rice. Rice are mostly 
grown on the flat lands, delta areas and near the rivers, but it is very difficult 
to describe the specific environmental conditions and areas for its growth. The 
countries containing the warm temperatures or subtropical climates give the maxi-
mum yields of the rice. The rice yield varies in all over the world according to the 
latitudes such as 50oN, 45oN and 39oS for China, Japan and Australia accordingly. 
The areas present at the latitude of 40oS and 45oN are considered as extensive rice 
cultivating areas. Highest yield is observed in between 30oN to 45oN of equators. It 
is also being grown in those areas which are present at the below levels of sea i.e., 
Kerala. In Jammu and Kashmir, the rice is also cultivated at 1979 m altitudes. It can 
also be cultivated in the deep and shallow water while rainy season is on peak [10]. 
The rice cultivation in widely range is due to its various varieties according to their 
origin. Rice can be grown in all kinds of environments depending on the nature 
of the cultivars. Mostly varieties can be grown in the areas where irrigation waters 
are available. Furthermore, some varieties of rice are also available, which grow in 
specific season and at specific lands.

2.4 Civilization due to rice

Rice play an important role in the human diet from the beginning. It has 
enhanced the civilization and boosted the national economy in each country 
growing the rice by exporting it to the rest of countries. It plays important role to 
fulfill the dietary requirements in increasing population, their culture and civiliza-
tions. Rice was swamp grass of the semitropical areas, before its cultivation on large 
levels in agriculture sectors. Then it became the additional food to the peoples of 
the tribes, who were dependent on the fishing, hunting and other wild foods. Its 
yield is less on the local level, but the implementation of the management practices 
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like conservation of nutrients and water, and application of soil fertilizers, weed-
ing and tillage practices, and selection of good varieties of the rice has boosted its 
yield on greater extend. The maximum rice crop can be yielded by utilization and 
managements of good practices, which are helpful to mitigate the problems of rice 
growth. Hence after these adaptations, there was great influence in rice yield per 
acre, rice growing areas and different cropping systems were developed. In this way, 
civilization was started flourishing throughout the Asia sub-continent. Now, Asian 
countries are contributing in their economy and meeting the surplus requirements 
of the population [11].

3. Status of climate change

3.1 Crop management

Various methods to reduce greenhouse gas emissions from rice fields can reduce 
greenhouse gas emissions from rice fields by changing irrigation methods and 
farming methods, managing organic additives and fertilizer inputs, and choosing 
appropriate varieties and planting methods. The following section will discuss all 
these details with suitable options and possibilities in different agro-conditions.

3.2 Changing irrigation pattern

Irrigation in rice production process is one of the vital features in regulatory 
greenhouse gas emissions. According to reports, compared with traditional flooded 
rice, several water managements schemes (such as different drainage periods in the 
season, alternating wet and dry soil, recurrent irrigation and controlled irrigation) 
can minimize GHG emissions, Can be used as an option. Practice under different soil 
and climate conditions without reducing crop yields. Mid-season drainage Mid-
season drainage includes a significant period of interruption of irrigation during 
crop growth. Usually, a short-term drainage (5–20 days) is performed before the 
maximum sub-till number stage to prevent grade growth and reduce the number of 
invalid sub-tills, and the duration is adjusted by the conventional method of regional 
determination. At the beginning of soil aeration, CH4 emissions may increase in a 
short time due to the release of CH4 entrained in the soil, and its emissions will con-
tinue to decrease even when the field is submerged again. Since additional water can 
be used to displace the paddy soil, there is also a difference in the efficiency of mid-
season drainage in reducing CH4 (15–59%) [12]. Drainage in the spring increases the 
oxidative conditions of the soil and the uptake of nitrogen [13].

Therefore, this can be achieved by reducing the amount of water applied, 
because the net reduction in water will ultimately reduce CH4 emissions. 
Wassmann et al. [14] reported that the aerobic conditions generated by the flux of 
oxygen discharged into the soil are not conducive to the activities of methanogenic 
bacteria, therefore, in the medium term, drainage can reduce CH4 emissions by 
43%. Timely mid-season drainage management seems to be an important way 
to obtain net benefits from greenhouse gas emissions [15]. So far, many studies 
have confirmed its applicability in rice fields based on overall greenhouse gas 
emissions. Zou et al. [16] recommended mid-season drainage as the best option 
to reduce greenhouse gas emissions, because they pointed out that the GWP of 
mid-season drainage was reduced by 27% compared with traditional CH4 and 
N2O-based floods [17]. Wassmann et al. [18] also reported that the GWP (CH4 
and N2O) of the mid-season drainage was reduced by 42% and 72%, respectively, 
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compared with the traditional flood. Since greenhouse gas emissions are greatly 
affected by the length and time of sewage discharge.

3.3 Alternate wetting and drying

Alternating wetting and drying are the periodic drying and re-oil flooding of the 
rice field. Compared with mid-season drainage, the time interval between wet and 
dry conditions seems too short to promote the transition from aerobic soil conditions 
to anaerobic soil conditions [19]. Alternating wetting and drying can significantly 
reduce CH4 emissions, but the N2O emissions of this system vary greatly. Drainage 
and the resulting aerobic soil conditions will oxidize CH4 and avoid CH4 produc-
tion. Song and Fujiyama [20] reported that compared with traditional flooded rice, 
alternating wetting and drying may reduce CH4 emissions by 73%. Yagi et al. [21] 
proposed that optimal irrigation according to the physiological characteristics of 
crops at different growth stages can limit the frequency of alternating wet and dry 
conditions, thereby reducing the production and emission of N2O. However, further 
research is needed in this practice to solve the problem of offsetting N2O emissions.

3.4 Intermittent drainage

Intermittent drainage involves repeated free drainage and irrigation. It has 
the advantage of improving soil oxidation conditions by enhancing root activity, 
increasing soil carrying capacity and ultimately reducing water input that leads to 
anaerobic conditions. It enhances the diffusion of oxygen into the soil, increases 
the aerobic area and reduces the production of CH4 [22] pointed out that compared 
with traditional floods, intermittent drainage can reduce CH4 emissions by 44%. 
Hardy [23] also showed that, compared with permanent floods, intermittent drain-
age can reduce CH4 emissions by 15%. N2O emission during intermittent irrigation 
strongly depends on the flooding conditions of the field. Different water regimes 
in rice fields lead to sensitive changes in N2O emissions [17]. Nevertheless [24, 25] 
reported that compared with traditional floods, the global warming potential (CH4 
and N2O) of intermittent irrigation was reduced by 34% and 54%, respectively.

3.5 Controlled irrigation

According to reports, compared with irrigated rice, controlled irrigation can 
minimize the net emissions of greenhouse gases [26, 27]. During the rice growing 
season, the soil in the controlled irrigated rice field is kept dry (60–80%), but there 
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is no flooding after the rice seedlings are regreened [28], similar to the water in the 
rice intensive system (Sato) [26] reported that, compared with traditional flooded 
rice, CH4 emissions from controlled irrigation rice fields were reduced by 79%, 
and N2O emissions increased by 10%. The GWP of controlled irrigation was much 
smaller than that of traditional flooded rice (67%). Peng et al. [27] also reported 
that the global warming potential (CH4 and N2O) of the irrigation system was 
reduced by 27% compared to conventional floods. In addition, some authors report 
that deep-water irrigation (water depth of 10 cm) and permanent humidification, 
humidification irrigation and water-saving irrigation can also reduce greenhouse 
gas emissions from rice fields, especially CH4 [29, 30] can be used as a tool to reduce 
greenhouse gas emissions.

3.6 Straw/residues management

Crop production inevitably leads to the production of large amounts of 
straw/residue that are usually left in the field [31]. With the gradual decrease in 
the amount of organic fertilizers, the rice soil relies heavily on the recycling of 
straw to overcome the carbon loss caused by soil cultivation and crop harvest-
ing. Although burning straw can ensure rapid seedbed preparation for farmers 
and avoid the risk of nitrogen immobilization during the decomposition of 
residues, carbon and nitrogen are relatively large, but incomplete carbon com-
bustion will produce a large amount of greenhouse gases and affect air quality. 
Produce adverse effects [31, 32]. In addition, N oxides and other fire-source 
organic compounds can cause the formation of tropospheric ozone. Rice straw is 
composed of a variety of organic components, such as cellulose, hemicellulose, 
lipids, protein, lignin, etc., each component’s contribution to the improvement 
of CH4 emission rate is variable. CH4 The discharge rate is very sensitive to the 
management method of straw entering the soil. Ali et al. [33] reported that the 
CH4 emission rate of fresh rice straw is higher compared to the non-crop season 
in rice fields. In a field survey conducted in Zhejiang Province, China, [34] found 
that the recorded greenhouse gas emissions of early straw incorporation at the 
beginning of the fallow period in winter were 11% less than the traditional straw 
incorporation method in spring. Similarly, [35] showed that in the fallow period 
(60 days before rice planting), the incorporation of residues is beneficial in terms 
of greenhouse gas emissions and grain yield, compared to the usual application 
before transplantation. Abandoning rice straw can also be an effective measure, 
because compared with the combined use of straw, straw removal reduces the 
emissions of these three gases [36].
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3.7 Application of biochar

Biochar is a carbon-rich material produced by pyrolyzing waste biomass under 
anoxic conditions and high temperatures [37]. The highly porous structure and 
the increased surface area of   carbon-rich fine-grained biochar makes it an ideal 
soil amendment for carbon sequestration [38, 39]. Galloway et al. [40] pointed out 
that compared with the plots without biochar, biochar produced by pyrolysis of 
crop straw can increase carbon sequestration by 22% and reduce N2O emissions by 
35%. Higher levels of biochar are more effective in reducing N2O emissions from 
rice fields [41, 42]. Huang et al. [43] observed that the application of biochar at 10 
and 40 ha−1 reduced N2O emissions by 58% and 74%, respectively. Jin et al. and 
Lehmann [44, 45] also recorded that the use of biochar can significantly reduce N2O 
emissions. The application of biochar may have a positive impact on soil organic 
carbon and significantly reduce N2O emissions, which may be a way to reduce 
greenhouse gas emissions. However, the long-term effects of biochar on the physical 
and chemical properties of soil and the rate of soil organic carbon sequestration 
require further studies to draw reliable conclusions.

3.8 Fermentation of manure

The greenhouse gas emission potential of fermented manure in the soil is low 
because the SOM reservoir will be quickly depleted during the fermentation process. 
Compared with fresh organic modifiers and a combination of urea and organic modifi-
ers, the application of fermentation residues can reduce CH4 emissions by approximately 
60% and 52%, respectively [46]. Several field studies have evaluated various organic 
corrections for greenhouse gas emissions (especially methane). The difference between 
fresh materials (straw or fertilizer) is relatively small; however, it has been reported that 
there is a huge difference between the greenhouse gas emissions triggered by preferred 
and fresh materials [47, 48]. Using fermented biogas residues can only increase CH4 
emissions by 42%, while unfermented manure can increase CH4 emissions by 112–138% 
[49]. Other carbon benefits obtained by substituting biogas for conventional fossil fuel 
energy, the use of biogas residues in rice fields can provide soil fertility while reducing 
CH4 emissions. Nayak et al. [50] concluded that the application of livestock manure in 
rice fields can greatly reduce N2O emissions, while increasing CH4 emissions and soil 
organic carbon sequestration. Patrick and Reddy [51] reported that the application of 
compost in the rice field reduced N2O emissions by 50% compared to the application of 
urea. However, the CH4 emissions during anaerobic composting can offset the output 
obtained after mixing into the soil, and aerobic composting technology can minimize 
such emissions. Nayak et al. [50] observed that compared with fresh straw, the emissions 
of organic amendments produced by aerobic composting of straw were significantly 
reduced, indicating that it can be used as an environmentally friendly method.

3.9 Fertilizer management

Fertilizer management is an important part of reducing the environmental impact 
of rice fields. Soil fertilizers applied to crops are not always effective [52, 53]. Improving 
the efficiency of fertilizer use can reduce greenhouse gas emissions, especially N2O 
emissions, and indirectly reduce the carbon dioxide emissions of nitrogen fertilizers 
[54]. Measures to improve fertilizer utilization and reduce greenhouse gas emissions 
include: accurately adjusting the amount of fertilizer according to crop needs [55–57] 
and using nitrification inhibitors or slow-release fertilizers [58, 59] adjust the timing of 
application and select the appropriate source, accurately locate the fertilizer in the soil, 
avoid excessive application or eliminate the application of nitrogen fertilizer [60].
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3.10 Adjusting fertilization and matching N supply with demand

Adjusting the nitrogen and phosphorus content to meet crop demand is 
conducive to crop yields while controlling greenhouse gas emissions. Even in best 
fertilization practices, large amounts of nitrogen will be released into the atmo-
sphere. In irrigated rice, nearly 48% of applied nitrogen is lost in gaseous form 
[60]. The responsible mechanism for nitrogen loss is ammonia volatilization, 
nitrification and denitrification. The specific meaning of all these processes may 
vary according to natural conditions and crop management practices [45]. The 
rate of fertilizer controls the emission of greenhouse gases. In general, the emis-
sion of greenhouse gases, especially N2O, increases with the increase of nitrogen 
input [34, 55]. The general strategy for minimizing N loss and reducing N2O 
emissions is to avoid excessive use of N in space and time. Reducing the amount 
of nitrogen fertilizer application to a level that does not reduce crop yields can 
also reduce the demand for nitrogen fertilizer, and ultimately reduce the indirect 
emissions of carbon dioxide during the nitrogen fertilizer production process. 
IPCC (1997) estimated that regardless of the source of N, 1.25% of the applied N 
would be lost as N2O. Several studies have documented the instantaneous increase 
in N2O emissions from rice fields due to the application of nitrogen fertilizers. 
[25]. It was observed that the application of urea will increase N2O emissions by 
54% compared with no nitrogen fertilizer. Lu et al. [49] reported that N2O emis-
sions in rice fields increased with the application of nitrogen fertilizer, especially 
at higher rates. Reducing nitrogen fertilizer has no significant impact on CH4 
emissions, while the current average nitrogen fertilizer application for rice can 
be reduced by 33%, which can reduce N2O emissions by 27%. Recent field studies 
report that high nitrogen content can reduce net CH4 emissions from rice systems 
by roughly 30–50% [59, 60].

Aulakh et al. [34] reported that the increase in nitrogen application reduced CH4 
emissions and increased N2O emissions compared with the control without nitrogen 
application. Zou et al. [16] also recorded that when the nitrogen application rate 
increased from 150 kg to 400 kg N ha−1, CH4 decreased by 75% and N2O increased 
by 58%. A recent meta-analysis showed that the response of CH4 emissions may be 
related to the N rate, where the addition of N at a low rate tends to stimulate CH4 
emissions, but it may alleviate CH4 emissions at high N rates [35, 47]. However, fur-
ther research is inevitably needed to deal with the compromise between nitrogenous 
fertilizers and CH4 and N2O. Applying nitrogen fertilizer to the soil near the active 
root absorption zone can reduce the loss of surface nitrogen and increase plant 
nitrogen use efficiency, thereby reducing N2O emissions. Khaliq et al. [30] pointed 
out that placing chemical fertilizers in a 6–10 cm soil layer can significantly increase 
nitrogen use efficiency and reduce N2O emissions. In addition, distributing nitrogen 
fertilizer at different growth stages of crops can also increase nitrogen use efficiency 
and reduce nitrogen loss.

4. Conclusion

From above all discussion it may concluded that nitrogen have positive impact 
on rice yield greenhouse gas emissions from rice fields can reduce greenhouse gas 
emissions from rice fields by changing irrigation methods and farming methods, 
managing organic additives and fertilizer inputs, and choosing appropriate variet-
ies and planting methods. CH4 decreased by 75% and N2O increased by 58%. CH4 
emissions may be related to the N rate, where the addition of N at a low rate tends to 
stimulate CH4 emissions.
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Genetic Variation and Aflatoxin 
Accumulation Resistance among 
36 Maize Genotypes Evaluated in 
Ghana
Abu Mustapha Dadzie, Allen Oppong, 
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Abstract

Aflatoxins are carcinogenic secondary metabolites produced predominantly by 
the fungi Aspergillus flavus and parasiticus. The toxin contaminate maize grains and 
threatens human food safety. Survey in Ghana revealed aflatoxin contamination of 
maize in excess of 941 ppb which is way beyond WHO and USA approved limits of 
15 ppb and 20 ppb respectively. Host plant resistance is considered as the best strategy 
for reducing aflatoxins. This study was designed to (1) identify and select suitable 
maize lines that combine aflatoxin accumulation resistance and good agronomic traits 
under tropical conditions and (2) assess the genetic diversity among the exotic and 
locally adapted maize genotypes using significant morphological traits. Thirty-six 
maize genotypes, 19 from Mississippi State University, USA and 17 locally adapted 
genotypes in Ghana were evaluated for aflatoxin accumulation resistance and good 
agronomic characteristics across six contrasting environments using a 6x6 lattice 
design with three replicates. Five plants each per genotype were inoculated with a 
local strain of Aspergillus flavus inoculum at a concentration of 9 x 107/3.4 ml, two 
weeks after 50% mid silking. Total aflatoxin in the kernels were determined at harvest 
using HPLC method. Statistical analysis for agronomic traits and aflatoxin levels were 
performed using PROC GLM procedure implemented in SAS. The result indicated 
that genotype by environment interaction was significant (p < 0.05) for aflatoxin 
accumulation resistance and many other agronomic traits. Five genotypes (MP715, 
NC298, MP705, MP719, CML287 and TZEEI- 24) consistently displayed stable 
resistance across the environments and may serve as suitable candidates for develop-
ing aflatoxin resistant hybrids. Cluster analysis showed two distinct groups (locally 
adapted and exotic genotypes), an indication of re-cycled alleles per region. Broad 
sense heritability estimates for grain yield and aflatoxin accumulation resistance were 
moderately high, which could permit transfer of traits during hybrid development.

Keywords: Maize, Aspergillus, Aflatoxin Accumulation, Genetic Variation

1. Introduction

Adaptability and productivity of maize across a wide range of agro- ecologies 
makes it a suitable food security crop for most parts of the world [1]. However, a 
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major limitation to the contribution of maize towards food supply is the contami-
nation of grains by aflatoxins. Aflatoxins are carcinogenic secondary metabolites 
produced mainly by Aspergillus sp. which contaminates maize grains during pre- 
and post- harvest seasons and renders the grains unwholesome for consumption by 
both humans and livestock [2]. In addition to the health risks, aflatoxin contamina-
tion is a serious challenge because the pathogen is globally widespread and causes 
considerable economic losses by down-grading grain quality, nutritional value and 
taste [3]. Due to the danger it poses to human health, several countries have set for 
limits to regulate aflatoxin contamination in many agricultural products including 
maize. Allowable limits set by Japan is 0 ppb, while the European Union and United 
States of America have limits of 2–4 ppb and 20 ppb respectively [4].

Approaches for the control and reduction of aflatoxin have relied on good 
agronomic practices, application of biocontrol preparations of atoxigenic strains 
of A. flavus (including aflasafe and aflaguard), and the use of resistant host plant 
germplasm [5] as well as BT varieties. Host plant resistance is seen as the method 
of choice since it exploits the accumulation of resistance alleles into single hybrid 
varieties [6] and is simple for the farmer to use.

Considerable efforts over the years have led to the development and identifica-
tion of aflatoxin resistant breeding lines. However, some of these lines lack good 
agronomic characteristics in temperate environments [6] and may additionally 
lack other disease or insect resistance in tropical environments. They are useful 
in crosses involving elite or acceptable lines for the incorporation of novel alleles 
which confers aflatoxin accumulation resistance into hybrid varieties.

Studies on germplasm diversity and characterization have utilized morphologi-
cal and/or molecular data for grouping of entries and breeding lines into various 
heterotic groups. These heterotic groupings can be used to rule out many unpro-
ductive hybrid crosses and reduce the total number of testcrosses that should be 
generated to ultimately find the highest yielding hybrids.

In this way, phenotypic evaluation and groupings of inbred lines could be useful 
in the identification of suitable inbred lines for the development of superior hybrids 
with high yields and aflatoxin resistance. Assessing the genetic diversity among the 
exotic and locally adapted maize genotypes would be useful in selecting potential 
parents with diverse genetic backgrounds that could be utilized in a breeding 
program for hybrid development.

The objectives of this study were to: (1) identify and select suitable lines that 
combine aflatoxin accumulation resistance and good agronomic traits under tropi-
cal environmental conditions. (2) assess the genetic diversity between exotic and 
local maize genotypes using significant morphological traits.

2. Materials and methods

Thirty-six genetic materials were used for the study and this included 19 exotic 
inbred lines developed for aflatoxin accumulation resistance by the corn host 
resistance plant unit (CHPPRU) in Mississippi, USA and seventeen locally adapted 
genotypes. Pedigree information on germplasm is presented in Table 1.

2.1 Field experimental sites and layout

Three locations were used for the experiments, namely Fumesua, Akomadan, 
and Wenchi. Fumesua is in the semi- deciduous forest zone with an altitude of 
286 m above sea level and it lies within 6.712 N and 1.523 W. The mean annual 
rainfall is 1500 mm coupled with mean minimum and maximum temperatures of 
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Genotype Pedigree Source

ENTRY-5 CIMMYT

ENTRY-6 CIMMYT

ENTRY-70 CIMMYT

ENTRY-85 CIMMYT

GH-110 CIMMYT

ABROHEMAA CRI

OBATANPA CRI

HONAMPA CRI

AHODZIN CRI

OMANKWA CRI

TINTIM 2-B-B: DT-SR-W-C0/1368 × PAC90038–1 × 1368–6- 
07C04772B 06A11833B x B-B-B-B-B-B:DT-SR-
W-C0/1368 × PAC90038–1 × 1368–3-07C04754B 06A11803B

IITA

M0826-7F B-B-B-B-B-B:DT-SR-
W-C0/1368 × PAC90038–1 × 1368–3-07C04754B 06A11803B

IITA

TZEEI-4 TEE-W SR BC5 x 1368 STR S7 Inb.85 IITA

TZEEI- 24 TEE-W SR BC5 x 1368 STR S6 Inb.229B IITA

TZEEI-15 TZEEI-15 WPopxLDS6(Set A)Inb.44 IITA

TZEEI-6 TZEEI - 6 WSRBC5x1368STRS7Inb.100 IITA

TZI8 TZB x TZSR IITA

CML11 P21-C5-FS219–3–2-2-3-#-7–1-B-4-1-B CIMMYT

CML158Q EV8762SR-2-1-B-1-B CIMMYT

CML176 (P63–12–2:1/P67–5–1-1)-1–2:e-e CIMMYT

CML247 (G24-F119/924-F54)-6–4–1-1-B CIMMYT

CML287 (P24-F26/P27-F1)-4–1-B-1-1-B CIMMYT

CML322 LLMBR-17-B-5-3-1-4-B CIMMYT

CML343 LAPOSTA SEQ-C3-FS17–1–2-3-2-1-B CIMMYT

CML5 PobZ1C5HC133·1-B_B CIMMYT

CML108 Pop. 44 CIMMYT

Hi27 [CM104(India)BC6 (is and MV source) THAILAND

Ki3 Ki 3 (86329) THAILAND

MP705 from Mp SWCB-4 MISSISSIPI

MP715 Line derived from Tuxpan MISSISSIPI

MP719 (Mp715 x Va35) -1-3-4-2-3-1-1-1-B MISSISSIPI

NC334 (SC76*B52); sister line of NC332 NORTH 
CAROLINA

NC298 PX105A.H5 x Agroc.155 NORTH 
CAROLINA

NC340 340 (31105) NORTH 
CAROLINA

NC356 TROPHY SYN NORTH 
CAROLINA

Table 1. 
List of germplasm and pedigree.
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21°C and 31°C, respectively. Soils around Fumesua are classified as Asuansi series, a 
ferric acrisol. Akomadan is situated within the forest savanna transition zone and it 
lies within 7.396 N and 1.973 W. It has a bimodal rainfall distribution pattern same 
as Fumesua. Wenchi on the other hand lies within 7.733 N and 2.100 W, a transi-
tional savanna zone with bimodal rainfall pattern similar to the other two locations.

For the three locations, major season begins in March and usually ends in July whilst 
the minor season begins from September and ends in November. The experiments were 
conducted during the major season of 2017 and minor season of 2017/2018 in all three 
locations for genotype evaluation. Plantings were staggered at weekly interval between 
sites. Experimental design used was a 6 x 6, square - lattice with three replications. 
Single row plots, each 5 m long, spaced 0.70 m apart with 0.4 m spacing between plants 
in each row were used in all the environments. Three seeds of the lines were planted 
in each hole and thinned to two plants per hill at two weeks after emergence to give a 
population density of 66,667 plants per hectare. Weeds were controlled through the use 
of Atrazine and Gramozone as pre- and post- emergence herbicides at 5 liters/ha each of 
Primextra and praraquat and subsequently supported by manual weeding.

2.2 Data collected

Data was collected on the following specific parameters:

• DS = Number of days from planting to the time 50% silking was observed.

• DP = Number of days taken for 50% of the plants to begin to shed off pollen.

• ASI = Anthesis-silking interval (ASI) was calculated as the difference between 
days to 50% silking and 50% anthesis.

• PH = Plant height was determined by measuring the distance from the base of 
the plant to the height of the first tassel branch.

• EH = Ear height was measured as the distance from the soil surface to the node 
bearing the upper ear.

• RL = Root lodging (RL) was estimated as the percentage of plants leaning more 
than 30 degrees from the vertical.

• SL = Stalk lodging (SL) was determined as the proportion or percentage of 
plants with broken stalk below the ear or the stalk bending more than 45 
degrees from the vertical position.

• EA = Ear aspect was estimated based on a scale of 1 to 5, where 1 = clean, 
uniform, large, and well-filled ears. 2 = moderately uniform and well filled, 
3 = ears with mild disease/insect damage and fully-filled grains with one or two 
irregularities in cob size, 4 = ears with severe disease/insect damage, scanty 
grain filling, few ears, non-uniformity of cobs, while 5 = ears with totally unde-
sirable features, very few or no grains.

• PA = Plant aspect was determined based on the general assessment of the plant 
architecture as they appear in the plot and was rated on a scale of 1–5 where, 
1 = excellent overall phenotypic appeal, 2 = very good overall phenotypic 
appeal, 3 = good overall phenotypic appeal, 4 = poor overall phenotypic appeal 
and 5 = very poor overall phenotypic appeal.
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• EPP = Ear number per plant was obtained by dividing the total number of ears 
per plot by the number of plants harvested.

• SG = Stay- green (chlorophyll concentration) was measured by randomly 
selecting any five plants per plot and determining chlorophyll concentration 
from ear leaf at approximately 4 weeks after anthesis and 2 weeks after A. fla-
vus inoculation. WAA gadget with a portable SPAD meter (CCM-200 plus-opti 
sciences) was used to measure the chlorophyll content.

• Blight (BD) and Maize streak diseases (MSVD) were also scored on a scale of 1 
to 5, where 1 = absence of disease and 5 = severe infection.

• ID = Insect damage was scored on a scale of 1–5 depending on the extent of 
damage caused by insects to the ear on plot by plot basis. Scale of 1 = highly 
resistant, 2 = resistant, 3 = moderately resistant, 4 = susceptible, 5 = highly 
susceptible.

• ER = Ear rot was also rated on a scale of 1 to 5. 1 = highly resistant, 2 = resistant, 
3 = moderately resistant, 4 = susceptible, 5 = highly susceptible.

• HC = Husk cover or open-tip was rated on a scale of 1–5 where, 1 = very tight 
husk extending beyond the tip and 5 = exposed ear tip.

• Grain yield estimation = Harvested ears from each plot were shelled to 
determine the percentage grain moisture using moisture meter and then 
subsequently determine the grain yield in kg ha−1 from the shelled grain 
weight based on 80% shelling percentage and adjustment of moisture 
content to 15%.

Grain yield was calculated as follows:

 ( )
( )

100 10000 0.8
85 8

m
GY fwt

−
= × × ×

×φ
 (1)

where,
GY = grain yield (kg ha−1),
fwt = field weight of harvested ears per plot (kg),
m = grain moisture content at harvest.
10,000 = land area per hectare (m2),
Ȣ = land area per plot (0.70 m x 0.4 m),
ɸ = number of hills/plot (11) and 0.80 = 80% shelling percentage.
Broad-sense heritability (H2) was estimated as:

 ( )2 2 2 2 2/ / / ,= + +G E GE GH re eσ σ σ σ  (2)

Where;
2
Gσ  = variation due to genotype, 2

Eσ  = variation due to environment, 2
GEσ  = 

variation due to genotype by environment interactions, r = number of replications 
and e = number of environments.
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2.3 Source of inoculum and isolation of A. flavus

Aflatoxin contaminated maize samples from Ejura main farms were cut into 
3 mm pieces with a sterile scalpel blade, after being surface-sterilized in 1% hypo-
chlorite for 2 minutes, then placed on Potato Dextrose Agar (PDA) and incubated at 
room temperature for 5 days.

After incubation, colonies of different morphology, shape, and color were 
observed. A pure culture of each colony was obtained through serial dilution where 
1 agar plug containing mycelia was serially diluted into 9 mls of distilled water till a 
concentration of 1 x 105 was achieved.

One ml of the final dilution was transferred onto water agar (2% agar) and incu-
bated at 31°C in unilluminated growth chamber. Identification slides were prepared 
by picking spores with isolation needle onto a slide containing a drop of distilled 
water. A. flavus was subsequently identified by observing colony characteristics, 
conidial morphology as described previously [7, 8].

Isolates that produced large smooth conidial surface and either an average 
sclerotial diameter > 400 μm or without sclerotia were identified as L-type A. flavus 
using Leica Microscope X 40. Identified isolates were subsequently maintained on 
potato dextrose agar (PDA) as described by Jha [9]. Maintenance of colonies were 
done by sub-culturing of the colony onto PDA plates and incubated at room tem-
perature for 5 days.

2.4 Inoculum preparation

Identified toxigenic isolate was used to prepare the inoculum as described by 
Windham [10]. The procedure involved multiplication of the isolate on sterile corn 
cob grit in 500-ml flasks each containing 50 g of grits and 100 ml of sterile distilled 
water and incubated at 28°C for 3 weeks. Conidia in each flask was washed from 
the grits using 500 ml of sterile distilled water containing 20 drops of Tween 20 per 
liter and then filtered through four layers of sterile cheesecloth. The concentrations 
of conidia was determined with a hemacytometer and adjusted with sterile distilled 
water to 9 x 107 conidia per ml. Excess inoculum not used immediately was refriger-
ated at 4°C.

2.5 Inoculation method (wounding)

The side needle technique described by Scott and Zummo [11] which utilizes 
an Idico tree-marking gun fitted with a 14-gauge needle was used for inoculations 
14 days after mid silk. Ears were inoculated by inserting the needle under the husks 
on the upper 1/3 of the ear and 3.4 ml of a spore suspension of 9 x 107 conidia/
ml was injected over the kernels. A total of 5 ears per genotype were used for the 
inoculation study.

2.6 Aflatoxin analysis

Ears that did not touch the ground were harvested from plots at maturity, 
approximately 60 days after mid-silk. The cobs were shelled and samples ground 
using a Romer mill (Romer Industries, Inc., Union, MO) according to manufac-
turer’s instructions. Aflatoxin was extracted using the method described by Sirhan 
[12] with modifications. Maize samples were homogenized into suspension using a 
Preethi Mixer Grinder.

A weight of 2 g of slurry was weighed into a 15 ml centrifuge tube and topped-
up with a 4 ml of 60:40 (v/v) methanol:acetronitrile solution, and vortexed for 
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3mins. 1.32 g of anhydrous MgSO4 and 0.2 g of NaCl were added to the mixture, 
and vortexed for additional 1 min. The tube was centrifuged for 5 min at 4000 rpm 
and the upper organic layer filtered through a 0.45 μm nylon syringe prior to injec-
tion. A volume of 100 μl of the filtered extract was injected into the HPLC.

A Cecil-Adept Binary Pump HPLC coupled with Shimadzu 10 AxL fluorescence 
detector (Ex: 360 nm, Em: 440 nm) with Phenomenex Hyper Clone BDS C18 
Column (150 x 4.60 mm, 5 μm) was used for analysis. The mobile phase used was 
methanol: water (40:60, v/v) at a flow rate of 1 ml/min with column temperature 
maintained at 40°C. To 1 liter of mobile phase were added 119 mg of potassium 
bromide and 350 μl of 4 M nitric acid (required for postcolumn electrochemical 
derivatisation with Kobra Cell, R-Biopharm Rhone). Aflatoxin Mix (G1, G2, B1, B2) 
standards (ng/g) were prepared from Supelco® aflatoxin standard of 2.6 ng/μL in 
methanol. Concentration of B1 and G1 were 0.5, 1, 2, 8, 16 ng /g per 100 μl injection 
of each standard.

Concentration of B2 and G2 were 0.15, 0.3, 0.6, 2.4, 4.8 ng/g per 100 μl injection 
of each standard. Limit of Detection and Limit of quantification of total aflatoxin 
were established at 0.5 ng/g and 1 ng/g respectively. The unit (ng/g is equivalent to 
ppb). Aflatoxin concentration was estimated as:

 = × ×ng/g A (T / I) (1 / W)  (3)

where A = ng of aflatoxin as eluate injected, T = final test solution eluate volume 
(μl), I = volume eluate injected into LC (μl), W = mass (g) of commodity repre-
sented by final extract.

2.6.1 Validation of HPLC method

Recovery studies were conducted to check for precision and accuracy. Blank 
samples were spiked at 5 (five) replicated maize samples at 13 ng/g, 26 ng/g and 
104 μg/g with recoveries 91 ± 1.75%, 98 ± 1.33% and 102 ± 1.87% respectively. 
Blanks that were run periodically contained no detectable amount of target analyte. 
Trueness was further validated using a certified reference material (TR-A1000) from 
Triology laboratory, USA. The value obtained, 20.17 ± 1.14 μg/kg from ten repli-
cates was within the recommended range of the certified value of 21.0 ± 2.9ug/kg. 
Coefficient of variation was less than 15% for replicates.

2.7 Statistical analysis

Analysis of Variance (ANOVA) was performed on plot means for grain yield and 
all other agronomic traits for each environment and across environments using PROC 
GLM procedure of SAS software, version 9.4 [13]. Data on aflatoxin contamination 
was transformed as Ln (y + 1) where y is the aflatoxin level whilst Ln is Log base e.

This transformation was done to reduce the heterogeneity of variance of 
contamination levels. Genotype or entry means were adjusted for block effects 
and analyzed according to lattice design [14]. Each environment was defined as 
season x location x A. flavus inoculation treatment. Effects of environment were 
considered as random while genotypes were classified as fixed effects. Additionally, 
genetic correlations between aflatoxin accumulation and selected agronomic traits 
were performed using the meta menus program implemented in SAS to examine 
the relationships among the traits and also predict strategies to enhance their 
improvement.
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2.7.1 Clustering analysis using agro-morphological traits

Classification of genotypes was based on significant agro- morphological traits. 
The significant traits were standardized and used to generate Euclidean genetic 
distance co-efficient whiles Ward’s minimum variance method implemented in SAS 
software version 9.4 [13] was used for the clustering.

3. Results

Environmental effect was significant (p < 0.01) for all agronomic and aflatoxin 
accumulation resistance traits except open-tip while genotypic mean squares were 
significant for all measured traits (Tables 2 and 3). Genotype by environment 
interactions were significant (p < 0.05) for all traits except days to 50% pollen and 
silking and streak incidence.

Broadsense heritability showed relatively low to high estimates for agronomic 
traits, ranging from 18.90% for open-tip to 62.70% for grain yield. For the disease 
traits, estimated broad sense heritability ranged from a relatively low values of 
9.70% for rust incidence to 24.40% for maize streak virus disease incidence. Other 
traits with relatively moderate to high heritability estimates were ear (67.30%) and 
plant heights (78.00%).

3.1  Aflatoxin accumulation resistance and agronomic performance of 
germplasm

Generally, performance of the thirty-six genotypes showed significant 
(p < 0.05) differences in aflatoxin accumulation (Table 4). Aflatoxin accumula-
tion ranged from a minimum of 14.85 ppb for MP705 to a maximum of 140.60 ppb 
for HONAMPA (local check). Grain yield varied from 565.63 kg ha−1 for MP715 
(inbred) to 4721.03 kg ha−1 for AHODZEN (OPV) with a mean of 1853.22 kg ha−1 
(Table 5). Days to 50% pollen ranged from 48 days to 62 days whilst days to 50% 
silking ranged between 50 and 65 days. Anthesis silking interval varied from 2 to 
4 days with an average of 3 days.

The number of ears per plant ranged from approximately 1 to 2 whilst means 
for cob aspect, plant aspect and open-tip were 2.01, 1.97 and 1.49, respectively. 
Generally, an observed mean of 1.24 for insect damage (Table 6) was an indica-
tion of partial tolerance of the germplasm utilized, nonetheless, OMANKWA and 
NC340 appeared moderately susceptible to insect damage.

Analysis of stay-green characteristics revealed NC298 as the genotype with 
prolonged green pigmentation whilst CML11 had less and reduced pigmentation 
(Table 6). Means observed for rust, blight and streak resistance indicated a fairly 
tolerant germplasm. Mean scores obtained for ear rot showed appreciable tolerance 
of the germplasm whilst plant height ranged between 100.73 cm and 176.25 cm. Ear 
height also varied from 52.24 cm to 92.50 cm.

3.2 Location effect on aflatoxin accumulation resistance

A combined analysis of aflatoxin accumulation resistance among genotypes 
evaluated across the three locations in two seasons was significant (p < 0.05) and 
variable (Table 7). The general observation showed a relatively high aflatoxin 
accumulation among genotypes evaluated in Wenchi (transitional savanna zone) 
whilst those evaluated across Akomadan (forest transitional zone) and Fumesua 
(rain forest zone) recorded relatively low amount of the toxin. Aflatoxin levels 
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Genotype Aflatoxin levels

ln (y + 1) Geometric means (ppb)

ABROHENEMAA 2.73 24.60

AHODZEN 3.03 20.95

CML 108 3.70 41.62

CML11 3.05 25.83

CML158 2.79 20.16

CML176 3.29 29.65

CML247 3.28 47.33

CML287 2.87 20.17

CML322 3.05 25.59

CML343 2.99 24.19

CML5 3.35 28.92

ENTRY-5 3.20 34.86

ENTRY6 3.32 31.80

ENTRY-70 2.82 21.02

ENTRY-85 2.93 23.37

GH-110 4.04 56.83

Hi27 3.37 34.21

HONAMPA (Check) 4.93 140.60

Ki3 3.19 31.60

M0826-12F 3.42 46.12

M0826-7F 3.04 23.58

MP705 2.13 14.85

MP715 2.49 15.89

MP719 2.56 16.86

NC298 3.49 34.59

NC334 3.26 29.94

NC340 3.36 28.69

NC356 2.78 19.49

OBAATANPA 3.82 45.45

OMANKWA 4.01 55.30

TINTIM 3.28 26.95

TZEEI- 24 2.85 21.93

TZEEI- 4 3.32 28.43

TZEEI- 6 3.13 24.92

TZEEI-15 3.49 32.64

TZI8 3.25 25.87

MIN 2.13 14.85

MAX 4.92 140.60

SED 1.05 2.86

Table 4. 
Mean aflatoxin accumulation levels among 36 genotypes across six environments.
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vin Wenchi ranged between 21.80 ppb for MP715 to 190 ppb for HONAMPA. In 
Fumesua, the accumulation level ranged between 14.70 ppb for MP715 to 179.7 ppb 
for HONAMPA whilst in Akomadan, it ranged between 14.51 ppb to 193.13 ppb for 
same genotypes.

MP715 appeared to be the most stable and resistant line across the six environ-
ments within the three locations whilst HONAMPA consistently performed poorly 
as the worse or most susceptible genotype (Table 7). The ranking order of resis-
tance in terms of aflatoxin accumulation varied among genotypes from one location 
to the other. However, some particular genotypes consistently appeared in the top 
ten resistant genotypes irrespective of location.

3.3 Genetic correlation among selected traits

Significant and positive correlations were also observed between aflatoxin 
accumulation and traits such as cob and plant aspects and insect damage while stay- 
green, open-tip and ears per plant were not significantly correlated (Table 8).

Open 
Tip

Cob 
Aspect

Stay -Green Plant_
Aspect

Insect 
Damage

Ear Per 
Plant

Aflatoxin ln 
(y + 1)

(r) 0.02 0.24 0.07 0.47 0.30 - 0.04

p (0.05) ns 0.01 ns 0.003 0.05 ns

r = Correlation co-efficient, P = Probability.

Table 8. 
Genetic correlation between aflatoxin accumulation and selected agronomic traits.

Figure 1. 
Dendrogram based on agro-morphological traits showing relationships among 36 maize genotypes using the 
neighbor joining procedure.



205

Genetic Variation and Aflatoxin Accumulation Resistance among 36 Maize Genotypes Evaluated…
DOI: http://dx.doi.org/10.5772/intechopen.96461

3.4 Heterotic grouping based on multiple agro-morphological traits

Significant agro-morphological traits assigned genotypes into respective heter-
otic groups. Three groups were observed at 40% co-efficient of determination but 
at 20%, two major clusters (Ga and Gb) were revealed. Group Ga was made up of 20 
members which were mostly local genotypes except Ki3, CML108 and NC340. All 
the exotic lines (16) clustered in group Gb. (Figure 1).

4. Discussion

High genetic variability observed for aflatoxin resistance accumulation was an 
indication of the presence of novel or favorable alleles for population improvement. 
Furtherance to this, genotypes identified with reduced aflatoxin accumulation 
could be exploited in the development of superior hybrids that combine resistance 
to aflatoxin accumulation and high yields as described previously by Warburton 
and Williams [6]. The observed significant phenotypic variation for the major, 
minor and across seasons and locations among the genotypes for aflatoxin accumu-
lation reduction and other agronomic traits suggested that progress could be made 
in developing well adopted lines with good aflatoxin accumulation resistance.

The significant environmental and genotypic effects detected for aflatoxin 
accumulation resistance and other agronomic traits indicated variability among 
the genotypes under different environments. Also the significant genotype x 
environment interactions observed across the seasons and locations indicates the 
need for evaluation of genotypes across several environments in order to determine 
most stable genotypes for aflatoxin accumulation resistance and other agronomic 
traits. According to Comstock and Moll [15], genotype x environment interactions 
determined in multi-location trials implied reduced correlation between genotypic 
and phenotypic values. Zuber [16] identified significant environmental effects on 
aflatoxin accumulation among commercial hybrids and OPVs in the United States of 
America. It was not uncommon to observe G x E effects on the genotypes evaluated 
across contrasting environments in Ghana.

Broad sense heritability among traits ranged from moderate to very high estimates 
during the major season where adequate rains and less disease pressure was observed. 
However, significantly lower range of estimates were detected during the minor season 
(data not shown) confirming earlier reports by [17] who demonstrated significant 
environmental influence on heritability estimates in cashew. Moderate to high herita-
bility estimates realized in this study, suggested that possible gains are achievable in 
hybrid maize development for high yields and aflatoxin accumulation resistance.

Further evaluation of the agronomic traits revealed a range of genotypic influ-
ence on several parameters studied. Significant among them were days to 50% pol-
len and silking which clearly categorized the genotypes into the three well defined 
and established classes of extra early, intermediate and late types as reported by 
Badu- Apraku [18] who categorized maize genotypes into the different maturity 
groups. Such information is critical and necessary to guide planting periods in 
breeding nurseries designed to cross among the maturity groups for trait introgres-
sion and further improvement for hybrid development.

The combined analysis showed that most genotypes belonged to the intermedi-
ate group while a few were extra early or late maturing. For instance, genotype 
MP715 has been reported in previous studies [19] as highly resistant to aflatoxin 
accumulation with delayed silking ranging between 70 and 80 days when grown in 
a temperate environment, however in this study it ranged between 62 and 67 days 
under tropical conditions in Ghana, where it is evidently adapted. On the other 
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hand, genotypes identified with delayed silking dates included MP719, TZI8, 
NC334, OBAATANPA, CML176, CML247, CML287, CML343 and CML5.

Aflatoxin accumulation levels during the major season were comparatively 
lower across environments although levels in Wenchi were slightly higher. Unlike 
the major season, the accumulation levels in the minor season were considerably 
higher across environments with Wenchi still ranking highest. This observation 
agrees with the findings of several authors [2, 6, 20, 21] who reported the existence 
of positive correlation of drought and heat on aflatoxin accumulation level. The 
Guinea savanna transition environment, which appears to be relatively drier, was 
conducive for aflatoxin production.

The ranking of top ten resistant genotypes across environments revealed a 
consistent set of genotypes (although in different ranking order of resistance per 
environment) during both major and minor seasons. Genotypes which consistently 
displayed stable resistance across the environments included MP715, NC298, MP705, 
MP719, CML287 and TZEEI- 24 while the rest appeared less stable. Two local extra 
early lines (TZEEI-24 and TZEEI-4) were identified as sources of potential resistance 
to aflatoxin but their level of resistance was not as good as the Mississippi lines spe-
cifically bred for resistance and that further evaluations of these two locally adapted 
lines may be required to confirm their levels of resistance to aflatoxin accumulation.

It was also obvious from this study that, majority of the inbred lines outper-
formed the OPVs and the populations’ in-terms of reduced aflatoxin accumulation 
levels which was in agreement with the previous findings of Zuber [16] who reported 
superiority of hybrids (inbred combinations) over OPVs in-terms of measured 
aflatoxin accumulation resistance across locations and years in the United States.

The levels of total aflatoxin accumulated by the resistant genotypes in this study 
are comparable to the levels previously reported by William and Windham [5] and 
Brown [2] where a set of hybrids were evaluated for aflatoxin accumulation resis-
tance. Information obtained from the total aflatoxin accumulation levels among the 
genotypes could therefore guide the selection of appropriate parental candidates 
for future aflatoxin resistance breeding in Ghana. Breeding for resistance involves 
several approaches of which trait correlations is paramount. Indirect selection of 
one trait simultaneously improves other traits that are significantly correlated.

Zuber [16] discovered strong significant correlation between insect damage and 
aflatoxin accumulation during evaluation of OPVs and released commercial hybrids 
in the United States of America. The correlation observed between insect damage and 
aflatoxin accumulation in this study was similar to that of Zuber [16] as well as the 
observations made by Williams [22] and Ni [23]. Significant positive correlations were 
also observed between aflatoxin accumulation levels and plant aspect and cob aspect 
whilst ears per plant showed a weak negative correlation. Stay-green and open- tip did 
not correlate with aflatoxin accumulation levels as recounted in other studies [24, 25].

The study of genetic relationship among genotypes which was based on sig-
nificant agronomic traits assigned all genotypes into three main groups when 40% 
of the variation among the genotypes was explained. On the contrary, only two 
main groups were realized when 20% of the genotypic variation was explained by 
the significant traits used for the grouping. In the case of the two groups, all exotic 
genotypes were assigned into one group except Ki3, CML108 and NC340 which 
clustered together with the local genotypes. This observation was not surprising 
since most of the local genotypes were sourced from CIMMYT and may have similar 
pedigree or ancestry records.

It appears that the top resistant genotypes which also clustered in one common 
group perhaps originated from a common ancestry of Tuxpe˜no germplasm native 
to Mexico which exhibits tropical characteristics coupled with aflatoxin accumula-
tion resistance [6].
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Although the analysis of the multiple phenotypic traits assigned genotypes into 
distinct groups, it showed a low corroboration when compared to other molecular 
methods (data not shown). This is probably because the expression of most agro-
nomic traits are influenced by the environment.

5. Conclusions

Six most stable aflatoxin accumulation resistant genotypes across six environ-
ments have been identified. They included MP715, NC298, MP705, MP719, CML287 
and TZEEI- 24. Furthermore, it was evident from the study that traits such as cob 
and plant aspect correlated significantly and positively with aflatoxin accumulation 
levels whilst grain yield had significant negative correlation.

Genotypic effects on several traits were consistently significant across environ-
ments and that the environments used in this study were discriminatory enough 
to aid the identification and selection of consistent genotypes for aflatoxin accu-
mulation resistance. Significant genotype by environment interaction aided in the 
identification of relatively stable genotypes for specific important agronomic and 
aflatoxin accumulation resistant traits. The Wards clustering method assigned 
genotypes into two main groups (exotic and local) based on the significant agro-
morphological traits including grain yield. Broad sense heritability estimates for 
grain yield and aflatoxin accumulation resistance were moderately high to enable 
permissible transfer of traits to progeny.
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Chapter 12

Microbiological Control: A New 
Age of Maize Production
Damilola Omobowale Seyi-Amole and Abiodun A. Onilude

Abstract

Maize is one of the world’s most widely grown and consumed cereal. It is known 
for its multipurpose use; it provides food and fuel to humans, feeds to animals and 
used as raw material in manufacturing industries. Globally, maize production is 
a large and significant market which produced 1,116.41 million tons in year 2020 
and it’s expected to increase by 1.57% in year 2021. Pests and disease of maize cause 
significant damage to maize thereby reducing its’s yield and quality. There are many 
methods of controlling maize disease and pests; they include cultural, biological 
and chemical methods etc. Recent research studies have discovered an alternative 
agricultural practices that are sustainable and safe as compared to chemical control 
of pests and disease. However, biological control has gained large acceptance and 
its believed to yield positive outcome as compared to chemical control. Various 
microorganisms are used to control pathogens of maize and thus, there is a need 
to understand better their interactions with plants. Furthermore, microorganism 
known as entomopathogens are used to control arthropods. They are biopesticides 
that play integral role in Pest Management. This section focuses on microbiological 
control of pathogens and arthropods, their mechanisms of action, applications and 
the future of entomopathogenic microorganisms and microbiological control of 
pathogens.

Keywords: maize, pathogens, pests, microbiological control, entomopathogens

1. Introduction

Corn, also referred to as Maize, Zea mays, is an annual grass in the family 
Poaceae and is the third most widely grown cereal after wheat and rice throughout 
the world [1]. It is a staple food crop which has a total production of 1.09 billion 
metric tons achieved in 2018/2019, [2] and still a vital source of energy and protein 
in humans’ diet and animals, hence ensuring food security globally [3]. The United 
States was recorded to be the largest corn producer in the world with an estimated 
volume of 345 million metric tons in 2019/20 which is approximately one third 
of corn produced globally. In that year, China and Brazil were the next top corn 
producing countries after the United States [4].

The origin of corn is quite unknown but history revealed that corn was first 
domesticated in Mexico’s Tehuacan Valley. There are several types of corn which 
include sweet corn, popcorn, pod corn, flint corn, flour corn, waxy corn and dent 
corn. In the United States corn is known to be an important crop and in the past 
few years, the country’s corn farmers experienced constant increases in annual 
revenues [4].
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However, during preharvest and postharvest operations, insect pests and 
microorganisms attack maize, thereby reducing both the qualitative and 
quantitative value of maize [5]. In addition to the reduction of production yield, 
some pathogens produce toxins that are detrimental to both man and animals’ 
health, they also reduce the nutritive value of maize and thus negatively impacting 
world food security [6]. A vast number of pathogenic microorganisms (fungi, 
bacteria, virus) and insects damage maize grains and plant; leading to worldwide 
annual losses of 9.4%. Insects are known to the the most important cause of 
deterioration and low yield of maize followed by fungi [7, 8]. Maize pests happens 
to be one of the major challenges of growing maize and some of the major threat 
to maize mainly include insect pests (stalk borers and armyworms) and soil pests 
(wireworms and rootworms). The damaged caused by the western corn rootworm 
(Diabrotica virgifera virgifera) in Europe and in USA is estimated to be more than $1 
billion annually [9]. Roberts et al. [10] also reported the annual losses attributed to 
plant diseases to be about 40 billion dollars worldwide either directly or indirectly.

There are three significant and most noxious soil-borne pathogens that infest 
maize in the field namely; Fusarium species, Rhizoctonia spp. and Verticillium spp. 
[11, 12]. Furthermore, three fungal pathogens that are mostly found in stored 
grains are Aspergillus spp., Penicillium spp., Fusarium spp. [13, 14] and some xero-
phytic species, a number of them are known to produce toxins that causes adverse 
health problems including death [14–16]. The control of these microorganisms are 
difficult to quell due to their ability to utilize various infection modes to overcome 
maize immune system, possession of important structures for pathogenesis that 
are resistance to adverse conditions and the development of some resistance 
genes that ae understudied [17]. Over the years, pests and diseases management 
have depended majorly on the use of pesticides and agricultural practices such as 
crop rotation and irrigation for control of pests and diseases [18, 19]. However, 
the potency and environmental concerns such as its possibility of destroying 
beneficial microorganism and insects that promote plant growth and health, 
bioaccumulation of the chemicals on crops and their harvest, as well as pathogen 
resistance to some pesticides, have encouraged the pursuit for an alternative that 
is ecofriendly, less expensive, more sustainable in the management of pests and 
diseases [20, 21]. Amidst these alternatives, biological control method seems to be 
the preferable and acceptable option. Biological control using microorganism is an 
important tool for controlling and managing plant pests and diseases in sustain-
able agriculture [22].

Microbial biological control agents (MBCAs) are applied to crops for biological 
control of plant pathogens, they use various modes of action. Their mode of action 
may include nutrient competition, antagonist relationship (hyperparasitism and 
antibiosis) against the pathogen or by inducing resistance or priming plants without 
any direct interaction with the targeted pathogen [23]. In addition to using micro-
organism as biocontrol of pathogens, microorganisms known as entomopathogens 
are used in the control arthropods such as insects, mites, and ticks that infest and 
deteriorate maize. Diverse species of bacteria, fungi, nematodes, and viruses are 
used in pest management. The use of entomopathogens as biopesticides in pest 
management is referred to as microbial control, which can be an integral part of 
integrated pest management (IPM) [24].

In rhizosphere of plants, microorganisms do interact and display different 
associations, some may be mutualistic, commensal or even pathogenic [25–27]. 
Interestingly, maize’ rhizosphere contains some specific microorganisms that are 
beneficial to its growth [28, 29]. Positive interactions in rhizospheres are known 
to be of importance all through the plant’s life-cycle [30]. In recent years, there 
have been an increased interest on the issue of inoculating rhizobacteria into 
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the agricultural soil because they are known to increase productivity and qual-
ity of agriculturally important crops and help to the stabilize agroecosystems 
[31]. Inoculation of maize with various plant growth-promoting rhizobacteria 
(PGPR) strains, however could result in significant increases in plant biomass, 
root and shoot length and uptake of essential plant nutrients. The use of plant 
growth-promoting rhizobacteria (PGPR) is a promising alternative method 
to external chemical inputs to improve crop yield in sustainable agricultural 
systems [32]. PGPR’s modes of action include nutrient uptake, stress protection, 
induced resistance and plant growth promotion by production of phytohor-
mones [33–35].

With respect to the severe maize’ annual losses, and threat to food security 
caused by pathogens and insect pests, thus the need for Microbiological control 
methods to minimize losses caused by pathogens and insect pests. This scope of this 
chapter concentrates on the use of microbiological agents; an alternative, safe, less 
toxic, and less disruptive method of controlling the growth and development of 
pathogens and insect pests of maize, and optimizing maize production.

2. Maize

2.1 Maize production

Maize is known to be one of the world’s most important cereal crops. It has a 
wide genetic diversity and diverse uses which accounts for its cultivation in a vast 
range of agro-ecological environments. Apart from the consumption of maize 
by man and animals, maize is also used to produce corn ethanol and other maize 
products, such as corn starch and corn syrup [36].

Andean countries of South America, Mexico, Central America and the 
Caribbean, Africa and South and Southeast Asia are known to consume maize 
as human food much higher than half of its maize production. Interestingly, 
maize accounts for at least 15 percent of the total calories daily intake in almost 
all the countries in Africa and Latin America. The economy of the developed and 
developing countries is significantly impacted by maize production [37]. The 
world market has recorded an enormous growth in maize production in the most 
especially in countries with temperate environment where hybrids and high yield-
ing agronomic practices are used. The main maize exporters are: United States, 
Argentina, France, China P.R., Hungary, Canada, South Africa. China is a rela-
tively new exporter being the main suppliers of Asian neighbor countries. There 
was a prediction for developing countries by Ortiz et al. [13] that there will be a 
growing demand for maize alone as food to increase by around 1.3% per annum 
until 2020. Furthermore, another prediction by Rosegrant et al. [38] stated a 
double demand for maize by 2050 in the developing world, and maize is predicted 
to become the crop with the greatest production globally, and in the developing 
world by 2025.

2.2 Maize losses

Abiotic and Biotic factors (pests, pathogens and weeds) significantly contribute 
to grain loses and thus affects food supply. About one-third of potential crop yield 
is lost to pre-harvest pests, pathogens and weeds [39]. Coupled with pre-harvest 
losses, the losses occurring during transport, pre-processing, storage, processing, 
packaging, marketing and plate waste are also important. An average of 35% of 
potential crop yield is lost to pre-harvest pests worldwide [40].
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There are different number of ways pests reduce crops productivity; their 
effects include, stand reducers (damping-off pathogens), photosynthetic rate 
reducers (fungi, bacteria, viruses), leaf senescence accelerators (pathogens), light 
stealers (weeds, some pathogens), assimilate sappers (nematodes, pathogens, 
sucking arthropods), and tissue consumers (chewing animals, necrotrophic 
pathogens) [41].

Post-harvest loss occurs between harvest and consumptions. The major physi-
ological, physical and environmental causes of post-harvest losses are high crop 
perishability; mechanical damage; excessive exposure to high ambient temperature, 
relative humidity and rain; contamination by spoilage fungal and bacteria; inva-
sion by birds, rodents, insects and other pests; and inappropriate handling, storage 
and processing techniques [42]. Post-harvest losses lead to high food prices thus 
reducing food in the market. Reducing post-harvest losses in maize is an important 
element in any strategic planning to make more food available without increasing 
the burden on the natural environment.

2.3 Major pathogens of maize

Fusarium species are among the most common fungal pathogens causing 
diseases in maize. This genus is ubiquitous in nature and contains various toxigenic 
species, with F. graminearum and F. verticillioides being the most commonly found 
pathogens in maize. They infect several parts of maize at any stage of development, 
processing and storage thereby reducing maize quality and production yields. They 
do produce mycotoxins (fumonisin, deoxynivalenol, and zearalenone.) that are 
poisonous to man when consumed [43, 44].

2.3.1 F. verticillioides

F. verticillioides causes Fusarium ear (characterized by discolored and a reduced 
number of grains), and stalk rot which leads to global significant losses of maize 
[45]. It is one of the most prevalent disease causing agent in maize (Zea mays L.). 
Fusarium ear/stalk rot is common during hot and dry weather, both pre and post-
harvest conditions. Fumonisins are carcinogenic [46, 47], and are produced in large 
amounts in maize and contaminates maize based food and feed, therefore they are 
of high importance to farmers [43, 44].

2.3.2 F. graminearum

Maize kernels contaminated with F. graminearum results in a moldy kernels 
called Gibberella ear rot. This organism also produces mycotoxin (deoxynivalenol 
and zearalenone), toxic to humans and farm animals when consumed. This fungus 
often starts infecting the tip of an ear when it starts silking during the cool and wet 
weather, [48].

2.3.3 Aspergillus flavus

A. flavus is a phytopathogenic fungus that causes diseases in several agricul-
tural crops and at the same time producing aflatoxins which is a toxic metabolite 
produced during its secondary metabolism [49, 50]. A. flavus is the disease causing 
agent of Aspergillus ear rot; a global disease of maize. Aflatoxins are hazardous to 
both humans and animal’ health if ingested via contaminated food and feed. In 
humans, aflatoxins have been directly linked to hepatocellular carcinoma, since 
they are metabolized in the liver [51].
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2.3.4 Curvularia lunata

C. lunata is a foliar fungal pathogen that causes Curvularia leaf spot of maize, 
especially during the hot and humid seasons [52]. C. lunata produces a furanoid 
type toxin, both in vitro and in planta, which can possibly lead to leaf lesions which 
invariably lead to a reduction in maize yields [53].

2.3.5 Other pathogens of maize

Some other economically important pathogens that infest maize and their 
corresponding diseases are listed as follows: Pythium spp., Rhizoctonia spp., and 
Acremonium spp. (Root and Stalk rot), Puccinia sorghi and P. polysora (Leaf rusts), 
Helminthosporium turcicum or Setosphaeria turcica (Leaf blights), H. maydis (Maydis 
leaf blight), Cercospora zaeamaydis (Gray leaf spot (GLS)) [54]. Sclerophthora 
macrospora (Downy mildew/Yellow tuft), Sphacelotheca reiliana (Head smut of 
maize), S. macrospora (Downy mildew/ Yellow tuft), Trichometasphaeria turcica 
Luttr. (Northern Leaf Blight), Ustilago maydis (Corn smut), P. coronata (Crown 
crust), Maize streak virus (Maize streak disease), Sugarcane Mosaic Virus (SCMV) 
is another viral pathogen and causal agent of mosaic disease in maize and other 
graminaceous plants [55].

2.4 Major insect pests of maize

Globally, insect pests are categorized into two classes; (1) field pests such as 
stalk borer (Busseola fusca), maize leafhoppers (Cicadulina mbila) and mole crickets 
(Gryllotalpidae), African bollworm (Helicoverpa armigera), African armyworm 
(Spodoptera exempta) and black cutworms (Agrotis ipsilon) and (2) storage 
pests like the maize weevil (Sitophilus zeamais), larger grain borer (Prostephanus 
truncatus) (Hon), red flour beetle (Tribolium castaneum) and dried bean beetles 
(Callosobruchus maculatus) and Indianmeal moth (Plodia interpunctella) [54].

The most important arthropod pests of maize in Europe is known as European 
corn borer, Ostrinia nubilalis (Hbn., Lepidoptera: Crambidae). The lepidopteran 
larvae (i.e., caterpillars) known as stalk borers, ear or leaf feeders, and coleopteran 
larvae (i.e., beetle grubs) that feed on roots. The European corn borer is a nick-
named the “billion dollar bug” because it cost growers over a billion dollars annu-
ally in insecticides and lowers crop yields [56, 57]. It is known globally to cause 
enormous economic damage. While in America the borer mostly found include 
the genera Zeadiatraea, Diatraea and Elasmopalpus. The western corn rootworm 
(Diabrotica virgifera virgifera LeConte), a chrysomelid beetle is known to be the 
most destructive for maize production in the USA, Hungary and other central and 
eastern European countries [58]. While in Africa the following pests are associated 
to this region; Chilo, Sesamia, and Busseola, and in Southeast Asia Chilo, Sesamia 
and Ostrinia furnicalis are present in their maize fields. While damage is mainly 
caused by the larvae feeding on roots, adults feeding on silk and ears may cause 
additional losses, particularly in maize production for grain, seed or food (sweet 
maize). Sap sucking pests, like aphids (Aphididae) and leafhoppers (Cicadellidae), 
as well as the frit fly (Oscinella frit L.) cause limited economic damage as compared 
to the european corn borer. Other pests of regional importance include armyworms 
such as Pseudaletia unipuncta (Haworth, Lepidoptera: Noctuidae), Diptera species 
such as Delia platura (Meig.), Geomyza spp. and Tipula spp., Coleoptera spe-
cies such as Oulema melanopus L., Glischrochilus quadrisignatus (Say), Tanymecus 
dilaticollis Gyll. and Melolontha melolontha L., spider mites (Tetranychus spp.) and 
thrips (Thysanoptera) [59].
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2.5 Maize disease and Pest management

2.5.1 Planting resistant varieties

One of the most reliable method of controlling plant disease is planting of 
 resistant varieties [60]. It is one of the most attractive approaches and can be 
 considered as an ideal method if good quality plants are adapted to the growing 
regions with sufficient levels of tolerance and durable resistance This method 
is considered ideal and mostly used in many crops because its less expensive 
as compared to pesticides cost and residual effects on man, animals and the 
environment. Although its economical as compared to pesticides, these resistant 
varieties often take decades to develop and GM-plants suffer from extremely high 
regulatory approval cost and consumer acceptance. Its ultimately used by farmers 
provided quality plants are selected and adapted to exhibit adequate levels of 
tolerance and substantial resistance to pathogens [61]. Inspite of its advantages, it 
is faced with some backlash as regards the time in developing Genetically Modified 
(GM) plants, cost of approval and acceptance rate by customers. There have been 
also cases where resistance breakdown was recorded in several crops coupled with 
pathogens mutating their virulence gene, inconsistent uniformity in the genetics of 
the plants. Such cases were observed in cotton leaf curl disease [62].

2.5.2 Chemical control

Agrochemicals have been adapted over the years to secure food production 
and improve crop yield thus protecting crops from pests and pathogens. Since the 
1960s, there have been an increase in pesticides use. They help in preventing losses 
and damages of crops; it has now become an integral component in Integrated Pest 
Management (IPM) [63]. It cannot be overemphasized the advancement that pesti-
cides have brought to the agricultural sector as regards improving crop quality and 
annual agricultural output [64]. Nevertheless, the development of resistance genes 
by pathogens and pests coupled with the growing concern of accumulation off these 
chemicals in feeds and the ecosystem has been a great concern to farmers [65, 66].

2.5.3 Biological control of pathogens

Heimpel and Mills [67] defined biological control of plant diseases to be the 
suppression of the populations of plant pathogens by the use of living organisms. 
In plant pathology, beneficial organisms (crops, insects and microorganisms) are 
selected to diminish the effects of pathogenic organisms and improve the crop yield 
microorganisms. Other examples of biological control include the application of 
natural products and chemical compounds extracted from different sources, such 
as plant extracts, natural or modified organisms or gene products control [68]. This 
method was developed to minimize the dependence on agrochemical use and the 
risks for human health and the environment [69].

There are various interactions between plants, biological control agent and patho-
gens, they include mutualism, commensalism, neutralism, competition, amensalism, 
parasitism, protocooperation and predation [70–72]. The interactions between the 
microbes and plants occurs naturally at both macroscopic and microscopic level [68].

2.5.4 Cultural/traditional insect Pest control

Timely harvesting, proper harvesting and processing methods are the best 
strategy for controlling insect pest in maize. Proper sanitation, removal of old 



217

Microbiological Control: A New Age of Maize Production
DOI: http://dx.doi.org/10.5772/intechopen.97464

stock, avoid storing infected crops inside the storage facility. Other methods used 
by farmers to reduce infestation of maize by insect pest include the use of material 
such as ashes (it is known to abrasive and lethal effect on the insects’ cuticle), sand, 
crushed limestone, mineral and oil in which physical barrier effects are responsible 
for the control of insects, storing dried maize that are properly dried or re-drying 
when infestation is detected, the use of sheaths in storing maize for protection by 
the husk, the use of repulsive local herbs and plants to scare off the pests (Nim 
ground seed, leaves of acanthaceae, acardiaceas, annonaceae, myrtaceae, other 
plants extract [73].

2.6 Microbiological control of pathogens

In modern agriculture, biological control of pathogens using microorganism 
is playing a major role in disease control of crops. Beneficial microorganisms are 
used as biopesticides and is known to be the most effective methods for safe crop-
management practices [74].

The rhizosphere was discovered by Hiltner [75] to be the layer of soil dominated 
by the root, and is much richer in bacteria than the surrounding bulk soil. The plant 
rhizosphere is regulated by the synergistic relationship between the soil, plant root, 
and the microbes present and is controlled by the soil pH, texture, complexity and 
plant roots exudates mainly composed of sugars, amino acids and various nutrients 
[27]. The rhizosphere is a zone of soil that surrounds the plant root, is a niche 
colonized by numerous organisms and is considered as one of the most complex 
ecosystem on Earth [76].

There are some heterogeneous group of bacteria known as Plant growth-
promoting rhizobacteria (PGPR), they are free-living soil bacteria mostly found 
in the rhizosphere, at the rhizoplane or in association with roots. They are used 
as biocontrol agent for the control of plant pests and disease by suppressing the 
activity and growth of phytopathogenic organisms, and also help to improve the 
extent or quality of plant growth directly or indirectly [77] by providing nutrients, 
synthesizing phytohormones, solubilizing phosphate, reducing stress, alleviating 
soil contamination with heavy metals [78–83] or improving the microbial 
community structure of the rhizosphere [84, 85]. The following genera of bacteria 
have been reported as PGPR: Agrobacterium, Arthrobacter, Azoarcus, Azotobacter, 
Azospirillum, Bacillus, Burkholderia, Caulobacter, Chromobacterium, Enterobacter, 
Erwinia, Flavobacterium, Klebsiella, Micrococcous, Rhizobium, Pantoea, Pseudomonas 
and Serratia [86, 87] which have shown prospect as biocontrol agents against 
various fungal pathogens [87].

2.7 Relationships that promotes biocontrol

2.7.1 Microbial antagonisms

Microorganisms that have the ability to grow in plant rhizophere are considered 
to be ideal for use as biological control agents. The rhizophere provides a 
leading edge defense for plants roots against disease causing microorganisms by 
suppressing pathogens growth and infestation. Pathogen-antagonizing metabolites 
produced by beneficial microbes that colonize the plant root, help to suppress 
phytopathogens’ growth and thus preventing them from penetrating the root 
system [87]. Furthermore, this antagonistic relationship displayed between the 
beneficial microbes and pathogens often results to significant disease control, in 
which the established metabolites produced by active beneficial microbes protects 
plants either by directly antagonizing pathogen activity directly, by outcompeting 
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pathogens or by stimulation of host plant defenses (priming) [88], also displays 
its antagonism against pathogens by antibiosis which is the secretion of diffusible 
antibiotics, volatile organic compounds, and toxins, as well as the development of 
extracellular cell wall degrading enzymes such as chitinase, β-1,3-glucanase, beta-
xylosidase, pectin methylesterase and many more [87, 89].

2.7.2 Plant-microbe mutualistic interaction

Microbes that inhabit plant rhizophere are nourished with nutrients obtained 
from plant roots in the form of root exudate and lysates. The plant-microbe 
interaction is not only beneficial to the microbe but it also improves plant nutrition, 
growth and proliferation and do enhances plant’s ability to prevail over biotic and 
abiotic stress. This associoation gives the plant a good competitive advantage due 
to the presence of rhizophere [90]. Various endophytic bacteria and free-living 
rhizobacteria that inhabit the root surface and rhizosphere secrete metabolite 
substances that suppress deleterious pathogen growth and activity which invariably 
leads to the control plant diseases caused by fungi or bacteria [91–94].

Furthermore, microorganisms can be directly involved in plant growth 
promotion, by acting as agents for stimulation of plant growth and management of 
soil fitness, for example through the production of auxin [95].

2.7.3 Production of allelochemicals/antimicrobial compounds

Allelochemicals/antimicrobial compounds produced biological control bacteria 
helps improve the plant-microbe rhizophere niche. Example of such compounds 
include iron-chelating siderophores, antibiotics, biocidal volatiles, lytic enzymes 
(chitinases and glucanases), and detoxification enzymes. These chemical may have 
detrimental effect on target pathogens, some help the plant to induce resistance 
against pathogen infestation and attack while some assist in nutrient absorp-
tion which promotes plant growth [96–98]. For example, rhizobacteria include 
antibiotic-producing strains such as Bacillus sp. producing iturin A and surfactin, 
Agrobacterium spp. producing agrocin 84, Pseudomonas spp. producing phenazine 
derivatives, pyoleutorin and pyrrolnitrin, and Erwinia sp. producing herbicolin 
A [99, 100], that are tenacious in the rhizosphere [101, 102]. The mycoparasit-
ism of phytopathogenic fungi of the Trichoderma and Streptomyces genera have 
important roles in secretion of chitinases and glucanases [103]. A common feature 
of successful biocontrol strains and a crucial factor for plant root pathogen suppres-
sion is the production of antibiotic compounds and fluorescent siderophores that 
enable effective competition for iron [104].

Trichoderma spp., are universally known as BCAs and used to prevent plant 
pathogens and increase plant immunity in field and greenhouse conditions [105]. 
This is due to its ability to interact with plants (maize, cotton, cucumber) through 
production of auxin like compounds and secondary metabolites [106–108]. BCAs 
of Trichoderma spp. have ultimate functions in promoting the plant beneficial 
microbial community and decreasing the pathogen attack through the specific 
interactions with host-pathogen. In maize, growth-promoting and antifungal com-
pounds-producing bacteria have been shown to have inhibitory effects on southern 
leaf blight disease caused by the fungus Cochliobolus heterostrophus [109, 110].

2.7.4 Induced systemic resistance (ISR)

Van Peer et al. [111] first discovered rhizobacteria-induced systemic resistance 
or ISR, also referred to in its early stage as priming. It is as an enhanced defensive 
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capacity of the whole plant to multiple pathogens induced by beneficial microbes 
in the rhizosphere [112] or elicited by specific environmental stimuli which lead 
to potentiation of the plant’s innate defense against biotic challenges [113]. Non-
pathogenic rhizobacteria are capable of activating defense mechanisms in plants 
in a similar way to pathogenic microorganisms, including reinforcement of plant 
cell walls, production of phytoalexins, synthesis of PR proteins and priming/ISR 
[112]. Plants that possess ISR displays stronger and/or faster activation of defense 
mechanisms after a subsequent pathogen or insect attack or as a response to abiotic 
stress, when inoculated with rhizobacteria [114].

2.8 Entomopathogens

Entomopathogens are microorganisms that are pathogenic to arthropods such 
as insects, mites, and ticks. Various species of naturally occurring bacteria, fungi, 
nematodes, and viruses infect a several arthropod pests and play an important role 
pest management. Some entomopathogens are produced in large scale as in vitro 
(bacteria, fungi, and nematodes) or in vivo (nematodes and viruses) and sold 
commercially. In some scenario, they are also produced on small scale for non-
commercial local use. The use of entomopathogens as biopesticides is an alternative 
method to chemical control and a novel approach pest management, which can be a 
profound part of integrated pest management (IPM) against several pests [24].

2.8.1 Entomopathogenic fungi

They typically cause infection when spores come in contact with the arthropod 
host. Fungal spores germinate and breach the insect cuticle through enzymatic 
degradation and mechanical pressure to gain entry into the insect body provided 
the environmental conditions such as moderate temperatures and high relative 
humidity are in place. Once inside the body of the insect, the fungi multiply, 
invade the insect tissues, emerge from the dead insect, and produce more spores 
[24]. Fungal pathogens have an eclectic host range and are especially suitable for 
controlling pests that have piercing and sucking mouthparts reason being that 
spores do not have to be ingested. However, entomopathogenic fungi are also 
effective against a variety of pests such as wireworms and borers that have chewing 
mouthparts [24].

The potential use entomopathogenic fungus has been reported by some 
researchers. For example, Beauveria bassiana (Bal.) Vuillemin (Deuteromycotina: 
Hyphomycetes) can be used against the following stored-grain insects: rice weevil 
(Sitophilus oryzae), corn weevil (S. zeamais), granary weevil (S. granarius), lesser 
grain borer (Rhyzopertha dominica), red and confused flour beetles (Tribolium 
castaneum and T. confusum), Oryzaephilus surinamensis, and Prostephanus truncatus 
[115–121], and for another entomopathogenic fungus Metarhizium anisopliae 
(Metch.) Sorokin (Deuteromycotina: Hyphomycetes) against the following stored-
grain insects: rice weevil (S. oryzae), lesser grain borer (Rhyzopertha dominica), and 
red flour beetle (Tribolium castaneum) [120–125].

2.8.2 Entomopathogenic bacteria

Entomopathogenic bacteria are well known for their ability to produce a plethora 
of protein insecticidal toxins [126]. Bacterial toxins acting as virulence factors have 
been shown to range from very specific to broad insecticidal spectrum ever since 
it was first discovered in the 19th century. When compared with chemical insecti-
cides, bacterial toxins displayed high diversity of simultaneous action, contributing 
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to the sustainability of bacteria-based bio-pesticides by limiting insect resistances. 
Bacillus thuringiensis (Bt) has been profoundly used in biocontrol of insects and it 
represents approximately 95% of microorganisms used in biocontrol [127].

B. thuringiensis produces protein-based δ-endotoxins known as “Cry”, which 
are lethal for several species of various insect orders [128]. Presently, about 170 
different “Cry” toxins have been identified, which are effective against several 
coleoptera, lepidoptera, and diptera species [129]. These proteins are produced 
upon sporulation, and are contained in crystal inclusions. Once ingested, crystals 
inclusions are solubilized by the insect proteases in the midgut, inadvertently 
activating the “Cry” proteins [130]. A vast number of research work has produced 
various of Bt-based insecticides, ranging from wettable powder or liquid 
formulation to transgenic crops, thereby facilitating their use in organic farming 
and integrated pest management (IPM) programs.

2.8.3 Entomopathogenic viruses

As compared to entomopathogenic bacteria, entomopathogenic viruses are also 
required to be ingested by the insect host and are therefore ultimate in controlling 
pests that have chewing mouthparts. Diverse lepidopteran pests are important hosts 
of baculoviruses including nucleopolyhedroviruses (NPV) and granuloviruses 
(GV). These related viruses have various types of inclusion bodies in which the 
virus particles (virions) are implanted. Virus particles attack the nucleus of the 
midgut, fat body or other tissue cells, compromising the integrity of the tissues 
and liquefying the cadavers. Before the insect pathogen dies, infected larvae climb 
higher in the plant canopy, which helps in dispersing virus particles from the 
cadavers to the lower parts of the canopy. This conduct assists in the proliferation 
of the virus to cause infection in healthy larvae. Viruses are host specific and can 
cause remarkable reduction of host populations. Examples of some commercially 
available viruses include Helicoverpa zea single-enveloped nucleopolyhedrovirus 
(HzSNVP), Spodoptera exigua -enveloped nucleopolyhedrovirus (SeMNPV), and 
Cydia pomonella granulovirus (CpGV) [24, 131].

2.8.4 Entomopathogenic nematodes

They are microscopic, soil-inhabiting worms that are detrimental to insects. 
Diverse species of Heterorhabditis and Steinernema are obtainable in multiple 
commercial formulations, majorly for managing soil insect pests. Infective juveniles 
of entomopathogenic nematodes actively explore their hosts and penetrate through 
natural openings such as the mouth, spiracles, and anus or the intersegmental 
membrane. Immeddiately the get into the host body, the nematodes extricate 
symbiotic bacteria that kill the host through bacterial septicemia. Heterorhabditis 
spp. carry Photorhabdus spp. bacteria and Steinernema spp. carry Xenorhabdus spp. 
bacteria. Phasmarhabditis hermaphrodita is also available for controlling slugs in 
Europe, but not in the USA [24].

2.9 Application of biocontrol

2.9.1 Seed dressing

A suitable method for suppressing plant pathogens in the spermosphere and 
rhizosphere is dressing seeds with biocontrol agents [132]. Recently, bacterial 
inoculants have been used to antagonize soil-borne plant pathogens such as 
Fusarium verticillioides (Fv) and to promote plant growth. Bacillus subtilis 
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and Pseudomonas cepacia have been used to control root rot caused by Fv in 
Argentina [133]. Bacillus amyloliquefaciens or Microbacterium oleovorans can 
reduce the fumonisin content in harvest grains during three evaluated seasons 
[134]. Burkholderia spp. stimulate plant growth and suppress disease caused 
by Fv in maize [45], and species like Bacillus amyloliquefaciens and Enterobacter 
hormaechei reduce the Fv infection and fumonisin accumulation in maize kernels 
[135]. Another example, is the application of Gliocladium virens and Trichoderma 
viride isolates on corn seeds for the reduction of Pythium and Fusarium-induced 
damping-off [136].

2.9.2 Rhizophere inoculation

Inoculation of rhizophere with biocontrol agents by alters the rhizosphere 
microbiota, thereby antagonizing soil-borne plant pathogens and promote plant 
growth. Bacillus subtilis and Pseudomonas cepacia have been used to control root rot 
caused by Fv in Argentina [133].

2.9.3 Conventional spraying

Entomopathogens viz., fungi, bacteria, virus and nematodes have an important 
place in the biological control because they have a wide host range, are harmless 
to the environment and human, and could be applied with conventional sprayers. 
They can be used more against stored product pests with the development of new 
biotechnical methods such as collecting pests in some stations to meet them with 
entomopathogens [137].

2.10 Advantages of microbiological control

2.10.1 Reduced use of Insecticides

Many farmers have adopted the use of microbiological control agents (MCAs). 
Bt maize is an example of MCA, it has provided maize farmers testimonies coupled 
with both economic and environmental advantages. Many farmers quote unique 
opportunities to protect yield and reduce handling (and use) of insecticides to 
explain their rapid adoption of Bt maize [138].

2.10.2 Protected yields

Over the years, maize farmers had challenges in controlling corn borers because 
insecticides are not successful after larvae have tunneled into the stalk. In 1990, 
entomologists experimented the use of Bt maize and found out the “bullet proof” 
effect it gave to corn borer. Until then, plant breeders were able to increase host 
plant resistance, but none of these plants were “bullet proof”. That has been the 
reason why farmers chose to use Bt maize which resulted in higher yields due to this 
reduced insect injury [139].

2.10.3 Improved grain quality

The use of Bt maize also helps to reduce the occurrence of ear mold on the 
field. This is as a result of the reduction of insect attacks that provides a site for 
infection by molds, Bt-protected maize can have lower levels of toxins produced 
by molds (i.e., mycotoxins), especially fumonisin and deoxynivalenol [140, 141]. 
Consequences of contamination with mold may be serious, as fumonisins can cause 
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fatal leukoencephalomalacia in horses, pulmonary edema in swine, and cancer 
in laboratory rats. Economic analysis suggests that USA farmers save $23 million 
annually through reduced mycotoxins [142] and mycotoxin reduction also could 
be a significant health benefit in other parts of the world where maize is a diet 
staple [143].

3. Conclusion

The presented chapter outlines the use microbiological control, an ecofriendly, 
non-toxic, effective and biodegradable alternative to chemical pesticides. It is also 
an effective strategy for pest and disease management but it requires developing 
beneficial microorganisms that are native to the soils where maize is grown [144]. 
However, for biological methods to reach their full potential, an increased research 
effort is required. Future functional studies are still needed to fully unravel this 
intricate alternative approach to pest and disease management of maize and thus 
help boost maize yield and improve food security.
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Chapter 13

The Creation of Furniture
Products from Rice Stubble
Somchai Seviset and Songwut Egwutvongsa

Abstract

The objective of this research was to develop the transformation procedure of
rice stubble in the dry season of Thailand. This would be significantly used for the
creative building processes of furniture products for earning increased economic
value for the people and the communities. Fiber was applied in the transformation
procedure for the rice stubble, including the cementing of the formation procedure
in the boiling and soaking methods. From the results from using both procedures in
this research, it was found that knock-down furniture sheets had the ability to be
formed as standard furniture products with JIS A 5908–1994 for the customer
groups who had the most level of satisfaction to rice stubble furniture. Therefore,
this resulted in a positive result affecting the reduction of the ratio of burning of rice
stubble in terms of preparing the area for planting in the next season on a large
scale, including decreasing the occurrence of the PM. 2.5 problem in Thailand in
every winter season. As a result, this research could be considered as another choice
as a proposal to present the solution guidelines for solving the PM. 2.5 problem
sustainably.

Keywords: Products from rice stubble, the creation of furniture, furniture design,
rice stubble, material transformation

1. Introduction

From predicting the result of the in-season rice production for Thailand for the
period of 2016–2020, it was found that there was an increasing ratio of 0.14% for
each year. Additionally, this demonstrated that the amount of rice production was
approximately 25.522 million tons, or an increasing production ratio of 6.06%.
As such, it could be seen that currently Thailand is a world-class rice producing
country with the amount of exported rice being second to India, or with approxi-
mately 7.58 million tons, which is the increasing trend for the exporting ratio in every
year [1].

This further presented the promotion by the Thai government for boosting
agriculturists to cultivate rice in the North-eastern region and the Central region of
Thailand. Thus, nowadays, this cultivation has contributed to the country gaining
large areas of rice fields, especially for the remaining rice stubble, which is approx-
imately 72.321 million tons from the agriculturists’ harvesting in each season.
Moreover, this stubble is utilized for the mixing of straw mushroom cultivation or
soil adjustment before the next season. However, this still leaves large amounts of
rice stubble, so the agriculturists would remove it from their areas; such as, bringing
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the soil for cultivating other plants; namely, beans and other short harvesting cycle
vegetables. As a consequence, this would enable the agriculturists to increase their
income after doing the rice cultivation in the dry season without burning the rice
stubble in the North-eastern or Central regions in the same way. In addition, this
material always contributes to dust called polycyclic aromatic hydrocarbons
(PAHs), or PM 2.5 that is a size less than 2.5 microns, which is the dust from
burning monoculture plants [2]. This would eventually be fed into the supply chain
of the agricultural food production amounting to more than 209,937 tons per year,
as well as being released into the world’s atmosphere to become an annual environ-
mental effect at a high level. Furthermore, this has had an impact on the Mekong
River’s region. Unfortunately, according to the checking of the quality index from
the Pollution Control Department for the period of 2016–2018, it was found that the
value of the Air Quality Index (AQI) was way below the set standard of the World
Health Organization (WHO), which in turn would have a negative impact on
people’s health in the area of the rice fields of the Northern and North-eastern
regions of Thailand [3].

These problems have also continued to occur in every dry season to become
severe environmental and health problems for the people in these areas (Figure 1).

Therefore, the government sector has a policy to promote resolving these prob-
lems sustainably by encouraging the people to bring the remaining rice stubble to
increase the income from agriculture, including encouraging the agriculturists to
bring the rice stubble to be transformed into community products to be sold and
allow them to earn more agricultural income. Therefore, this could reduce the
chances of burning the rice fields by the agriculturists prior to cultivating in the
next season. This was conducted according to the National Strategy 2018–2037.
Additionally, it could be considered as having a leading role in the determination of
the direction toward the United Nations’ Sustainable Development Goals (SDGs).
This could also be initiated to prepare for the structural adjustment for Thailand 4.0
in the future [4]. Thus, the government has aimed at the alteration based on the
potential of the communities and local areas to utilize rice stubble in the rice fields
to be transformed into a positive aspect of the sustainability development of the
lifestyle and economy of the agriculturist communities [5]. As the result, this has
depended on having the appropriate technologies with the potential of the
community’s people and expression through a participatory procedure until gaining
a modern method with the tools and the specificness for the suitable uniqueness for
increasing their own lifestyles’ sustainability together with rice cultivation [6].

2. Objectives

To develop the transformation procedure from the remaining rice stubble to be
wood substitute material.

Figure 1.
Problem of burning rice stubble that results in PM 2.5 in Thailand.
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To create furniture products for children from the remaining rice stubble and predict
the solutions with the customer groups’ requirements affecting the new products.

3. Scope

1.Scope of the Procedural Development from the Remaining Rice Stubble as a
Wood Substitute Material

This would have the objective to develop the transformation procedure of
remaining rice stubble in the cultivation areas of the North-eastern region.

The population of agriculturists cultivating the fields in the North-eastern
region is 3,741,346 people [7].

The group sampling consisted of 100 agriculturists of the North-eastern region
with the level of discrepancy being 100% by using stratified random sampling
that divided the cultivation areas of each province in Thailand [8].

A structured questionnaire with a checklist of a five-point Likert scale to rate
the levels of satisfaction in the transformation procedure for the newly
developed rice stubble was used as the research tool [9]. Additionally, this used
the statistical value from the confidence value of 10 group samplings with the
value of Cronbach’s alpha at a level of 0.873 by using the data analysis of the
statistical descriptive value; such as, the mean, standard deviation (S.D.), and
one way or single factor ANOVA [10].

2.Scope of the Production of Furniture Products for Children from the
Remaining Rice Stubble and Predicting the Solution with the Customer
Groups’ Requirements That Affected the New Products

This aimed to present the designing procedure for the furniture products by
using wood substitute material from rice stubble to be an invention of the
communities for producing small industries inside the households.

The population comprised 9,183 customers interested in furniture who visited
the product booths in the Furniture and Electronic Fair 2018 in Khon Kaen
province, Thailand. Stratified random sampling was used to find 100 people as
the discrepancy level of 100% [8].

A structured questionnaire with a checklist of a five-point Likert scale to rate
the level of satisfaction of newly developed rice stubble furniture that utilized
wood substitute material was used as the research tool [9]. This used the
statistical value from the confidence value of 10 group samplings with the
value of Cronbach’s alpha at a level of 0.786 by using data analysis of the
statistical descriptive value; such as, the mean, standard deviation (S.D), and
dependent t-test [10].

4. Framework

The framework properties with the causes and results from studying the
phenomenon [11], and the development of the transformation procedure from
remaining rice stubble in Thailand were applied. Moreover, wood substitute mate-
rial for the furniture industry was used by dividing into the influencing factors of
designing and creating (Table 1) [12].
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5. Results

5.1 Development of the result of the transformation procedure from the
remaining rice stubble as wood substitute material

Development of the requirements of rice stubble were studied in the communi-
ties of the North-eastern region of Thailand. This could promote the lifestyle of the
people in the communities to gain more opportunities from earning income with
the increasing valuable furniture products, including increasing the opportunity to
burn the rice stubble that affected the overall environment in the country. How-
ever, this was based on the problem-solving method and the management from the
high quantity of rice stubble in each season. Normally, the agriculturists would
always manage to do this through three methods: 1. To let the rice stubble decom-
pose naturally, 2. burn the rice stubble, and 3. till the rice stubble into the ground
[13]. Similarly, these three methods may have different effects on the agriculturists
and society according to the selection of the guidelines for removing the rice stubble
in the next season prior to cultivating the rice (Figure 2).

This research process aimed at applying the benefits of the rice stubble in terms
of developing manufactured products easily without the complexity of the produc-
tion procedure. Similarly, this also promoted the people in the communities in a
positive way they reduced rice stubble burning in the rice fields in the dry season by
creating the good well-being of the people in the future. Consequently, this could

Table 1.
Research framework to present the development.

Figure 2.
Agriculturists cultivate rice in the dry season of north-eastern areas of Thailand.
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increase quality environmental conditions and boost the effective economy and
other fields.

Hence, overall, this would generate integrated development in the system and
sustainability for the communities based on the potential of the people; namely,
lifestyle, environment, and economy. Additionally, this was considered as sustain-
able development based on the input factors that caused the alteration and output
factor to represent the early successful result, intermediate successful result, and
final successful result.

Therefore, this would take place from people in the model communities who
were participating in the study by applying the problem-solving methods to
stimulate the alteration sustainably and continuously (Table 2).

Table 3 presented the requirements to bring the rice stubble in the agriculturists
own cultivation areas to be applied to the transformation process. The group sam-
pling had the requirement to increase the value in the transformation for handicraft
products that had the most level of requirement (mean = 4.530; S.D. = 0.559),
followed by the transformation to be agricultural products that had an excellent
level of requirement (mean = 4.100; S.D. = 0.541), the tilling or implantation had an
excellent level of requirement (mean = 3.560; S.D. = 0.729), and burning had a
moderate level of requirement (mean = 2.990; S.D. = 1.159). Therefore, overall, this
showed that the community groups had the requirement of the feeling to bring the
rice stubble to be applied as a new method more than the original one; namely,
tilling or burning. In fact, these two methods caused direct effects to the agricul-
turists, except for having the requirement to increase the rice stubble more than in

Table 2.
Creating the direction of the method for rice stubble furniture products in rice cultivation in the north-eastern
region.

Method to apply Mean S.D. S.E. Level

1. Transforming to be industrial hand products. 4.530 0.559 0.056 Most

2. Transforming to be agricultural products. 4.100 0.541 0.054 Excellent

3. Tilling or implantation. 3.560 0.729 0.073 Excellent

4. Burning. 2.990 1.159 0.116 Moderate

Overall 3.795 0.975 0.049 Most

Table 3.
Opinions of agriculturists affected by bringing the rice stubble to apply to the transformation process, (n = 100).
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the past. Thus, the researcher brought the requirement result from the community
groups prior to applying with the transformation procedure of the rice stubble fiber.

From Table 4, the two-tailed test for the significance value found that the value
F = 0.000 showed the mean of at least one pair with a level of significance of .05 by
using multiple comparison. As such, there were four method patterns that used the
statistical test of Fisher’s least significant difference (LSD) to make a comparison
between the differences of the mean with the pairs. Similarly, according to the test
result, it was found that every compared pair had the value Sig. in the test with the
least significance of .05, and these four methods could be applied with the opinions
of the agriculturist community groups with a level of significance of .05.

Most of the agriculturist groups had similar opinions to the stimulation trend for
bringing the rice stubble to apply with the transformation. Likewise, this could
generate higher economic value with a positive image to the income after applying
it in beneficial ways.

The rice farmer group had the requirement to bring the rice stubble in their
cultivation area to do an activity in an agricultural way; such as, planting mush-
rooms or making fertilizer. Then, these farmers had few requirements due to the
less economic incentives for applying with the transformation than doing in other
ways. As such, this was affected by the price of agricultural crops in the areas which
existed to have low crop prices, so the farmers group did not have the incentive for
being interested in the use of rice stubble in agricultural crops. Additionally, in the
tilling process, it showed that the farmers in the research area would not bring the
materials to apply with the transformation because this would result in the increas-
ing of rats living in the rice fields leading to an epidemic of leptospirosis disease for
the local areas [14, 15]. Significantly, normally the agriculturists, especially the rice
farmers did not plow the rice stubble but considered the rice stubble burning
process as the popular method because it could quickly eradicate rats that lived in
the rice fields, so the farmers could do agriculture in the next round on the rice
fields. Therefore, burning was an agricultural method that was extensively used in
Thailand; unfortunately, in the year 2020, the country was faced with air pollution
problems in the form of dust particles or PM 2.5 until it affected the health of the
people in the North, Northeast, and Central areas. Hence, this was a health problem
that created a health disparity among the general population until it became a
national problem that all people had to work together to reduce the impact. Fur-
thermore, nowadays, most farmers have not burned the rice stubble since the
beginning of the year 2020 until now. This presented the causes and effects com-
bined with the global trend for conserving the environment. Then, it could initiate
the ideas of the development process for making use of rice stubble that required a
simple process without any complications, and this enabled needy farmers in Thai-
land to apply these newly developed processes to meet their own need, including
adding value to the economy as a form of income generated from rice. As a result,
this could use products made from rice stubble in the form of wood substitute

Sum of the squares df Mean square F Sig.

Between Groups 133.650 3 44.550 71.849 0.000

Within Groups 245.540 396 0.620

Total 379.190 399

Critical value (0.05. = F-table = 2.627).

Table 4.
Analysis of the differences for the four method variables.
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material and furniture made from rice stubble to create opportunities for increasing
the income of farmers in the local countryside as another way, including helping
bridge the social gap in Thailand.

5.2 Development of the transformation procedure of rice stubble as wood
substitute material

This demonstrated that the creating of the transformation procedure for rice
stubble resulted in suitable and environmentally friendly wood substitute material
[16]. Additionally, this was based on the transformation to be a result of the wood
substitute material with specific properties; such as. fineness and beauty, smooth-
ness, strength and colors in the materials, and other related aspects [17]. Then, the
researcher made the comparison of the boiling procedure to peel off the tissue by
using the water immersing procedure for peeling tissue as two parts (Figure 3 and
Table 5).

Table 5 shows the development of the transformation procedure for the rice
stubble. The properties for the fiber were obtained by two methods. This were
considered as suitable methods with the potential of the communities to bring the
remaining rice stubble from the rice fields in the communities to apply to the
transformation procedure. Later, it was transformed to be fiber with good proper-
ties; such as, fineness and suitability to be formed as wood substitute material for
creating furniture products. After that, the fiber from the rice stubble utilized the
pressing sheet procedure through the peeling of the tissue and bleaching methods.

This used the ratio of 7% of seven kilograms of rice stubble before mixing with
isocyanate adhesive and spraying glue in a rotary grinder for 12 minutes. Later, the
rice stubble tissue was mixed with the isocyanate adhesive again by being formed as
wood substitute material as a wood block with the dimensions of 45 cm x 120 cm
and a thickness of 15 ml. Then, it used heat pressing at 150°C under the pressing
pressure of 35 kilograms/cm.2 (Figure 4).

The test results of the wood substitute material from the newly developed
remaining rice stubble had the standard of JIS A 5908–1994. Then, it was found that
there was a specific gravity value of 0.75, and the properties of the density quantity
was 8.85% that passed the standard, including the properties of the modulus of
rupture (MOR) that had a level of 5.67 MPa, the properties of the modulus of
elasticity (MOE) that had a level of 319.95 MPa, which was lower than the standard,
the compression stress in the levels of 11.59 MPa and 5.97 MPa, and hardness in the
level of 3,949.49 N by testing the decomposition of the wood substitute material
from the rice stubble [18]. Therefore, this resulted from the decomposing phenom-
enon as the pattern of the brash tension and simple tension as the weakness of the
wood substitute material made from the newly developed rice stubble at this time
(Figure 5).

Figure 3.
Transformation procedure of rice stubble fiber in the dry season.
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From the using of wood substitute materials from rice stubble, this presented the
resistance from pressing with the least level than the standard. Likewise, this was
caused by the external peeling for the rice stubble surface fiber for its shortness and
smallness appearance. Moreover, this resulted in the high level of flexibility for the
wood substitute material through the heat pressing of the isocyanate adhesive,

Analysis factor Boiling procedure Immersing procedure

Line Separation Step of
Rice Stubble Fiber

1. 1 cm of rice stubble was
decomposed.

2. The rice stubble was boiled in
water by mixing with 0.5% of
sodium hypochlorite.

3. It was boiled under a temperature
of 95–100°C for two hours.

4. 40 kg. of rice stubble was boiled in
30 liters of water.

1. 1 cm of rice stubble was
decomposed.

2. The rice stubble was immersed in
water by mixing with 0.5% of
sodium hypochlorite.

3. It was immersed and mixed in a
100-liter tank for 40 days.

4. 40 kg. of rice stubble with 30 liters
of water.

Rice Stubble Fiber
Characteristic

1. Fiber had the high level of fineness
with a soft texture.

2. When the fiber was dried, it had a
soft weight.

3. The fiber was spun and
decomposed by screening through
a 1.5 mm. sieve to gain 15.3 kg.

1. Fiber had a moderate level of
fineness.

2. Fiber had strength on the segments,
bodies, and roots of the rice stubble.

3. When the fiber was dried, it had a
soft weight.

4. The fiber was screened through a
1.5 mm. sieve to gain 16.8 kg.

Fiber Characteristic
from the
Transformation
Procedure of the Rice
Stubble

Preparation procedure of the rice stubble fiber formed by using wood substitute material and
isocyanate adhesive.

Table 5.
Development of the transformation procedure of rice stubble.

Figure 4.
Wood substitute materials from heat pressing with rice stubble fiber.

Figure 5.
Decomposing trace of newly developed wood substitute material from rice stubble.
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except for the less effectiveness from over pressing. Thus, this made the rice stubble
fiber have softness and stickiness in a least level than normal with the effect on the
wood substitute material to have a less bonding force and adhesion for the wood
substitute material as the standard.

However, if the community group that wanted to apply rice stubble fiber in real
life by producing products to sell for increasing the community’s strength and force
more than the past, they could so by using the following methods:

1. Increase the quantity of the isocyanate adhesive by 7% to have more mixing
ratio by adding better properties of the wood substitute material from the rice
stubble to gain the strength and active force with the higher level of the
production costs.

2. Increase the length of the rice stubble fiber more than in the past to add the
strength and effectiveness for the active force with the wood substitute
material. The drying step to reduce the weight of the crushed rice stubble to 30
kilograms showed the remaining rice stubble to have a weight of seven to eight
kilograms, which was suitable for being boiled or immersed to peel the tissue.

3.Creating the steps of the furniture products from rice stubble fiber

This was based on the creative ideas in the designing step of creating the
newly developed rice stubble products into two patterns. Then, it could
respond to the furniture product requirements for the customer groups.
Therefore, this depended on the presentation of the brainstorming procedure
through the drafting of the furniture model products by using the wood
substitute material from the rice stubble fiber (Figure 6).

Table 6 presented the test of the differences for the mean satisfaction to the
furniture product patterns from the remaining rice stubble. The first pattern
had the mean satisfaction at a moderate level of 3.38, and the furniture
product patterns from the remaining rice stubble in the second pattern had
the mean satisfaction at an excellent level of 4.18. The result of the t-test
showed that the mean between the furniture product patterns of the

Figure 6.
Draft of the furniture products made from wood substitute material from rice stubble.

New developed furniture n Mean S.D. Mean difference t df Sig. 1 tailed

Design Development 1 100 3.38 0.81 �0.80 �7.139** 198 0.000

Design Development 2 100 4.18 0.77

**Statistical significance in the level of .01.

Table 6.
Selection result from the furniture product patterns of newly developed rice stubble.
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remaining rice stubble in the second pattern was at a higher level than the first
pattern with a statistical significance level of .01.

Adopting the furniture product patterns in the second pattern could produce
the rice stubble furniture products to be applied in real life. Thus, the
researcher produced the models of the community groups in Khandong
Subdistrict of Buri Ram province, where the community groups transformed
the rice stubble to be wood substitute material for the handicraft industry.
Finally, this enabled the researcher to make the summary of the economic
values occurring from the rice stubble transformation (Table 7).

Table 7 displays the value of the wood substitution material production from
rice stubble per sheet with boiled and peeled tissue to gain the fiber. Then, it
was brought to the pressing procedure from immersing the tissue to peel off
the rice stubble fiber that amounted to 3 Baht per sheet. This was considered
as gaining a lower level of production costs from the selling standard of the
wood substitute material in the market. Then, the wood substitute material
made from the rice stubble seemed to gain suitable properties for the
handicraft industry in the communities, so that the agriculturists could bring
the rice stubble to be purchased by businesses with a positive trend to increase
more income for their communities.

Therefore, this could produce model furniture products from rice stubble by
using the wood substitute materials with the dimension of 150 mm. As a
result, it applied the abstract guideline and concrete guideline in real life prior

Producing procedure Boiling from peeling the tissue
by using wood substitute
material

Using wood substitute material
from immersing to peel the
tissue

1. Preparing the material step
(tissue material replacement
of wood)

A. Fuel prices for boiling: 23 Baht
B. Coloring procedure: 32 Baht
C. Labor costs for 1 hour: 20 Baht
D. Material costs (rice stubble):

0 Baht

A. Tissue crushing procedure: 0
Baht

B. Coloring procedure: 32 Baht
C. Labor costs for 2 hours: 40

Baht
D. Material costs (rice stubble): 0

Baht

2. Heat pressing step (isocyanate
adhesive)

A. Glue: 35 Baht
B. Labor costs per sheet: 10 Baht

A. Glue: 35 Baht
B. Labor costs per sheet: 10 Baht

Total Costs 120 THB (4 USD) 117 THB (3.90 USD)

Table 7.
Comparison of the costs of the production with the sheet dimension of 120 X 60 cm. From wood substitute
material of boiled rice stubble with peeling tissue and immersing the tissues to be peeled.

Figure 7.
Model furniture products from rice stubble fiber.
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to bringing the model to be assessed for the effectiveness and satisfaction
scores (Figure 7).

4.Predicting the solution steps of the satisfaction values for rice stubble furniture
customer groups

For the step of the influencing assessment factor of the rice stubble furniture
production customer groups, the model furniture was brought to test with the
targeted customer groups. For this study, it was brought to be tested in the
furniture and home decoration booths in the Furniture and Electronic Fair
2018 in Khon Kaen province, Thailand. This also included making an
assessment of the customers’ feelings after testing the furniture product from
the new rice stubble (Table 8).

As can be seen from Table 8, the assessment result of the four input factors
demonstrated that the test group had the satisfaction from the most to the least
levels; namely, factor X4 or the interestingness and the novelty had the most level
of satisfaction (mean = 4.600; S.D. = 0.603), followed by factor X2 or worthiness to
be transformed that had an excellent level of satisfaction (mean = 4.400; S.
D. = 0.711), factor X1 or beauty also had an excellent level of satisfaction
(mean = 3.970; S.D. = 0.784), and factor X3 or the convenience to apply had an
excellent level of satisfaction (mean = 3.540; S.D. = 0.744). Therefore, when the
researcher had classified the satisfaction assessment values with the rice stubble
furniture product models, it presented the most level of satisfaction (mean = 4.530;
S.D. = 0.627), including the result of the satisfaction assessment with the interest-
ingness and novelty interests from the new procedure to the new model in similar
levels. Moreover, the presentation of the Sig. value from the test of F = 0.00
demonstrated at least one pair of correlation gaining the differences of the level of
significance with .05 by applying the multiple comparisons and LSD (Table 9).

From the conclusion of Table 9, it could be seen that the factors involved with
the variables and satisfaction toward the furniture model from rice stubble for the
customer groups consisted of worthiness to transformation (X2) and interesting-
ness and novelty (X4). These two variables were considered as the correlation with
the satisfaction to the customer groups while using the new rice stubble furniture
model. There were also two noninfluencing factors; namely, beauty (X1) and
convenience to apply (X3) that had a statistical significance of .05.

Table 10 displayed the factor result with the co-efficient of the decision (R2)
by gaining the value of 0.4442, or the factor test with the rice stubble furniture
designed at this time. Then, it could explain about the satisfaction change in the
level of 44.42% by bringing the influencing factors to the satisfaction of the new

Influencing factors of the satisfaction of furniture
made from rice stubble

n = 100 People Satisfaction level

Means S.D.

Satisfaction toward the furniture model from rice stubble. 4.530 0.627 Most

X1. Beauty. 3.970 0.784 Excellent

X2. Worthiness of the transformation. 4.400 0.711 Excellent

X3. Convenience to apply. 3.540 0.744 Excellent

X4. Interestingness and novelty. 4.600 0.603 Most

Table 8.
The mean, standard deviation (S.D,), and influencing factors toward the satisfaction of furniture of newly
developed rice stubble from the customer groups.
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design for determining the regression solution that was ý = 1.473 + (0.271
X1) + (0.312 X2) + (�0.040 X3) + (0.163 X4).

Table 11 was based on the predictors consisting of X1. beauty, X2. worthiness of
transformation, X3. convenience to apply, and X4. interestingness and novelty with
the dependent variable; such as, satisfaction to the newly designed rice stubble
furniture model. According to the analysis result of the F-test = 18.978 > F-table
= 2.490, it was found that the independent variable (X) had at least one variable
that correlated with the dependent variable (Y). After that, the researcher analyzed
the dependent variable before making a regression coefficient by using the
statistical value of the t-test for testing (Table 12).

Model n = 234

R R square Adjusted R square Std. error of the estimate

Test 0.6665 0.4442 0.4208 0.477

Table 10.
Co-efficient of the decision (R2) for the influencing factors to the satisfaction of the newly designed rice stubble
furniture model.

Test SS df MS F Sig.

Regression solution. 17.282 4 4.321 18.978 0.000

Discrepancy. 21.628 95 0.228

Total 38.910 99

Table 11.
Analysis of the correlation between the designing factors with satisfaction.

Predicting variable b S.E.b B t P

Constant 1.473 0.405 3.638 0.000

X1. Beauty. 0.271 0.080 0.340 3.392 0.001

X2. Worthiness of transformation. 0.312 0.086 0.353 3.607 0.000

X3. Convenience to apply. �0.040 0.079 �0.048 �0.505 0.615

X4. Interestingness and novelty. 0.163 0.092 0.157 1.768 0.080

Table 12.
The multiple linear regression for predicting the satisfaction of new rice stubble furniture to the co-design
factors.

Variable X1 X2 X3 X4 Y

X1. Beauty. 1.000

X2. Worthiness of transformation. 0.000* 1.00

X3. Convenience to apply. 0.000* 0.000* 1.00

X4. Interestingness and novelty. 0.000* 0.033* 0.000* 1.00

Y. Satisfaction toward the furniture model from rice stubble. 0.000* 0.172 0.000* 0.422 1.00

*Sig value: The test presented the significant level of .05; any pair that has less value than .05 showed the differences of
significance to be .05.

Table 9.
Test summary of Fisher’s least significant difference (LSD) between two-way ANOVA.
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The multiple linear regression for predicting the variables with the customer
groups’ satisfaction to the new rice stubble furniture is presented in Table 12. This
also involved the beauty (X1) to have a regression coefficient equal to 0.271 that
regarded the importance of the beauty of rice stubble furniture by increasing by one
unit.

Then, the customers’ satisfaction to the newly designed rice stubble furniture
had more chances to increase to 0.271 unit. Thus, according to the t-test where
[X1] = 3.392 > t-table = 1.985, it was found that the beauty factor was correlated to
the satisfaction factor of rice stubble furniture model.

The worthiness of transformation (X2) had multiple linear regression equal to
0.312. Then, whether there was importance on the transformation with the increas-
ing of one unit, this would still indicate the customers’ satisfaction to the new
designed rice stubble furniture with more chance of 0.312 units. Additionally,
according to the t-test where [X2] = 3.607 > t-table = 1.985, it was found that the
worthiness of transformation was correlated with the satisfaction factors to the rice
stubble furniture models.

The convenience to apply (X3) had multiple linear regression equal to �0.040.
Then, whether there was the importance on the transformation by increasing one
unit, this would present customer satisfaction to the newly designed rice stubble
furniture with more chance of 0.312 units. Furthermore, according to the t-test
where [X3] = �0.505 > t-table = 1.985, it was found that the convenience to apply
was not correlated to the satisfaction factors to the rice stubble furniture models.

The interestingness and the novelty to apply (X4) had multiple linear regression
equal to 0.163. Then, whether there was the importance on interestingness by
increasing one unit would present the customer satisfaction to the newly designed
rice stubble furniture with a greater chance of 0.163 units. Moreover, according to
the t-test where [X4] = 1.768 ≤ t-table = 1.985, it was found that the interestingness
and the novelty was not correlated to the satisfaction factors to the rice stubble
furniture models. Therefore, this could make the following summary of the
predicting solution of the rice stubble furniture design:

A.This could create the predicted solution from the raw scores as the coefficient
of the decision that is R2 by having the value of 0.4442 with the explanation to
show the solution as follows:

ý = 1.473 + [0.271 (beauty)] + [0.312 (worthiness of transformation)] + [�0.040
(convenience to apply)] + [0.163 (interestingness and novelty)]

ý = 1.473 + (0.271 X1) + (0.312 X2) + (�0.040 X3) + (0.163 X4)

B. This could create the predicted solution as the standard scores from the
coefficient of the decision to show the solution as follows:

Z = (0.340 X1) + (0.353 X2) + (�0.048 X3) + (0.157 X4)

Z = [0.340 (beauty)] + [0.353 (worthiness of transformation)] + [�0.048
(convenience to apply)] + [0.157 (interestingness and novelty)]

After that, the results of the assessment were used by classifying the details for
the creative design. Then, this could be explained with the phenomenon of cus-
tomer satisfaction to the transformation procedure of the rice stubble into product
creation with patterns. In addition, it was based on applying the integration proce-
dure by using the creative idea with multiplying the product patterns. Thus, a
comparison between the rice stubble products for furniture and lamps could be
made (Figure 8 and Tables 8 and 13).
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As shown in Table 13, the overall satisfaction for the vase from rice stubble had
the most level of satisfaction (mean = 4.37; S.D. = 0.66). As such, it had a higher
level than the furniture from rice stubble with an excellent level of satisfaction
(mean = 4.29; S.D. = 0.70) with no significance of the level of .01. This could be
classified as follows:

1.The increasing value found that the rice stubble furniture had a higher level of
customer satisfaction than the vases with significance in the level of .01.

2.The novelty value showed that the vase had a higher level of customer
satisfaction value than the rice stubble furniture with no significance in the
level of .01.

3.The beauty value displayed that the vase from the rice stubble had a higher
level of customer satisfaction value than the rice stubble furniture with
significance in the level of .01.

Figure 8.
Vase products from rice stubble with polystyrene.

Assessment list

Furniture from rice
stubble

Vase from rice stubble

Comparison

Mean S.D. Satisfaction Mean S.D. Satisfaction t Sig.

1. Novelty 4.18 0.69 Excellent 4.25 0.73 Excellent �0.698 0.243

2. Beauty 4.04 0.74 Excellent 4.55 0.58 Most �5.453 0.000*

3. Worthiness of the
procedure

4.03 0.76 Excellent 4.52 0.54 Most �5.324 0.000*

4. Increasing values 4.72 0.47 Most 4.55 0.52 Most 2.419 0.008*

5. Customer requirements 4.53 0.69 Moderate 4.36 0.67 Excellent 1.764 0.040

6. Environmentally
friendly

4.47 0.50 Excellent 4.32 0.71 Excellent 1.727 0.043

7. Saving the world 4.06 0.65 Excellent 4.03 0.69 Excellent 0.317 0.376

Overall 4.29 0.70 Excellent 4.37 0.66 Excellent �2.167 0.015

*Statistical significance in the level of .01.

Table 13.
Analysis of the mean and standard deviation (S.D.) from customer satisfaction to remaining rice stubble
materials in Thailand, (n = 100).
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4.The worthiness procedure value demonstrated that the vase from the rice
stubble had a higher level of satisfaction value than the rice stubble furniture
with significance in the level of .01.

5.The customer requirement value found that the rice stubble furniture had a
higher level of customer satisfaction value than the rice stubble furniture with
significance in the level of .01.

Basic knowledge Guideline into new research

The wood replacement material often
used heat compression that relies on
digestion to contain small fragments of
waste [19].

This aimed to present a way to digest rice stubble into
smaller fiber by using the water immersion method mixed
with sodium hyper chloride to get fiber with wool: a
smaller size of 0.1 mm; the fiber was white as a feature
available for the dye onto the fiber, and the rice stubble
was tinted. Then, the obtained fiber was spun to make it
look fluffy before being bonded to form as a special sheet
material to be different from the normal particle board
material [20], and the entire new sheet from rice stubble
had vibrant colors with the same colors on the unrough
texture for both inside and outside of the panels.

Today’s furniture molding is preferable
for using three-layered particle board that
differed in physical appearance.
Moreover, the outermost layer had a
resolution in the middle part to be rough,
and the outer surface was covered with a
laminated board, which had the
characteristics of overlapping sandwiches.
Then, this resulted in higher cost wastage
for the furniture manufacturing industry
from the process and the precoat of the
board was preferable to coat the front
surface of the board as a special one
[21, 22].

The sheet material was in the form of a particle board
obtained from the rice stubble that had a unique feature:
the boards were all the same color and texture. Therefore,
it could reduce the cost of the precoat board by more than
3% of the normal production cost. Then, this helped to
reduce the cost of expert technicians in painting, surface
and application of baking furniture since the material
made from rice stubble could be assembled as desired.
Furthermore, this required only a smooth and varnished
surface finish without having to paint on the furniture’s
surface because the material produced from the rice
stubble was colorful, and the material was slick to be
already in the permanent board [23].

This created the higher pollution impacts
than a normal wood substitu- tion process
[24].

These were the concepts of the transformation of waste
from agricultural areas that were likely to cause impacts on
the surrounding environment; such as, rice stubble. Then,
if not converted to or encouraged to adopt, the farmers
would have no choice but to destroy the stubble in their
arable land [25, 26], and there was a tendency for farmers
to burn the stubble in their own cultivated areas; this
would affect the environment widely and severely,
including affecting the environment, especially for the
capital of Bangkok in the field from air pollution.

The coordination of wood substitutes in
the production of partition boards would
be divided into three layers of material
with different textures, and the patch was
then bonded with urea resin glue; when
looking at the top surface, middle and
bottom layers, it showed the difference of
the texture of the resulting partitions,
including the colors of the panels that
were clearly different in color for each
layer [27].

The offered products that were made to serve low-income
or low-growing farmers would help create sustainable
income opportunities in small localities in rural areas
[28, 29], and the transformation process used was an easy
process with the rest of the materials being found in the
community that could be applied; this was a sustainable
solution to the inequality problem that appeared in the
country in order to do it another way [30].

The physical properties of the newly developed sheet
material was consistent in color across the sheet in both
cross-sections, the front side of the sheet having the same
color as the outer surface [31].

Table 14.
The issue of extending the current concepts into further research.
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6.The friendliness value showed that the rice stubble furniture had a higher level
of customer satisfaction value than the rice stubble furniture with significance
in the level of .01.

7.The increasing value found that the saving of the world conformation had a
higher level of customer satisfaction value than the rice stubble vases with no
significance in the level of .01 (Table 14).

6. Discussion

In predicting the result for the years 2020–2021, Thailand would have a good
trend of the expansion of the rice field area in the dry season because most people
were eager to work. Furthermore, with the present situation, many jobs have ceased
in large centers like Bangkok that has affected the movement of laborers back to
their home town. As a consequence, the business sector in industrial locations has
faced the retardation of the global economy after the COVID-19 crisis. This has
resulted in many people moving back to work in agriculture, especially in cultivat-
ing the rice fields like their ancestors [32]. Therefore, the trend of remaining rice
stubble would increase more than the previous cultivation season that would con-
tribute to the preparation of the research and material development sector to gain
more remaining rice stubble.

As a result, this could be applied to increase the economic value by reducing the
ratio of the burning of rice stubble for preparing the cultivation area after
harvesting, as well as reduce the chances of initiating the PM 2.5 problem in
Thailand.

Therefore, the agriculturist groups cultivating rice in the North-eastern region of
Thailand in the dry season had the trend of using the remaining rice stubble in
cultivation, including transforming it to be handicraft products. Originally, they
selected the tilling method that caused the problem of increasing rat infestation that
resulted in the Leptospirosis infection. Then, the agriculturists selected to burn the
rice stubble instead. However, provided that there was another method to remove
the rice stubble from the cultivation, this would increase the income to return to the
agriculturists in a suitable way. As the result, this was developed into creative rice
stubble products in North-eastern Thailand.

The steps for the development of the procedure used this method to transform
the remaining rice stubble to be wood substitute material by boiling. Then, the
tissue was peeled for two hours, except for the immersing step that was conducted
for 960 hours. These two procedures presented a similar result with small and soft
fiber, especially for the fine spinning procedure into the pressing procedure [33].
Therefore, from the sheet pressing result, [34] the result of the analysis found the
standard level value of JIS A 5908–1994. Similarly, the test result of the wood
substitute material from rice stubble showed the specific gravity and the density
quantity property through the standard that conformed with the test standard of
industry products for particle board in Japan [35]. Additionally, the standard
consisted of seven fields: 1) density, 2) quantity of the sheet density, 3) water
absorption, 4) inflation during immersing with the mechanical property, 5) resis-
tance of the bending strength, 6) internal bonding force, and 7) bonding force of
the screw [35]. As a result, this showed the result from pressing when applying the
wood substitute material procedure to use in the furniture industry [36].

When the remaining rice stubble was produced as the handicraft patterns, the
customer groups showed satisfaction toward the furniture model from the rice
stubble at the most level. Additionally, the customers displayed interest from the
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aspects of the products with the high level of interestingness and novelty by giving
importance from the most to the least levels: namely, interestingness and novelty,
worthiness of the transformation, beauty, convenience to apply, and others. Then,
this was conformed to the concept of handicraft products by focusing on the wood
substitute material procedure by increasing the values to promote the communities
and local area in suitable ways [37].

The two variables of the worthiness of the transformation and interestingness
and the novelty presented the correlation with the satisfaction for new rice stubble
products to the customer groups. However, beauty and the convenience to apply
displayed no relationship with the customer groups’satisfaction for creative ideas as
the direction of designing management for economic designs [38]. Furthermore,
this included a new product development method based on the potential of the
community and society to learn and develop together, which was the basic alter-
ation for the various groups to gain sustainable development opportunities in the
future for their societies and local areas [39]. Thus, it would be essential to have
congruence with the environmental and economic conditions in those areas for
producing the wood substitute material, and to base this on the analysis of the
product with the wood substitute material design as an economic direction [40].

However, the predicted solution with satisfaction of the newly designed rice
stubble furniture model could explain the alteration of the customer groups’ satis-
faction for the rice stubble furniture products with 44.2% of the solution that was
ý = 1.473 + (0.271 X1) + (0.312 X2) + (�0.040 X3) + (0.163 X4). Thus, this could be
considered as the predicting procedure of product images that could be considered
for the future trend of newly developed products [41, 42].

The test for applying the peeling tissue procedure with rice stubble enabled the
creation of different products, and a presentation of the decorated vase made of rice
stubble was made [43, 44]. Then, this was used as the assessment of the comparison
for the customer groups’satisfaction, and it was found that the customer groups had
satisfaction to the rice stubble furniture and the decorated vases at an excellent
level. As a result, there would be a better trend if the customers had an increased
satisfaction level of 1.6% to the rice stubble products by focusing on some creative
ideas compared to the first model products.
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Chapter 14

Sustainable Biowaste Management 
in Cereal Systems: A Review
Sanat Kumar Dwibedi, Mahendra Kumar Mohanty, 
Vimal Chandra Pandey and Donakonda Divyasree

Abstract

Among the field crops, cereals being the staple food for humans and feed for 
cattle, occupy 50.8 per cent of the cultivated land and contribute 52.5 per cent of the 
body calories. Cereals are the good source of carbohydrate, minerals, and dietary 
fibre for humans and animals. With the ever growing human population the agri-
cultural production and agri-wastes are increasing across the globe. In Asia, Africa 
and Latin America, near about 66, 21 and 13 per cent of total estimated 2,060 Tg of 
biomass are generated every year. Burning has been the cheapest, simplest, easiest 
and quickest way of eliminating bulky unwanted biomass in-situ before raising of 
the succeeding crop(s). Rice, wheat, sugarcane and maize constitute 24, 23, 5 and 
48 per cent of the global burnt residues. Although killing of problematic weeds, 
insects, and pathogens, and addition of valuable plant nutrients are the very basic 
objectives of this anthropogenic post-harvest residue management strategy but it 
releases noxious gases into the atmosphere polluting air and contributing to the 
global warming. Shorter sowing windows very often compel the farmers to remove 
crop residues through burning, especially in absence of alternative options for its 
productive and profitable disposal. Rising labour cost and their seasonal scarcity 
sometimes also insist the farmers to burn crop residues. However, stringent punitive 
actions have yet failed to curb such open burning in many countries in absence of 
the farmers’ friendly and financially viable options of crop residue management. In 
this chapter, attempts have been made to elucidate various sustainable crop residue 
management strategies in cereal systems.

Keywords: biofuel, biomass, bio-waste, cereal system, residue management

1. Introduction

In this 21st century, feeding the teeming millions is the greatest challenge before 
us. The green revolution of 1960s although could alleviate the growing demands 
for food to a great extent but at the cost of food quality and environmental health. 
Long term applications of chemical fertilizers in crop production systems have been 
resulting in unpredictable reduction in yields and increase in the cost of cultiva-
tion. However, with the shrinking land, the burgeoning competition for water, 
land and other resources from non-agriculture sector might aggravate agricultural 
production in the near future. Hence, intensive farming through enhanced crop-
ping intensity has been the way out for mitigating the population driven demands 
for food, feed, fodder and fibre without much scope for recycling of the agricultural 
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wastes in majority of cases. For raising of multiple crops in a year the farmers burn 
farm residues in-situ in absence of appropriate sustainable recycling technologies 
that ultimately pollute the environment and increase carbon foot print. Globally, 
annual plant waste production is estimated at around 5.5 billion tons in 2013 that 
accounts for 13 per cent of the greenhouse gas emission from agriculture sector 
[1]. Some of these wastes are although used as cattle feed and organic manure but a 
plenty are still available for alternative uses. Hence, it is high time to adopt the best 
possible technologies for recycling of bio-wastes from crop fields for harnessing the 
nutrients and green energy as well.

Near about half of the habitable land on this planet is under agriculture [2]. Of 
the 1,600 million hectares of cultivated land [3], 50.8 per cent is occupied by cereals 
[4]. About 52.5 per cent calories for humans are available from cereals at global scale 
[4] with major contributions from corn (1,116.34 million tons), wheat (764.49 Mt), 
rice (495.78 Mt), barley (156.41 Mt), sorghum (57.97 Mt), oat (22.83 Mt) and rye 
(12.17 Mt) [5]. Cereals are special not because of their uses as staple food but due to 
production of ethanol and cattle feed in many advanced nations. However, in many 
underdeveloped and developing countries this precious wealth has not yet been 
fully utilized [6]. It is high time to use this precious waste from crop field in judi-
cious manner not only to recycle the carbon and sequester it back into the soil but 
also to harness clean and green energy out of it through appropriate measures.

2. Types of agricultural biowastes

Farm residues can be broadly divided into crop residues, and wastes from 
livestock and aquaculture depending on the activities carried out. Field crop 
residues are plant parts left over in the field without much attention unless other-
wise is immediately followed by a succeeding crop. Crop residues can be put under 

Agro-
industrial 
wastes

Chemical composition (%) References

Cellulose Hemi- 
cellulose

Lignin Ash 
(%)

Total 
solids 

(%)

Moisture 
(%)

Sugarcane 
bagasse

30.2 56.7 13.4 1.9 91.66 4.8 [8, 9]

Rice straw 39.2 23.5 36.1 12.4 98.62 6.58 [8]

Corn stalks 61.2 19.3 6.9 10.8 97.78 6.40 [8]

Sawdust 45.1 28.1 24.2 1.2 98.54 1.12 [8, 10]

Sugar beet 
waste

26.3 18.5 2.5 4.8 87.5 12.4 [8]

Barley straw 33.8 21.9 13.8 11 _ _ [9]

Cotton 
stalks

58.5 14.4 21.5 9.98 _ 7.45 [9]

Oat straw 39.4 27.1 17.5 8 _ _ [10]

Soya stalks 34.5 24.8 19.8 10.39 _ 11.84 [11]

Sunflower 
stalks

42.1 29.7 13.4 11.17 _ _ [11]

Wheat straw 32.9 24.0 8.9 6.7 95.6 7.0 [9, 10]

Table 1. 
Chemical composition of agri-industrial wastes [7].
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agricultural and agri-industrial categories. Agricultural residues remaining after 
threshing and separation of the economic plant part(s) can be of (a) processed 
residues such as husks and hay and (b) field crop residues such as stalks and stub-
bles. Husk and hay are often left over in the crop field due to engagement of crop 
combined harvesters and axial flow threshers. Sometimes, the distance between 
crop field and farm house plays a decisive role in stacking of hay and husk in the 
crop field after threshing. That apart, farm mechanization in many developed coun-
tries has also shifted from animal driven to fossil fuel based farm power and thus 
excluding the need for gathering feedstock in the haystack. Furthermore, the risk 
of fire in haystack due to storage of dried crop residues can also not be eliminated 
completely. Hence, many farmers are not interested in transporting such bulky by-
products from crop field to farmhouse. In mono cropped areas, natural weathering 
and decomposition by soil organisms usually degrade the field crop residues but the 
residue management challenge is mostly under sequential cropping.

Agri-industrial residues in the other hand are derived from industries such as 
peels of potato, orange, and cassava; bagasse and molasses of sugarcane; oilcakes of 
groundnut, mustard, sunflower, sesame, soybean and coconut; and husks and bran 
of rice [7]. Huge quantities of organic wastes are produced by food and vegetable 
oil processing industries every year- but if left untreated and unutilized, may cause 
environmental pollution as well as human and animal health issues. A representa-
tive chemical analysis report of few agri biomass are depicted under Table 1 for 
comparative studies.

3. What is agricultural burning?

Agricultural burning is the intentional setting of fire in the open field for prepa-
ration of the land for the next crop or killing the weeds and insect pests. Natural 
causes such as lightening and planned anthropogenic fire account for only 10–20 
per cent of the total open burning across the globe [12]. Burning of agricultural 
residues is different from fire in forests, grasslands or any vegetation.

4. Drivers of open burning of crop residues

Slash and burn cultivation has been a traditional system in agriculture to clean 
up vegetation on virgin land and cultivate crops for a few years before shifting to 
a new area. Tradition, timing, ease, weather and location factors encourage the 
farmers to burn residues in many regions. Burning is the cheapest and quickest way 
of eliminating unwanted thrash from the crop fields. Addition of plant nutrients 
and killing of pathogens, insects and weed species also influence decision to burn 
residues in-situ [12]. Moreover, shorter sowing window for one or two weeks com-
pels the farmers to remove crop residues through burning, especially in absence of 
alternative options for its productive and profitable disposal. So also, rising labour 
cost and their seasonal scarcity insist the farmers to burn residues in situ. However, 
absence of stringent punitive action very often fails to curb such open burning of 
crop residues.

5. Status of agricultural burning in the world and India

Burning of crop residues in situ has been a traditional practice in many countries 
as it is the cheapest, easiest and quickest way of getting rid of such bulky materials 
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immediately before raising the succeeding crop. It also checks weed and pest 
infestation in the succeeding crop. More so over, it does not require much technical 
skill and expertise in doing so. This practice was widespread and popular across 
the globe until 1990s when many governments restricted open burning of crop 
residues. In China and England, stubble burning is banned but in Australia, it is 
restricted to only need-based burning. In America and Canada, residue burning is 
still allowed in some counties and provinces. China, India and America are in the 
forefront of burning of crop residues followed by Brazil, Indonesia and Russian 
federation. Some African countries have top rated in the global ranking of inten-
sive burning per hectare. Mexico and Tanzania are at the top position in intensive 
burning followed by Brazil, United States and Nigeria [12]. Globally, 24 per cent of 
the burnt residues are from rice, 23 per cent from wheat, 5 per cent from sugarcane 
and 48 per cent from maize [12]. An estimate in 1985 indicated burning of 2060 Tg 
of biomass in the developing world; of this, Asia, Africa and Larin America contrib-
uted 66, 21 and 13 per cent, respectively [13].

Large scale burning of paddy stubbles in Punjab, Haryana and western Uttar 
Pradesh in India in the month of late October and November every year is estimated 
to be 35 Mt. This practice is spreading to other parts of the country like wildfire due 
to the advent of precision farm-equipments that allow resowing with the minimum 
soil disturbance. The crop field is made ready for the succeeding zero till wheat crop 
by burning of straw and stubbles leftover in the field from the crop harvested by 
combined harvester. India generates around 500 Mt. of residues from rice, wheat, 
sugarcane, maize, millet and other crops every year [14] of which 142 Mt. are 

Country Agricultural waste generated (million tons/year)

Myanmar 19

Indonesia 55

Bangladesh 72

India 500

Table 2. 
Agricultural waste generation in India and adjacent countries [15–17].

Figure 1. 
NASA Earth Observatory image of the aerosol pollution in India, Pakistan and Nepal on 7 November 
2017 [21].
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leftover after fuel, fodder and industrial uses [15] and 92 Mt. are burnt every year 
across the country. Table 2 compares the agricultural wastes generated in India and 
its adjacent countries which reveal that the volume of waste is far more than the 
total waste generated by other countries.

Near about 70 per cent of crop residues in India are cereals of which 34 per 
cent come from rice, and 22 per cent from wheat crops [14]. Estimation indicated 
burning of about 80 per cent of the total 20 Mt. of rice stubble in Punjab alone [14]. 
Whereas another estimate indicated 9.8 and 1.23 Mt. of rice residue-burning in 
Punjab and Haryana, respectively [18]. Burning of rice is more compared to wheat 
in the North West India as rice contains more silica (12–16 per cent vs. 3–5 per cent) 
which is not easily digestible. About 75 per cent of wheat straw is collected and 
stored as fodder. Rice stem contains lower silica than leaves and hence rice is to be cut 
as close to ground if used for feeding animals [19]. Management of rice straw is diffi-
cult compared to wheat due to shorter window for sowing of wheat and low tem-
perature which compels the farmers to resort to burning during October–November 
every year [20]. Several major cities of North India—including New Delhi, Lucknow, 
and Kanpur—faced elevated levels of aerosol pollution [21]. The extent of aerosol 
pollution in India, Pakistan and Nepal region, mostly from crop residue burning, can 
be observed from the captured image of the NASA’s Moderate Resolution Imaging 
Spectroradiometer (MODIS) on Aqua satellite on 7 November 2017 (Figure 1).

6. Legal implications

Agriculture comes under the state list of the Seventh Schedule of the 
Constitution of India and hence, the State Governments have to take austerity mea-
sures against residue burning. Burning of crop residues is a crime in India according 
to the Air Pollution Act, 1981 and Section 188 of the Indian Penal Code [14]. Courts 
in India have banned open burning of crop residues and made provisions of penal 
actions by collecting fines from the errant farmers. In 2018, the national green 
tribunal (NGT) of India imposed penalty of Rs.2,00,000 on the Delhi government 
for not filing an action plan for incentives and infrastructural assistance against 
stubble burning [22]. Subsequently, the NGT asked the Delhi government to deposit 
250 million rupees (INR) with the Central Pollution Control Board (CPCB) as 
performance guarantee [23]. Consequent up on Public Interest Litigation in M. C. 
Mehta vs. Union of India (order IA No.158129 and 158129 of 2019 in writ petition 
(C) No.13029 of 1985) [24] an ordinance dissolving the Environment Pollution 
(Control and Prevention) Authority has been passed by the Indian government to 
set up a new Commission with over 20 members to regulate pollution in Delhi-NCR 
region [25]. In this ordinance, the Ministry of Law and Justice has made provisions 
for imprisonment up to five years or with fine up to rupees one crore or both for 
abrogation of the rule/provisions or order/directions of the Commission [25]. The 
Hon’ble Supreme Court of India has also realized the need for incentives to small 
and marginal farmers those abiding to the rules by paying a sum of Rs.100 per 
quintal of crop residues [24].

In the United States, agricultural burning policy has been formulated to moni-
tor open burning of agricultural wastes and weeds for fire, weed and pest control 
adjacent to the crop field so as to allow regulated burning in small scale to maintain 
agricultural production but without impairing public health and air quality param-
eters. The agricultural burning managers are authorized to monitor burning at 
state, local and tribal level and no burning should be carried out without approval 
from the competent authority [26].
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7. Environmental impacts of open crop residue burning

Cereals generate huge agriculture as well as agri-industrial wastes across the 
globe. If not managed judiciously then in long run, that may lead to the environ-
mental pollution and global warming. Open burning of agricultural wastes is 
detrimental to both environment and human health. Poisonous gases like carbon 
dioxide (CO2), carbon monoxide (CO), sulfur oxides (SOx), nitrogen oxides (NOx), 
methane (CH4) and particulate matters (PM2.5 and PM10) are released into the 
atmosphere (Figure 2). An estimate reveals burning of crop residues release 149.24 
Mt. of CO2, 9 Mt. of CO, 0.25 Mt. of SOx, 1.28 Mt. of PM and 0.07 Mt. of black 
carbon [14]. The situation is austere in India due to intensive rice-wheat cropping 
system [27]. One ton of stubble burning leads to the loss of 5.5 kg nitrogen, 2.3 kg 
phosphorous, 25 kg potassium and 1 kg sulfur besides organic carbon [14]. As per 
an estimation, stubble burning releases substantial quantity of heat that elevates the 
surface temperature from 33.8 to 42.2°C killing soil fertility maintaining biota [14]. 
The population of microorganisms, earthworms and beetles get reduced drastically 
in the upper layer of soil affecting the rate of soil formation. The population of 
beneficial insects reduces drastically and the enemy inset population increases to a 
great extent.

Stubble burning increases the particulate matters in the air creating pulmonary 
diseases (COPD), bronchitis, lung capacity loss, emphysema, cancer, etc. [27] in 
humans and animals besides irritation in eyes, nose and throat [14]. The Ministry 
of Earth Sciences’ monitoring agency SAFAR in Delhi has estimated the share of 
stubble burning in PM2.5 pollution as high as 36 per cent [28]. In Punjab (India) 
alone an estimated 760 million rupees (INR) is spent annually to alleviate stubble 
burning related diseases [27]. The Energy and Resources Institute (2019) reported 
5 million deaths in South Asia in 2012 due to air pollution which was around 22 per 
cent of the total deaths in the region [27].

8. Agri-waste management options

The crop stubbles and agricultural wastes, if managed properly, could gener-
ate profits to the farmers and protect the environment from the severe pollution 
as well. Some of the available alternative management practices include soil 
incorporation, compost and biochar making, thermal power generation, pulp and 

Figure 2. 
Open burning of rice straw before land preparation for second rice crop in Bargarh district of Odisha.
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paper manufacturing, cement brick making, mushroom production, or biofuel 
production (Figure 3) [27]. However, most of the farmers in North India are not 
yet fully aware of many such alternatives that lead to in-situ open burning of crop 
residues.

8.1 Residue incorporation

Since long back, in-situ incorporation of crop residues has been the simplest, 
easiest, quickest and cheapest technique of agri-waste management next to open 
burning. Rotavators, soil turning or mould board ploughs, and puddlers are most 
effectively and widely used these days to shred down larger plant parts and to 
incorporate into the soil. Rotavator, a low cost precision implement of around 
0.1 to 0.12 million rupees (INR) with the working efficiency of 5–6 hectares per 
day is suitable for both kharif and rabi crops. Residue incorporation improves soil 
bio-physicochemical properties and increases crop productivity as well. Rotavator 
readily and economically incorporates biomass of weeds and green manuring crops 
as manual removing or chopping and mixing would cost higher [29].

Incorporation of maize crop residues in clayey Andosol in Ethiopia at 6 Mg per 
hectare for consecutive three years indicated 22–52 per cent reduction in penetra-
tion resistance in top 5–10 cm soil, 39–57 per cent lower evaporative flux and 
elevated (22 per cent) macro and meso porosity [30]. After 17–18 cycles of residue 
incorporation in rice-wheat system, the mean weight diameter (MWD) of water 
stable aggregates, bulk density (BD), and water holding capacity (WHC) of soil 
increased [31].

Crop residues on the soil surface protect the soil from erosion, act as mulch that 
keep the soil cool and improves soil tilth [32]. In the USA, near about 40 per cent 
cropland are under no till farming with minimal investment and more than 10 M ha 
has been sown under cover crops with basic objectives to incorporate residues in situ 
and regenerate crop without tillage [32]. In Indo-Gangetic plain of India, mulching 
with the preceding rice residues has been a good agronomic practice in absence of 
tillage that increases soil organic carbon in long run, WHC, water use efficiency and 
profitability in wheat [33]. Surplus residues of the wheat crop can also be incorpo-
rated into the next rice crop with improvement in physical, chemical and biological 
properties of the soil [33].

Figure 3. 
The management of agricultural wastes.
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Rapid reduction in the soil organic carbon (SOC) across the globe due to inten-
sive monocropping without biomass incorporation has been the greatest challenge 
before us in this 21st century. With the changing climate and advent of chemical 
farming, the role of soil in maintaining the ecosystem services has brought forth 
so many issues and if left unattended may end in peril. About 29 and 60 per cent 
increase in carbon stocks in silt-loam and clayey soil in top 20 cm soil whereas the 
effect was seen in the upper horizon only in sandy soil has been reported [34].

Residue incorporation needs energy and time. Extra N at the time of incorpora-
tion is needed for preventing temporary immobilization of nutrients (mostly N) 
and correcting high C:N ratio of substrates [35]. The rate of immobilization lasts 
for four to six weeks under favorable soil type, moisture and temperature condi-
tions and management factors. Starter N dose of 15 to 20 kg ha−1 could very well 
increase the yield of succeeding wheat or rice crop without any adverse effect on 
the next crop. Wheat yield depression of 0.54 to 0.08 t ha−1 has been reported with 
soil application of 60 and 180 kg N ha−1, respectively [36]. However, release of 
greenhouse gases such as CO2 and CH4 that leads to global warming can also not be 
set aside. Incorporation of cereal straw (having wide C:N ratio) with green manure 
(having narrow C:N ratio) facilitates decomposition before rice transplanting. 
Wheat yield reduction in initial 2 to 3 years of rice straw incorporation a month 
before wheat planting were although reported but in subsequent years, straw 
incorporation had no significant adverse effect on wheat yield. Rather, wheat yield 
increased by 0.6 t ha−1 over 2.91 t ha−1 with straw removal [36]. In contrast, yield 
advantage in wheat sown after 3 weeks of rice straw incorporation was reported in 
clay loam soil but not in sandy loam soil. After incorporation of rice straw, about 
10–20 per cent of it is assimilated by the rice crop itself, 10–20 per cent is lost to the 
atmosphere through various pathways and 60 to 80 per cent is immobilized in soil 
[36]. Nutrient up to 40 kg ha−1 could be harnessed through incorporation of 10 t of 
rice straw 4 to 5 weeks before transplanting of rice in the main field [36]. Residue 
incorporation increases soil N and available P and K [36]. Long-term comparative 
studies on wheat crop residue incorporation versus inorganic fertilizer application 
in India showed significantly higher yield in rice and wheat through inorganic 
nutrition but in subsequent years, the yield under residue incorporation plus inor-
ganic fertilizer was at par with sole inorganic one. In the fourth year, the combined 
mode of nutrition out-yielded the inorganic one [36].

8.2 Composting

Composting is the method of aerobic or anaerobic decomposition of organic 
solid wastes. It is not new; rather, it has been the oldest practice of recycling the 
plant nutrients in the soil. Small scale backyard composting is a usual practice in 
many developing and underdeveloped countries. Up till now, composting had not 
gained the status of agriculture industry. But with the gaining popularity of organic 
farming or eco-farming, its demand has increased these days. Its bulkiness, low 
nutrient content and high labour requirement are the major challenges in undertak-
ing such organic waste composting projects. However, on-site composting without 
transportation of crop residues could be the befitting answer for maintaining 
soil fertility and sustaining crop production in long run. Compost improves bio-
physiochemical properties of the soil while the need for synthetic fertilizers and 
plant protection measures could be eliminated completely. Its application improves 
nutrient uptake and cycling, soil microbial activity and biodiversity, and deficit 
moisture stress conditions as it regulates soil pH, improves soil texture, structure 
and aggregates, increases water holding capacity, cation ion exchange capacity 
and soil biodiversity [37]. It reduces soil erosion, protects crop against soil borne 
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diseases, increase carbon sequestration and reduce compaction [37]. Composting 
releases heat during thermophyllic stage that kills most of the pathogens, insect 
larvae and eggs, and weed seeds [37].

On decomposition, biomass turns into a humus like substance called compost. 
The rate of compositing depends on the type of substrate and microbes, ambient air 
temperature, moisture level, aeration, presence or absence of toxic chemicals and 
heavy metals and surface area of the residue. Aerobic decomposition releases CO2 
and H2O while anaerobic composting releases CH4.

( )C H O 6O CO H O E kJ mol Aerobic decomposition−+ → + + ∆ 1
6 12 6 2 2 2 3,880

( )C H O 2H O CO H O E kJ mol Anaerobic decomposition−+ → + + ∆ 1
6 12 6 2 2 2 405

The total carbon and nitrogen (C:N) ratio of the substrate is important for 
deciding the rate of decomposition of organic matter. Higher the ratio then longer is 
the duration for degradation. The desired C:N ratio for decomposition is 24:1 [38]. 
This 24 part of carbon is divided into 16 parts for energy and 8 parts for microbial 
body as most microbes have a body with C:N of 8:1 [38]. When C:N ratio exceeds 
24 then microbes explore other available sources with moderate ratio. Immediately 
after addition of biomass, the microbial population increases resulting in immobi-
lization i.e. transformation of N from available form to non available form. When 
these microbes die and decompose, the N mineralizes and becomes available for 
crop removal. Cereals have higher C:N ratio than legumes and hence, legumes 
decompose faster [38]. The Table 3 depicts C:N ratio of different agricultural crops.

The C:N ratio changes with stage of the crop. It also differs in different plant 
parts and with the progression of decomposition [38]. Cereals take longer period 
for composting that can be reduced by mixing with legumes or supplementing 
nitrogenous fertilizers. In compost pits cereal substrates are put in alteration with 
the vegetables or pulse residues. For example, rice straw and grass put together 
resulted in the highest rate of vermicompost production at the end of 120 days cycle 
compared to either of these substrate composted separately [39]. Similarly, [40] 
suggested addition of food stuff with rice bran for getting superior vermicompost 
with average C:N ratio of 20.85, 183.3, 16.86 and 15.16 from 1:1, 1:2, 1:3 and 1:5 ratio 
of rice bran: food stuff, respectively.

Crop residues are used for vermicomposting, enriched composting, farm yard 
manure, etc. Vermicomposting is the biological degradation of substrates by com-
bined action of earthworms and microorganisms. Windrows method of vermicom-
posting is popular and widely practiced by adding rice straw, animal manure, and 

Name of crops C:N ratio

Wheat straw 80:1

Rye straw 82:1

Oat straw 70:1

Rice straw 67:1

Corn stover 57:1

Legume hay 17:1

Table 3. 
C:N ratio of different agricultural crops at harvest [38].
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shredded banana trunks and maintaining the moisture at 60 per cent [41]. Tank, pit 
or heap method of vermicomposting can be followed as per convenience and quan-
tity of available residues to be managed. Spent straw from mushroom farm contain-
ing C and N of 14.3 and 0.7 per cent can also be recycled through composting [41]. 
Eisenia fetida is the most widely used species of earthworm for vermicomposting in 
many parts of the world. However, Lampito mauritii, Lumbricus rubellus, Eudrilus 
eugeniae and Perionyx excavates are also inoculated depending on the purpose of 
composting, availability of culture and ecological conditions.

Unlike open burning, composting preserves essential plant nutrients and almost 
all nutrients remain inside the compost. Only the loss of N occurs in form of ammo-
nia and nitrous oxide due to volatilization [42]. As much as 75 per cent of total N in 
manure is lost in form of NH3 and 1.5 to 7.3 per cent in form of N2O [43, 44]. Most 
composts do not contain more than 2 per cent N and its release depends on the C:N 
ratio, soil temperature, moisture and microbial activity [44]. Composts are better 
supplements for crop plants unlike most chemical fertilizers that are devoid of 
trace or micronutrients. The CHNS analyses of rice straw and its compost revealed 
increase in oxygen, sulfur and moisture but reduced total organic carbon, hydrogen 
and nitrogen [45]. Application of effective microorganisms (EM) to composting 
rice is reported to have increased macro and micronutrient content. The N, P and K 
content of the rice-compost is higher with EM and the Fe content was significantly 
higher without significant increase in Zn and Cu [46].

8.3 Production of biochar

Production of biochar or pyrogenic carbon was the age-old practice in the 
Amazonian river bank which was evident from the Terra preta culture to enrich 
soil and cultivate crops sustainably. Modern researchers are constantly looking for 
imbibing such technology to smother greenhouse gas emissions and increase carbon 
sequestration as well. The process of carbon sequestration needs higher residence 
time and resistance to chemical oxidation of carbon to carbon dioxide or methane 
[47]. Use of agricultural wastes for biochar-making could be a viable option in the 
era of massive deforestation and loss of habitats. Biochar is a porous fine-grained 
carbonaceous material released from thermo-chemical conversion of biomass called 
pyrolysis at relatively moderate temperature [48]. It contains carbon, hydrogen, 
oxygen, nitrogen, sulfur and ash. On its addition, the bio-physicochemical prop-
erties of the soil improve and crop yield enhances. Apart from agriculture-use, 
biochar is used in water treatment plant, food and cosmetic industry, metallurgy, 
construction industry and many more purposes.

Researchers have observed that the pyrolytic temperature of 400°C brings in high 
alkalinity, cation exchange capacity, high level of available P and exchangeable cation 
in rice straw biochar which is suitable for soil amendment and used as fertilizer [49]. 
At this temperature, rice straw biochar shows the largest Cu (II) absorption capacity 
(0.37 mol kg−1) that is mostly of non electrostatic absorption [50]. Corn stalk biochar 
can also be used as efficient absorber of Pb+2 [51] and Cd+2 [52]. Continuous applica-
tion of rice straw biochar and rice straw has positive influence on soil physicochemical 
properties with 26.9 and 70.2 per cent increase in total porosity and air permeability 
[53]. Its application increases soil microbial biomass carbon and nitrogen [53] and 
increases wheat productivity and accumulate P in grain [54]. Corn cob biochar is 
reported to have increased the pH, organic matter, soluble and available K in calcare-
ous sandy soil [55]. Maize straw biochar application to soil reduced harmful bacteria 
diversity but selectively promoted community of functional bacteria population [56]. 
The C sequestration capacity of corn stalk (0.26) was increased to 0.64 to 1.0 on char-
ring as resistance of char to decomposition prohibits C losses during charring [57].
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8.4 Biofuel production

Plant residues contain cellulose, hemicelluloses and lignin with small fractions 
of sugars, pectin, protein, nitrogenous, lipids, tanins and inorganic materials [58]. 
Lgnin mostly provides the structural support and is almost resistant to chemical 
reactions and biological degradation compared to cellulose and hemicelluloses and 
thus resists fermentation [59–61]. In crop plants, the nonfood portion such as stalk, 
husk, straw, stover and bare corn cob contain lignocellulosic biomass. As in agricul-
ture, cereals occupy the maximum area and production so also the largest quantity 
of such lignocellulosic materials. The residue management in cereal-cereal system 
such as in rice-rice and rice-maize/wheat is the biggest challenge before researchers. 
Very often the farmers opt for onsite open burning of the crop residues to get rid of 
huge biomass with higher lignocellulosic materials in it [62]. But with the advent of 
innovative green energy technologies, such so called wastes are now converted into 
precious biofuels to mitigate the growing demands.

Biofuels are produced through pretreatment of lignocellulosic materials by 
fungi, bacteria and enzymes that break down the lignin, a complex polymer and 
degrade cellulose and hemicelluloses to corresponding monomers and sugars 
for effective fermentation and fuel conversion [63]. The pretreatment is mostly 
chemical or biological but it could be mechanical and physicochemical too that 
result in increased surface area and porosity, and decrease in crystalinity. Biomass 
degradation results into ethanol, biodiesel, biobutanol, syngas, and woodtar/oil. 
The ethanol produced from crop residues is known as 2G bioetahol. Depending on 
the feedstock and process design, several by-products such as stillage, evaporator 
condensate and solubles, spent cake and/or distiller’s grains are produced which 
can be used in agricultural amendment, civil construction or sanitary landfills. 
Stillage is a nutrient rich biodegradable material rich in both total suspended solids 
(TSS) and Chemical Oxygen Demand (COD) that requires significant processing 
for remediation. Lignin, a waste product from bioethaol plant is used for generating 
heat energy required for other processes and thus the final produce is in a form of 
ash. Ash is alkaline in reaction with significant quantities of Si, P, K, Ca, AL, Fe, and 
Mg in it which can very well be used in agriculture. In Figures 4 and 5, the har-
vested paddy straw is gathered by square baler and stacked in the collection centre 
at Thuapali village of Bargarh distract in Odisha, India as a pilot study programme 
under the direct supervision of the BPCL, India.

Figure 4. 
Post harvest operation of square baler in farmer’s field in Bargarh district of Odisha, India.
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8.5 Biogas production

Anaerobic digestion of biomass produces biogas, a renewable energy containing 
methane as primary constituent and a final solid nutrient rich residue. Stages of 
anaerobic digestion include hydrolysis, acidogenesis, acetogenesis and methano-
genesis. In hydrolysis, the water splits into H+ and OH−. Larger polymers such as 
proteins, fats and carbohydrates breakdown to smaller monomers such as amino 
acids, simple sugars, and fatty acids in presence of an acid catalyst. In acidogenesis, 
acidogenic bacteria further break down organic matter still too large for methane 
production. Acetogenesis is the formation of acetate by acetogens for further break-
ing down of the biomass to a point from where methanogens can further act and 
degrade the remaining material to generate methane as biofuel [64]. Dried cereal 
crop residues should not be directly injected into the biogas unit rather mixing of 
animal dung in partial combination is preferable to increase the biogas efficiency. 
However, maize silage can be directly used for biogas production [65]. Biogas 
generation technology is older than biofuel production technology. The methane 
production potential of wheat straw is of 0.145 to 0.39 m3 kg−1 and rice straw of 
0.241 to 0.367 m3 kg−1 [15]. By 2030, grasses and cereals could be the primary source 
of biomass for the biogas plants across the globe [66]. Table 4 enlists the major 
composition of bio-wastes from major crops.

8.6 Particle/composite board making

Rice husk and cereal straw are used for making of particle boards. Rice husk 
is cleaned and cereal straw thus defibred into particles is mixed with rice husk 

Figure 5. 
Stacking of square bales of rice straw in stockyard in Bargarh district of Odisha.

Source Composition

Rice Husk, bran and straw

Wheat Bran and straw

Maize Stover, husk, and skins

Millet Stover

Table 4. 
Residues produced from major crops [67].
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at desired proportion and then blended with cashew nut shell liquid or cardanol 
phenol formaldehyde resin [68]. The mixture is spread into a mat or layer of 
uniform desired thickness and hot pressed like conventional method of particle 
board making [68]. Rice husk is 20 per cent of total rice produced which can be 
used as cheaper, lighter, denser, stronger, durable and more uniform substitute 
for conventional wooden and ply boards thereby protect against deforestation and 
environmental degradation. Because of high Si content rice husk is difficult to burn. 
Apart from rice husk, rice and wheat straw can also be used for making straw-
wood particle composite boards and insulation boards. However, use of rice husk 
in comparison to bamboo for particle board making resulted in poor quality due 
to higher Si content in rice husk and non-availability of suitable blender for effec-
tively binding rice husk [69]. Advance researches are still continuing to develop an 
efficient and effective adhesive for rice husk boards.

8.7 Paper making and packaging

Rice straw can be used as raw material for making quality paper. It contains 
lesser lignin compared to conventional wood and thus requires milder chemical 
pre treatment. Cheaper soda and soda-AQ methods are used for making paper in 
many developing countries but blending pollutes water by releasing more than 500 
chlorinated compounds that are highly toxic, bioaccumulative and carcinogenic 
[70]. The graduates of IIT, Delhi have developed a pulp making process in a start up 
called Kriya Labs [71] that can be used in making paper, plates and cups [72].

Bio-Lutions India in Bengaluru purchases crop wastes from farmers and 
transforms them into biodegradable packaging materials for fruits and vegetables 
which can be degraded completely within three months [72]. Bio-plastics, derived 
from rice straw by mixing with starch, cellulose, glycerol and protein are ready to 
substitute the conventional plastic very shortly as it is readily biodegradable within 
180 days of use compared to 500 years required for plastics to degrade [72].

8.8 Briquetting

The straw functions very well as bedding for animals such as horses. When 
briquetted, straw absorbs 5 times more fluid than normal straw for bedding. This 
minimizes the cleaning work in the stable, and creates a better environment for the 
animals. Furthermore, briquetted straw is useful for burning, and it is an excellent 
source of energy through generating heat, steam and electricity in conventional 
boilers or gasification plants.

9. Conclusion and future outlook

With the advent of modern scientific agricultural practices, the agriculture and 
agri-waste production have increased at exponential rates across the globe. Cereals, 
being the staple food for humans as well as feed for cattle, contribute the most to 
the pool of such agri-wastes. Sustainable management of crop residues, especially 
in cereal systems, has been the greatest challenge before us in this world with the 
ever burgeoning population, agricultural production and economic growth. Rice 
and wheat contribute the most to the agri bio-waste pool due to wider cultivation 
and large scale production. However, many countries in Asia, Africa and America, 
at present, have failed to cope up with the large volume of crop residues although 
a majority of these are used as fodder and fuel. In India, northern states such as 
Punjab, Haryana, and western Uttar Pradesh burn crop residues in the month of 
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October and November every year thereby releasing toxic fumes into the atmo-
sphere that are very often drifted to the adjacent cities and states. Most of these 
residues are byproducts of wheat and rice. Small farmers usually resort to burning 
of crop residues as it is the inexpensive alternative in absence of technical know-
how on any other better profitable and sustainable residue management or disposal 
opportunities.

Large scale burnings of crop residues shockingly increase air pollution and seri-
ous health issues. In the past few decades, the authorities have relentlessly tried to 
explore multiple waste management options to cater such unequivocal but perilous 
agri-wastes from the cereal systems. The possibilities of waste incorporation and 
decomposition through soil addition and composting are few preferred acceptable 
alternatives. Penal actions have also been provisioned against the errant promot-
ers of open burning. In this line, in India, the National Remote Sensing Agency 
(NRSA) and Central Pollution Control Board (CPCB) have come together to 
monitor open burning of crop residues through aerial surveillance and to penalize 
farmers for doing so. However, continued air pollution in the month of November 
and December in spite of much touted successful, sustainable and effective actions 
against open burning has raised many eyebrows. Hence, efforts are being made to 
explore farmers’ friendly and financially viable options of residue management 
such as composting, biochar making, biofuel and biogas production, particle and 
composite board making, paper manufacturing, etc. In many developed countries, 
1G and 2G ethanol production have now gained momentum that use waste biomass 
judiciously for generation of liquid and gaseous fuels. Corporate social responsibil-
ity (CSR) funds are being allocated in many countries for conducting research and 
development on large scale profitable biofuel production. It is high time to develop 
national gas-grid line with the support of remote sensing and GIS tools to monitor 
and regulate biomass production and utilization. Community biomass collection 
centres could facilitate easy and speedy collection and back up storage of biomass 
for further residue management strategies. And importantly, the residue manage-
ment options should involve environment, education, social, and economic sectors 
holistically in addition to agriculture and energy sectors beyond the disciplinary 
boundaries.
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