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Preface

Maize is one of the most economically important food crops worldwide. It is used 
for livestock feeds and human nutrition. Oilseed crops, such as maize, have a
key role in the global agricultural economy. Recent strategies and new technolo-
gies have been developed and adopted for improving maize crop production and 
productivity. 

This book brings together recent advances, breeding strategies, and applications
that have been made and applied in the field of biological control, breeding, and 
genetic improvement of maize genetic resources. It also provides new insights and 
presents new perspectives and future research work that has been carried out for
further improvement of maize crops. This book is a useful resource for students, 
researchers, and scientists.

The book includes nine chapters. 

Chapter 1, “Silicon, Potassium and Nitrogen Accumulation and Biomass in Corn
under Hydroponic Conditions”, evaluates the effect of the interaction of silicon, 
potassium, and nitrogen on the foliar area, the accumulation of these elements
in the aerial part and the dry biomass in corn plants. Chapter 2, “Improved 
Technological Processes on the Nutritional Quality of Maize,” provides insights
into improved techniques such as crossbreeding, genetic cloning, and functional 
genomics for improving maize nutritional quality. Chapter 3, “Maize (Zea mays) 
Response to Abiotic Stress”, provides useful information on abiotic stress effects
on maize crop. Chapter 4, “Climate-Smart Maize Breeding: The Potential of
Arbuscular Mycorrhizal Symbiosis in Improving Yield, Biotic and Abiotic Stress
Resistance, and Carbon and Nitrogen Sink Efficiency,” discusses important infor-
mation on climate smart maize breeding. Chapter 5, “Aflatoxins and Fumonisins
Contamination of Maize in Bangladesh: An Emerging Threat for Safe Food and 
Food Security”, provides results that could serve as a benchmark for monitoring 
mycotoxin contamination in maize. Chapter 6, “Critical Dry Spell Prediction in
Rain-Fed Maize Crop Using Artificial Neural Network in Nigeria,” shows how to
predict critical dry spells in rain-fed maize crops using artificial neural networks. 
Chapter 7, “Improving Maize Shelling Operation Using Motorized Mobile Shellers: 
A Step towards Reducing Postharvest Losses in Low Developing Countries” concludes
that in addition to other sheller performance attributes, motorized mobile maize
shellers can solve transportation challenges associated with motorized immobile
maize shellers. Chapter 8, “Advances and Trends in the Physicochemical Properties
of Corn Starch Blends,” describes advances and trends in the physicochemical 
properties of corn starch blends Zea mays L. Finally, Chapter 9, “The Impact of
Climate Change on Changing Pattern of Maize Diseases in Indian Subcontinent: 
A Review”, assesses the potential effects of climate change on maize pathogens and 
consequently on plant health.
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Chapter 1

Silicon, Potassium and Nitrogen 
Accumulation and Biomass 
in Corn under Hydroponic 
Conditions
Leónides Castellanos González, Renato de Mello Prado  
and Cid Naudi Silva Campos

Abstract

The aim of the research was to evaluate the effect of the interaction of silicon, 
potassium, and nitrogen on the foliar area, the accumulation of these elements 
in the aerial part and the dry biomass in corn plants. The research was developed 
under hydroponic conditions in Jaboticabal Sao Pablo, Brasil using the 30A77HX 
hybrid. Two silicon concentrations were evaluated (0 and 2 mmol L−1); two con-
centrations of potassium (1 and 12 mmol L−1) and four nitrogen concentrations: (1, 
10, 15, and 20 mmol L−1). A completely randomized design was used, with factorial 
arrangement 2 × 2 × 4 and three replications. The foliar area, the dry biomass and, 
nitrogen, potassium, and silicon content were determined. The application of sili-
con at a high concentration of K causes an increase in the accumulation of K, which 
is reflected in an increment of the total dry biomass in the plants of corn, while 
excess and a deficit of N diminish the accumulation of Si in the aerial part of the 
plant, which is more evident at a low concentration of K in the nutritious solution, 
affecting the  accumulation of the total dry biomass.

Keywords: benefic element, dry biomass, nutritious, Zea mays

1. Introduction

Nitrogen (N) and potassium (K) are essential elements for plants life being 
part of multiple structural compounds and participating in many vital processes 
[1]. On the other hand, silicon (Si) is not considered an essential element for 
plants, however, its absorption can produce beneficial effects in some crops, such 
as resistance to pests and diseases [2], attenuating abiotic stress [3, 4] and hydric 
stress [5]. Among the main accumulative crops of Si, are gramineous as sugar cane 
(Saccharum spp.), rice (Oriza sativa L.), and corn (Z. mays L.) [6].

Some research report about the effect of the combinations of silicon and nitro-
gen on plants [7–10] and silicon and potassium on the development of plants and 
yields [11], mainly in accumulative crops of silicon. However, there are not enough 
results on the effects produced by the interaction of silicon, nitrogen, and potas-
sium on the accumulation of these elements inside the vegetables and their implica-
tions on the growth of the plants.
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High nitrogen concentration and low concentrations of potassium increase the 
susceptibility of the corn plants to the noxious agents because it diminishes the 
absorption of Si. This fact is important because it is well-known that silicon can 
induce higher resistance to the plants in front of the pests [2].

In an accumulative crop of Si like rice, Andreotti et al. [7], informed that the 
supply of Si had a small influence on the production of dry matter, although it 
increased the number of panicles per plant at the highest concentrations of Si, and 
on the other hand, the concentration of Si decreased with the increment of the dose 
of fertilization with urea [11].

However, some researchers have stated that there is a lack of information on 
the use of silicon in general and in particular in corn crops that justifies the need to 
carry out further research on this subject [12]. Castellanos et al. [13] demonstrated 
the positive effect of the application of Si on the damages of Spodoptera frugiperda 
Smith in corn to an intermediate dose of N, while Matías and García-Montalvo [14] 
pointed out that the positive role of the silicon in the resistance to the foliar insects 
in Zea diploperennis L., however in Z. mayz this is not yet well explained.

González et al. [15] verified the increment of the green forage in one variety of 
corn and not in others when the application of an intermediate dose of Si was made, 
while any varieties had a response at the highest dose.

In front of this situation, two hypotheses arise, one that the unbalanced manage-
ment of N and K, or the excessive use of N associated with the insufficient applica-
tion of potassium can diminish the silicon absorption and the production of dry 
biomass in the plants, and other, that the use of silicon can improve the response of 
the plant in dry biomass production in function of the application of N and K.

To confirm one of those hypotheses the aim of the present investigation was 
to evaluate the effect of the interaction of silicon, potassium, and nitrogen on 
the foliar area and the accumulation of these elements and the dry biomass in 
corn plants.

2. Material and methods

The investigation was performed in a greenhouse located at the department of 
soils and fertilizers, FCAV/UNESP Jaboticabal Campus, SP, with geographic coor-
dinates of 21° 15′ 22” South, 48° 18′ 58” West and an elevation of 600 m between 
March and June of 2014, in a hydroponic floating system.

Two silicon concentrations were evaluated (0 and 2 mmol L−1) using as source 
silicate of calcium; two concentrations of potassium (1 and 12 mmol L−1) cor-
responding to 16 and 200% of the solution of K proposed by Hoagland and Arnon 
[16], using as source monobasic potassium phosphate, and four nitrogen concen-
trations: 1, 10, 15, and 20 mmol L−1 corresponding at 10, 100, 150, and 200% of 
the solution of Hoagland and Arnon [16], respectively. The added nitrogen cor-
responded the 25% to ammoniac form (from ammonium chloride) and the 75% to 
nitric form (from calcium nitrate).

The rest of the macronutrients and micronutrients were incorporated into de 
nutrient solutions as were proposed by Hoagland and Arnon [16], balancing the 
concentrations of calcium and phosphorous. The nutrient solution was maintained 
under continuous oxygenation by means of an air compression system.

Treatments were arranged in one 2 × 2 × 4 factorial scheme with three repeti-
tions. Each experimental unit consisted of a polypropylene pot with a lid, mea-
suring 48 cm long, 11 cm wide at the lower base, 16 cm wide at the upper base, 
and 17 cm tall, containing 8 L of nutrient solution and six corn plants (Hybrid 
30A77HX). The plants were developed in a greenhouse. Initially, the sowing of the 
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corn was carried out in vermiculite on isospory trays, irrigated for 15 days, time in 
that plants reached five leaves.

Water used in the hydroponic system was distilled and deionized, where solu-
tion levels were completed daily in each pot with stock solutions corresponding to 
each treatment. Values of pH were adjusted to between 6.0 ± 0.2 using solutions of 
HCl 1.0 mol L−1 or NaOH 1.0 mol L−1.

At 45 days after transplanted, the foliar area of the plants was evaluated. For 
that, all the leaves of the six plants of each pot were collected, being used an inte-
grative apparatus of scanning the foliar area (LI-COR®modelo LI-3000C).

Later on, the dry biomass was determined from the collection of the roots and 
the aerial part of each pot. For this, the picked-up material was placed in paper 
bags and dried off in an oven with forced air circulation (65°C) until they reached a 
constant weight to determine the dry biomass content by pot (aerial part, roots, and 
the total).

The dry material was ground for chemical analysis of N and K content accord-
ing to the methodology described by Battaglia et al. [8] and silicon according to 
Kraska and Breitenbech [17]. Using data of concentration of N, K, and Si in the dry 
biomass from the aerial part, from the root, and from the total, for each pot, the 
accumulation of each element per pot was calculated and expressed in mg per plant.

The data of the active foliar area, dry biomass, nitrogen, potassium, and silicon 
accumulation in the aerial part of the plants were submitted to variance analysis. 
The media was compared by means of the Tukey test (P < 0.05). The statistical 
package SPSS version 21 was used [18].

3. Results

The application of silicon in the nutritious solution increased the biomass of the 
plants of corn and the accumulation of N, Si, and K in this, however, the foliar area 
did not increase, while a high-dose of K caused an increment of all evaluated vari-
ables. The foliar area, the biomass of the plants, and the accumulation of the three 
elements in the plants were influenced in some way by nitrogen dose (Table 1). 
Foliar and total dry matter and the accumulation of K in the plants were influenced 
by the interaction of the treatments of Si and K, but not the other variables, while 

Source of de 
variation

Accumulation in the aerial part of Foliar 
area

Biomass

N Si K Roots Aerial Total

Signification of F values

Si ** ** ** ns ** ** **

K * ** ** ** ** ** **

N ** ** ** ** ** ** **

Si × K ns ns ** ns ns ** **

Si × N ns ns ** ns ** ns ns

K × N ns ** ** ns ns ** **

CV (%) 14.12 11.51 15.6 14.42 12.51 9.50 8.85

*, **, and ns: Significant (P < 0.05), (P < 0.01), and nonsignificant by the F-test, respectively.

Table 1. 
Effect of nitrogen (N) and potassium (K) concentrations in the presence or not of silicon (Si), on the nitrogen, 
potassium, and silicon accumulation in the aerial part of corn plants, the foliar area to and biomass, under 
hydroponic conditions.
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dry biomass of the root and accumulation of K were influenced by the interaction 
Si × N. The interaction of N and K had influenced on the accumulation of Si and K 
in the plants and on the increment of the dry biomass of the aerial part of the plants 
and the total.

The nitrogen accumulation was increased at the highest concentrations of this 
nutrient with a relationship at the lowest dose while this did not happen at the 
lowest dose (1 mmol L−1). The silicon accumulation was higher at the concentra-
tion at 10 mmol L−1 of N, with a statistical difference with the treatments at 15 and 
20 mmol L−1 of N in the nutrient solution being lower at 1 mmol L−1. A similar situa-
tion was observed in relation to the influence of N doses for the foliar area (Table 2).

The higher values in accumulation of K were observed at the concentrations of 
15 and 20 mmol L−1 of N, and the lower at 1 mmol L−1. A similar situation to that 
it was observed for the total dry biomass, however, the roots dry biomass showed 
lower values at 1 mmol L−1 of N in relation to the highest concentrations. The 
interaction of the application of Si with the highest concentration of K promoted 
an increase in the accumulation of K and the foliar and total biomass. However, 
there was no difference for the foliar biomass between the treatment of Si at 
2 mmol L−1 combined with the treatment with K at 12 mmol L−1 compared with K at 
12 mmol L-1 without the application of Si (Table 3).

The accumulation of K was increased in the treatments that received 2 mmol L−1 
of Si and 10 and 15 mmol L−1 of N, without statistic difference with the treatment 
that received N at 10 mmol L−1 without the application of Si. The dry biomass of 
the root was increased in the interaction of Si at 2 mmol L-1 and N at 10 mmol L-1 
in relation to the treatment that received 1 mmol L−1 of N in the nutrient solution 

Nitrogen Accumulation in the aerial part of FA Biomass

mmolL−1 N Si K Roots Aerial Total

mg kg−1 g per pot

1 70.50b 36.79c 394.14c 0.67c 19.51b 36.50c 56.01c

10 269.32a 71.55a 731.96a 1.20a 29.95a 69.11a 99.06a

15 239.65a 59.62b 665.38ab 1.12b 24.39ab 60.91b 85.30ab

20 252.51a 55.85b 612.37b 1.06b 22.93ab 56.90b 79.83b

Different letters in the columns indicate significant differences according to the Tukey test for P < 0.05.

Table 2. 
Effect of the nitrogen (N) concentrations on the N, K, and Si accumulation in the aerial part of corn plants, 
the foliar area (FA), and biomass under hydroponic conditions.

Concentrations Accumulation of K Dry biomass

Si K mg kg−1 g per pot

mmol L−1 Aerial Total

0 1 47.98c 69.63b 246.01c

0 12 57.96b 80.29ab 822.52b

2 1 54.47b 77.02ab 265.48c

2 12 62.22a 88.57a 1069.82a

Different letters in the columns indicate significant differences according to the Tukey test for P < 0.05.

Table 3. 
Effect of the interaction of nitrogen (N) and potassium (K) concentrations on the N, K and Si accumulation in 
the aerial part of corn plants, the foliar area and biomass under hydroponic conditions.
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without the application of Si, but not in the relation of the rest of the treatments. 
The role of silicon in the absorption of the K was verified, and at the same time that 
the beneficial effect of silicon was not evidenced  in front of low and high concen-
trations of N (Table 4).

The accumulation of Si and the dry biomass in the air part of the plant mani-
fested an increment at the higher concentration of K (12 mmol L−1) combined 
with 1, 10, and 15 mmol L−1 of N, while the accumulation of K and the biomass 
of the air part showed increments at 1 mmol L−1 of K and 10 mmol L−1 of N and at 
12 mmol L−1 of K and at 10, 15 and 20 mmol L−1 of N (Table 5).

The influence of the concentration of K in the nutritious solution on the absorp-
tion of Si was verified. The application of low and high N concentrations caused the 
less accumulation of Si in the plant. In the same way, the results demonstrated that 
the treatments that stood out for a bigger absorption of Si also stood out for higher 
total biomass, while those treatments that had shown higher accumulation levels of 
potassium also manifested higher levels of dry biomass in the air part of the plant.

Si N Accumulation of K Roots biomass

Mmol L−1 mg kg−1 g per pot

0 1 318.69f 18.73b

0 10 735.97ab 23.45ab

0 15 513.11de 22.40ab

0 20 569.32cde 23.38ab

2 1 469.58ef 23.30ab

2 10 727.95abc 28.45a

2 15 817.67a 26.38ab

2 20 655.42bcd 22.48ab

Different letters in the columns indicate significant differences according to the Tukey test for P < 0.05.

Table 4. 
Effect of the interaction of silicon (Si) and nitrogen (N) concentrations on K accumulation and root biomass 
under hydroponic conditions.

Concentrations Accumulation Biomass

K N Si K Aerial Total

Mmol L−1 mg kg−1 g per pot

1 1 40.54ef 59.65 cd 44.10c 245.21d

1 10 59.18bcd 83.23ab 65.63ab 246.96d

1 15 51.40 cd 72.73bcd 46.73bc 264.80d

1 20 50.36de 70.83bcd 44.43c 285.05d

12 1 32.48f 52.40d 29.48c 522.26c

12 10 69.05a 96.90a 77.76a 1199.11a

12 15 67.00ab 94.55a 72.52a 1083.79ab

12 20 61.85bc 83.91ab 67.27a 699.53b

Different letters in the columns indicate significant differences according to the Tukey test for P < 0.05.

Table 5. 
Effect of the interaction of potassium (K) and nitrogen (N) concentrations on the Si and K accumulation in 
the aerial part of corn plants and biomass under hydroponic conditions.
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4. Discussion

The present results agree with those of Lima et al. [19] who observed increases 
in dry biomass of leaves, stems, and roots in maize seedlings with the application of 
1 mmol L-1 of Si via nutrient solution.

Many authors have pointed out the increase of silicon accumulation in different 
crops as a response to the application of this beneficial element in corn [12, 20] and 
in rice under hydroponic conditions [11].

The increase of K accumulation in the aerial part of the plant with the applica-
tion of high concentrations of this nutrient agrees with the results of Andreotti 
et al. [7] who obtained an increment of the concentration of K with an increase of 
the doses of K.

Increments in N accumulation as a function of N doses were also obtained in the 
aerial part of the maize plants (leaves, stems, cob, straw, and grains) by Gava et al. 
[21]. There are other results that also show that increases in N doses caused higher 
development and yield of corn plants [21, 22].

The total dry biomass in the aerial part of the plant was increased with the 
presence of Si, which agrees with the results of Rohanipoor et al. [23], who reported 
increases in the leaf area of the corn crop under different doses of Si. Also, González 
et al. [15] observed increases in plant height and green forage of the Morocho 
Blanco corn variety under hydroponic conditions when they applied an intermedi-
ate dose of Si, in relation to nonapplication. They attributed this to a synergism 
between Si and K.

No results were found in the literature on the influence of the interaction of the 
presence of Si with a high concentration of potassium on the gain of the dry biomass, 
however, Miaoo et al. [24] reported that in the soybean plants there was a positive 
effect of silicon on the increase of root length and its density subjected at low concen-
tration of K (1 mmol L−1). They attributed this to the action of Si on the affectation of 
the peroxidase enzyme, but this effect was not demonstrated for the case of maize in 
an experiment in which the plants were subjected to a low concentration of K [10].

The increase in the accumulation of dry matter observed with the application 
of Si can be associated with its protective effects of the photosynthetic apparatus of 
the plants, in the improvement of the efficiency of water use and the balance of 
mineral nutrients as indicated by Mateos-Naranjo et al. [25]. Other researchers 
have attributed this increment of biomass to the beneficial effects of Si against the 
oxidative damage of plant membranes and the increase of the cell wall extension 
capacity [9].

Other investigations have shown that Si increases stomatal conductance by 
promoting better water use efficiency [26], inducing increased transpiration, which 
may lead to increased absorption of K, an element that participates actively in the 
closure and opening of the stomata [25].

The role of Si in the uptake of K was verified in the present research, but this 
effect does not occur at low and high concentrations of N. The increase of K at 
10 mmol L−1 of N without application of Si can be explained by the small amounts 
of Si which remains in the water as indicated by Raya and Aguirre [6], despite being 
deionized in the experiment.

Parveen and Ashraf [27] also observed increases in dry biomass of the roots in 
corn plants with the application of 2 mmol L−1 of Si in relation to the nonapplication 
of this element combined with N at 10 mmol L−1 under hydroponic conditions.

The results obtained have relation to those of Mauad et al. [11] in rice, who 
observed a higher concentration of Si in the plant at the lowest dose of N combined 
with a normal dose of K, independently of the presence or absence of silicon, which 
show the role of the beneficial element in the presence of plant stress by N.
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Castellanos et al. [13] also stated that the interaction of N and K influenced the 
accumulated silicon in corn with an optimum at 11.4 mmol L−1 of N. Similar results 
were obtained by Mauad et al. [11] who observed a decrease in the deposition of 
silica in leaves of rice plants at high doses of N.

Increments of dry biomass and productivity of corn as increase the concentra-
tion of N have also been obtained by other authors as Queiroz et al. [1].

The nitrogen effects on dry biomass gain was confirmed since this element is 
a constituent of all molecules, proteins, enzymes, coenzymes, nucleic acids, and 
cytochromes, as well as its important function as a member of the molecule of 
chlorophyll, as have been pointed out by Pina et al. [28].

5. Conclusions

The absorption of silicon in corn plants is influenced by the interaction of 
nitrogen and potassium. Application of Si combined with a high concentration of K 
causes an increase in K accumulation which is reflected in higher total dry biomass 
in corn plants. An excess and a deficit of N decrease the accumulation of Si in the 
aerial part of the plant, which is more evident at a low concentration of K in the 
nutrient solution, diminishing the accumulation of total dry biomass.
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Chapter 2

Improved Technological Processes 
on the Nutritional Quality of 
Maize
Cebisa Noxolo Nesamvuni, Khavhatondwi Rinah Netshiheni  
and Oluwaseun Funmi Akinmoladun

Abstract

As global food security and staple food, maize has become one of the most 
widely used cereals for fundamental research. Several important discoveries are 
reported, some of which are technological processes being used to improve maize 
crops’ dietetic, phenotypic, genotypic, and organoleptic properties. This chapter 
provides insight into improved technological techniques such as crossbreeding, 
genetic cloning, and functional genomics and how they improve the nutritional 
quality of maize crops. The use of these technological processes could be one of the 
sustainable strategies in meeting the dietary needs and livelihood of Africa, Mexico, 
and Latin America’s growing populace.

Keywords: breeding, genomics, functional genomics, improved technological 
processes, maize nutritional quality

1. Introduction

Maize (Zea mays ssp.) is one of the widely-spread staple cereals globally since its 
introduction to the New World by Christopher Columbus in the fifteenth century [1, 
2]. Maize originated from central Mexico 7000–9000 years ago as a wild grass known 
as teosinte [3]. Today, maize is a cereal that serves as a significant food source in ani-
mal and human nutrition, playing an essential role in feeding the world. It is the most 
researched cereal due to its significant strategic role in social and economic develop-
ment, mainly in Asia and Africa [4], impacting economic growth activities, including 
employment. Based on FAOSTAT [5] report, maize and its products contributed 6.5%, 
30%, and 38% of food supply to Asia, the Americas, and Africa. Africa’s farmland 
used for maize cultivation is 24% [5]. Although maize production has made a critical 
contribution to food security and poverty in many African countries, there have been 
persistent challenges, causing a low maize yield and poor crop nutritional quality.

Nevertheless, Otekunrin et al. [6] assert that maize production can still play an 
essential role in achieving poverty alleviation and zero hunger. They illuminated 
the importance of channeling the support from the agricultural ministry on edu-
cated maize farmers from an empirical study conducted in Ghana. They argue that 
knowledgeable farmers can effectively use new technologies. Technical efficiency, 
which is the ability to use available resources for maximum output, influences the 
choices for the strategies used for productivity improvement.
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Maize evolved enormously, alienating itself from some key traits of teosinte. For 
example, teosinte has abundant branches and tillers, increased number of ears per 
plant, reduced number of kernels per ear (5–12 per ear for teosinte and several hun-
dred for maize), and small kernels with a hardened fruit case (reviewed in [7]). About 
40 years ago, Beadle [8] observed that after he planted a teosinte–maize F2 population 
consisting of 50,000 individuals, the frequency of parental types was ~1 in 500, then 
estimated that there were four or five major loci involved in maize domestication. 
Later, Doebley and Stec [9] mapped five major quantitative trait loci (QTLs) plus 
some minor-effect QTLs for key traits in which teosinte and maize differ. This result 
was consistent with Beadle’s estimation and indicated that a small number of loci were 
responsible for the teosinte–maize morphological difference. Wright [10] investi-
gated 774 genes and estimated that 2–4% of maize genes were selected during maize 
domestication and subsequent improvement. According to recently released gene 
annotations of high-quality maize genomes, modern maize contains ~39,000–42,000 
protein-coding genes [11–14], indicating that ~800–1700 protein-coding genes 
(39,000 × 2% = 800; 42,000 × 4% = 1700) underwent selection during the process of 
domestication (Figure 1).

Recently, two researchers [16, 17] used chromatin interaction analysis by paired-
end tag sequencing (ChIA-PET) technology to map genome-wide chromatin interac-
tions. They revealed their connections to gene-expression regulation (Figure 1), 
including the chromatin interactions in which TB1, UB3, ZmCCT9, Vgt1 were involved. 
Likely, population-scale identification of chromatin interactions would allow the 
detection of many more important regulatory elements, providing several useful 
selection targets for improving future maize, which is essential in addressing poverty 
alleviation and zero hunger (sustainable development goals, 1 and 2, set by the United 
Nations in 2015 to achieve global food security by 2030) [18]. The current low in the 
maize crop yield calls for more comprehensive and more consistent crop production 
strategies. A newly introduced program named clustered regularly interspaced short 

Figure 1. 
Genomic sequence variants in the tb1 regions of teosinte and tropical and temperate maize lines [1]. (A) The 
red rectangles indicate the position of tb1, and the blue rectangles indicate the position of the hopscotch TE. 
This TE is the functional variant of tb1 and is absent in teosinte [14]. (B–D) the increased expression levels 
of representative selected genes (tb1 in B, ZmSWEET4c in C, ra1 in D) in modern elite maize lines compared 
with teosinte, the ancestor of maize. The expression profile was obtained by analyzing RNA-seq data generated 
by Lemmon et al. [15].
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palindromic repeats-associated protein (CRISPR-Cas) technology is widely used for 
plant genome editing. It can be hoped that the CRISPR-Cas system will accelerate the 
breeding of improved crop cultivars compared with conventional breeding and help to 
address the zero-hunger goal.

Although maize protein is high in the ratio of leucine to isoleucine, it lacks tryp-
tophan and lysine, making it poor nutritionally. Also, threonine is found in a reduced 
quantity in common maize [19]. However, Mertz et al. [20] discovered an improved 
nutritional quality of maize mutant called opaque 2 (O2). This O2 maize has 95% 
casein and 43% higher protein quality than common maize. Hence, efforts were made 
to integrate O2 as a commercialized variety but hindered by processing and agronomic 
problems [21]. O2 was characterized by the dull and chalky kernel, reduced grain 
yield, and susceptibility to stored grain pests and soft endosperm, making it unac-
ceptable to farmers and consumers. Hence, quality protein maize (QPM) emerged. 
QPM is a genotype that incorporated modified opaque 2. QPM improved the poor 
keeping quality, deficient agronomic attributes of opaque 2, and the truncated nutri-
tive value of normal endosperm; hence, it contained double tryptophan and lysine 
when juxtaposed with common maize endosperm [22]. Conventional breeding was 
used to develop QPM that possessed high lysine and complex endosperm characters by 
International Centre for Maize and Wheat Research (CIMMYT), Mexico, in 1993.

The breeding of QPM was introduced to improve the nutritional composition of 
protein in maize grain. Maize seeds contain an alcohol-soluble protein called zein 
[19]. QPM has a protein profile of 90% milk protein compared to the 40% milk bio-
logical value protein found in common maize [19]. Zein is more in the endosperm 
than in the embryo and constitutes 50–70% endosperm protein. Zeins are high in 
leucine, proline, and glutamine but are lack in tryptophan and lysine. Therefore, 
zein compositions are altered to enhance maize nutritional quality [19].

Maize products are shaped to make nutritious foods more available by using 
desirable characteristics and traits. Therefore, new varieties with high yields 
became the focus of maize breeders [23]. Information on the needs of maize users 
can be incorporated into the products’ characteristics by the breeders. This informa-
tion will increase the use of maize varieties and, most importantly, improve nutri-
tion [24]. Worldwide, maize varieties vary genetically by hardness, sweetness, and 
grain’s size and color, and this genetic variation results in diversity in nutritional 
properties of the whole maize grain. Maize endosperm is made up of 82% composi-
tion of maize kernel, which is mainly starch. Hence, the endosperm’ protein profile 
of the maize kernel was improved by the QPM. The breeding of this QPM has been 
achieved through alteration in the recessive mutant allele of the O2 gene, a specific 
set of amino acid modifier genes and pair of endosperm hardness modifier genes. 
The kernels can be flint, pop, waxy, floury, or dent and provide micronutrients and 
macronutrients. There is a high level of antioxidants and minerals in the aleurone; 
minerals and fiber in the pericarps; antioxidants, protein starch, and vitamins in 
the endosperm; vitamins like vitamin E, fat, and minerals are rich in the germs [25]. 
The primary compounds in the kernels are cellulose and lignin, while secondary 
compounds are hemicellulose, β-glucans, and arabinoxylans. In maize, the pres-
ence of phytochemicals (anthocyanins, phlobaphenes, carotenoids, phenolic acids, 
nonpolar and polar lipids) prevents diseases and strengthens health.

2. Technologies on the nutritional quality of maize crop

This technological processing for increasing the nutritional quality of maize as a 
potential solution for nutritional deficiency can be classified into two main groups, 
preharvest technology and postharvest technology.
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2.1 Preharvest technology

Preharvest technology discussion will include crossbreeding and genetic 
manipulation, functional genomics and transgenic crop technology, biofortifica-
tion, functional genomics and transgenic crop technology, and soil improvement.

2.1.1 Crossbreeding and genetic manipulation

Crossbreeding method is used to transfer micronutrients density in unac-
customed sources into genetic with a high-yielding competitive background. For 
the farmers to accept and adopt the newly developed trait, end-use quality and 
agronomic attributes must be considered during crossbreeding [26]. An increase in 
protein content such as methionine, tryptophan, and lysine is evidence for advance-
ment in diet’s nutritional content through breeding that fundamentally focuses on 
nutritional quality.

Physical appearance, cooking and eating quality, milling trait, and nutritive 
value are those parameters used to determine grain’s overall quality [18]. These 
properties are to a large extent, especially the eating and cooking qualities, influ-
enced by the amylose content of the maize, and thus open to genetic manipulation. 
Amylose, a polysaccharide that is made up of 20–30% starch, is a significant form 
of resistant starch. However, the amylose biosynthesis is modulated by the enzyme 
granule-bound starch synthase 1 (GBSS1) and encoded by the Waxy gene. Gao  
et al. [27], and Wang et al. [28] disrupted the GBSS1 with clustered interspaced and 
short palindromic repeats-associated protein (CRISPR-Cas) to produce elect maize 
that contains low amylose content. Also, CRISPR-Cas to encode isoamylase-type 
debranching enzyme been edited with isoamylase 1 (ISA1) produced low amylose 
content [29]. CRISPR-Cas uses the system of knock-out and knock-in to improve 
the quality of crops.

Phytate, an antinutrient content in maize, also referred to as inositol 
1,2,3,4,5,6-hexakisphosphate, forms insoluble complexes with minerals and pro-
tein and reduces their absorption when consumed. Zinc finger nucleases (ZFNs) 
blocked gene coding IPK1 for enzyme inositol-1,3,4,5,6-pentakisphosphate 2-kinase 
to reduce the phytate concentration in maize [30]. Also, Qi et al. [31] used CRISPR-
Cas and RNA interference (RNAi) which targeted the gene ZmMADS47 encoding 
a MADS-box protein that interacts with O2 to switch on zein gene promoter so that 
reduced zein protein content can be reduced. However, the decrease in zein con-
tent was 12.5% and 16.8% in the kernel of MADS/Cas9-21 and ZmMADS47 lines, 
respectively [31].

2.1.2 Functional genomics and transgenic crop technology

Genome editing is the principle on which functional genomics is based. It is 
based on nuclease-based forms of engineering like transcription activator-like 
effector nucleases (TALENTS), clustered regularly interspaced short palindromic 
repeats (CRISPR) with the concerns of creation of mutations, precise incisions, 
and substitutions in eukaryotic and plant cells [32]. Transgenic crop technology 
directly inserts genes of interest into the plant genome. These are the only viable 
alternative for biofortifying crops with micronutrients that naturally do not exist in 
the crop [26]. Transgenic crop technology can be achieved at a low cost, short time, 
and without nutrition-based programs and ease the concurrent incorporation of the 
genetic system to reduce antinutrients, increase micronutrient concentration, and 
promote bioavailability.
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A hybrid of QPM and provitamin A was developed by Zunjare et al. [33], which 
was speculated to help fight malnutrition among the populace where maize is used 
as a primary staple food. Based on QPM analysis, the required amount of trypto-
phan and lysine was achieved when switching conventional maize with a lesser 
amount of QPM [34]. Also, orange maize improved vitamin A in children’s diet in 
Zambia [35].

Many kinds of cereal contain a high prevalence of phytic acid (PA), a signifi-
cant zinc absorption inhibitor. Minerals like iron and zinc are bound by PA and 
prevent mineral absorption in the gastrointestinal tract. Some researchers like 
Brnić et al. [36] have reduced the PA in maize due to its nutritional consequences. 
Chemicals such as acetic acid and hydrochloric acid, microwave treatment or heat 
methods, and recombinant microbial phytate exogenously reduce PA in grains [37]. 
Transgenic corn expression phytate from Aspergillus niger was created to raise min-
eral availability by limiting PA through microbial phytate enzymes [38]. Eventually, 
low PA (lpa) phenotype cereal mutants have been developed in wheat, maize, and 
rice. The primary concern about this transgenic expression is its negative impact on 
agronomic performance and crop yield.

2.1.3 Biofortification

Biofortification is a primary means of fighting micronutrient deficiency in the 
world. Biofortification and supplementation are the traditional means of adding 
minerals and vitamins to food crops. The three essential means of biofortifying 
crops are biotechnology, conventional plant breeding, and adding an inorganic or 
mineral compound to fertilizer [37]. Essential micronutrients and β-carotene have 
been used to biofortified maize in other to maintain healthy living. In the 1970s, 
researchers developed quality protein maize (QPM) to increase maize’s tryptophan 
and lysine content. These newly developed biofortified crops have a tremendous 
amount of micronutrients in the edible parts of the crops. Conventional breeding in 
maize has also been used to upgrade its nutritional content [25].

Nutritionally improved crops, such as orange maize (enhanced with zinc 
and biofortified with provitamin A carotenoids), quality protein maize (QPM) 
(biofortified with amino acids), have been developed by plant breeders. The 
commercialization of maize with provitamin A carotenoid is gaining traction in 
Western and Southern Africa [38]. Sowa et al. [39] reported 85% retention of 
carotenoid provitamin A in biofortified flour in the preparation of muffin and 
porridge. Adoption of biofortified crops is mainly tested by consumer accept-
ability of rural households where it is used to produce the different menus and 
prepared in their local ways. Consumers need to accept and use biofortified crops 
to prepare local foods to make the most of them. However, QPM was preferred 
by rural mothers in Ethiopia to conventional maize in the preparation of comple-
mentary food for children and infants [40]. Li et al. [41] and Muzhingi et al. [42] 
proved that biofortified maize efficiently converted provitamin A carotenoid to 
vitamin A. Hence, the daily requirement of vitamin A may be met by consuming 
biofortified maize.

Although the stability of carotenoids during storage is a significant challenge in 
provitamin A maize, consumption without dehulling improved the storage stability 
of carotenoids. Taleon et al. [43] studied different processing methods and storage 
environments of hybrid maize in Zambia. They proposed that maize biofortified 
with provitamin A should be sold just before consumption as whole grain and 
milled as such. Carotenoid degrades over time; therefore, fortified maize variety 
should be consumed before the white-unfortified maize.
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The milling process, mode of cooking (refined versus whole grain flour), and 
container used for cooking will determine the zinc retention in biofortified maize. 
Zinc absorbed by Zambia children through zinc-biofortified maize helped to meet 
their zinc requirement [44]. QPM boosts tryptophan; hence, niacin (vitamin B3) 
can be partially met [25] because tryptophan is free by changing the leucine— 
isoleucine ratio for niacin biosynthesis.

2.1.4 Soil improvement

Protein content and yield react positively to nitrogen fertilizer used to supple-
ment the soil in which maize was planted. This is the advantage of adding nitrogen 
fertilizer to low-nitrogen soil. Fertilizers that are biofortified with micronutrients 
and applied to the soil are the simplest biofortification method [37]. This practice 
has been affected by the regular application of micronutrients to the soil, increasing 
labor and cost, accumulation and mobility of minerals among plants, and varia-
tions in soil composition at a specific location. It also increases the micronutrients 
temporarily as there is a need to apply the fertilizer constantly. These micronutrient 
fertilizers raise molybdenum, nickel, copper, selenium, iodine, and zinc in different 
levels in their edible parts [26].

People in low-income countries whose diet is based on cereal grains low in zinc 
(Zn) are affected by Zn deficiency. Zn deficiency can cause poor immunity, birth 
complications, impaired mental development, and stunted growth [37]. Zinc con-
centration in grain crops has been improved by nitrogen management improvement 
through the availability of Zn in the soil. Nitrogen availability in the soil represents 
a significant component in the biofortification of zinc in grains and, therefore, 
enhances residence’s nutritional status in developing countries. Another micronu-
trient in low quantity in grain due to its insufficient amount in the soil is selenium 
(Se) [45]. The organic form of Se (selenocysteine and selenomethionine) are more 
significantly bioavailable than inorganic selenium (Se). According to Poblaciones 
et al. [45], Se-rich fertilizer increases Se’s bioavailability in grain and boosts total 
yield. The author discovered that chickpea could store a high concentration of Se in 
the grain after applying fertilizer.

2.2 Postharvest technology

Reducing the wastage and losses of food becomes crucial in ensuring 
adequate nutrition, food security, improvement in rural livelihood, poverty, 
and food availability among the populace. However, food wastage can result 
from poor grain storage affected by temperature, relative humidity and grain 
moisture. Microorganisms, insects, and rodents are maize biological deteriorat-
ing agents [25]. Penicillium, Fusarium and Aspergillus are the general mycotoxi-
genic fungi of importance in maize. The most prominent mycotoxins in foods, 
aflatoxin is produced as secondary metabolites by Aspergillus flavus sp. The 
contribution of aflatoxins to crops losses has a negative effect, either directly or 
indirectly, on general nutrition, health, food security, and the economy at large 
[46]. The prevalence of aflatoxin can be reduced by both post and pre-harvest 
intervention. The preharvest intervention could be in the form of develop-
ing insect and Aspergillus resistant, heat, and drought-tolerant varieties [47]. 
According to Suwarno et al. [48], provitamin A carotenoid enriched maize can 
reduce aflatoxin contamination. Postharvest interventions include suitable 
moisture at harvest, humidity and temperatures during storage, and suitable 
containers and space.
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2.2.1 Processing and utensils used

When maize is processed into staple foods, it lacks tryptophan, lysine, and 
methionine [34]. Different cooking and processing methods, degermed and decor-
ticated kernels in maize products cause additional loss of nutrients. Some process-
ing methods and menus where maize is served as raw materials can still enhance the 
nutritional properties of the final product and overcome nutrient deficiencies [25]. 
Fermentation and nixtamalization as processing methods increase bioavailability 
and bioaccessibility of maize and can also cause a decrease in some compounds.

2.2.2 Unrefined grains

These are grains that their germ and bran had not been removed through process-
ing methods. They help to reduce the risk of type 2 diabetes, heart disease. Overall 
mortality is positively associated with high unrefined grain and nonfiber consump-
tion. According to Willett et al. [49], preferred foods and shelf-life are the social 
and technological challenges faced when consuming whole grain. Most consumers 
of these products have adapted the fine texture and color of most refined flour, 
especially maize. However, there is a need for promotion and expansion in situations 
where unrefined maize has been consumed to increase its nutritional impact and 
meet consumer preferences [50]. These situations include roasted kernels, green 
maize, popcorn, wet-ground foods, and nixtamalization, along with short soaking 
time. The aleurone, germ, and pericarp of refined maize have been removed together 
with minerals and vitamin B. If this maize is not enriched after milling, the con-
sumer’s nutritional status will be negatively affected. There are little or no changes 
in the nutrient content of refined maize if it has been biofortified. Gannon et al. [51] 
compared the bioavailability of provitamin A from refined and whole maize grain 
with biofortified maize flours as there was no difference between their β-carotene 
bioefficiency. Furthermore, milling does not affect the bioavailability of zeaxanthin 
and β-cryptoxanthin in refined and whole-grain biofortified orange maize [52].

2.2.3 Fresh maize

Any variety of maize harvested at the milky stage and prepared by boiling or 
roasting is referred to as fresh or green maize. Compared to conventional maize, 
QPM has higher glutelins, reduced zein protein, peak tryptophan, and lysine [25]. 
Alamu et al. [53] reported variations in the minerals and macronutrients retention 
of boiled and fresh maize in yellow, white, and high provitamin A carotenoid. The 
boiling of maize preserved lysine, zinc, and carotenoids at the milk stage.

2.2.4 Nixtamalization

Nixtamalization is when lime, grounded shellfish shell, or ash is added to hot 
water in which whole grains have been soaked for 8 hours or more. Any process 
used to modify grain fat components, remove the pericarp, and produce changes 
in starch and protein content of any grain is called nixtamalization [50]. There 
is a better characteristic of the kernels of processed maize through nixtamaliza-
tion as compared to unprocessed ones. Nixtamalization causes physicochemical 
changes (losses in the pericarp) in maize kernels because of changes in the func-
tionality and chemical composition (decrease in phytic acid) [25]. Nixtamalized 
kernel is characterized by reduced mycotoxin content, increased product shelf-
life and nutritional value, easy mill kernel, and improved aroma and flavor. The 
significant nutritional changes that occur because of the nixtamalization process 
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in maize and its products include greater bioavailability of iron and niacin, 
increased resistance starch content and calcium [25].

2.2.5 Fermentation

Latin America and African countries have a lot of maize food products that are 
acidic and nonalcoholic fermented. Marco et al. [54] stated that probiotics from 
fermented products promote a healthy microbiome. Lacto-fermentation is a process 
by which starch and sugar are converted to lactic acid by bacteria. The nutritional 
bioavailability of niacin and iron from beverages is increased by fermentation 
[55]. Furthermore, mycotoxins, antinutrients, and natural toxicants are reduced 
or removed through fermentation processing, thus improving the maize products’ 
safety and nutritional quality [56].

3.  How technological processes improve the nutritional quality of  
maize crops

Based on the report of Mertz et al. [20], opaque 2 (O2) lysine content in the 
endosperm (3.3–4.4 g lysine/100 g of endosperm) is double that of the normal maize 
(1.3 glysine/100 g endosperm protein). The O2 maize protein has a biological value 
of 90% of milk protein, while normal maize protein has 40%. The body utilized 74% 
of O2 maize protein intake, while only 37% was used in normal maize protein [19].

In comparing the protein content of QPM with normal maize, the QPM protein 
contains 38% lesser leucine, 55% higher tryptophan, and 30% higher lysine than 
normal maize. Bressani [57] reported that 8 g/kg body weight of QPM is needed 
for nitrogen equilibrium compared to the 24 g/kg body weight of normal maize. 
The QPM has greater niacin availability due to lower leucine content, utilization of 
carotene, and higher tryptophan content [19]. QPM maize can be processed without a 
decrease in its acceptability and quality. Bressani [57] report in Columbia showed that 
O2 maize was used as therapeutic food for children suffering from protein deficiency 
diseases and kwashiorkor and brought about normalcy in them. Also, Anon [58] 
reported that QPM increased the weight and height of preschool children that used it 
as a major starchy staple by 20% faster than those that used normal maize. Based von 
the report of Muzhingi et al. [42], porridge made from biofortified yellow maize pro-
vide 40–50% vitamin A of recommended dietary allowance (RDA) for Zimbabwean 
men. Similarly, North American females consuming porridge from biofortified maize 
had 3:1 fold of vitamin A equivalence when a fraction of the blood triglycerol-rich 
lipoprotein was measured compared to the traditional white maize porridge [41].

The high amount of ascorbate, folate, and β-carotene in triple-vitamin fortified 
maize has been developed through metabolic engineering in the endosperm [59]. 
The transgenic kernels have a double, 6-fold and 169-fold normal amount of folate, 
ascorbate, and β-carotene as traditionally bred crops. These crops can offer a nutri-
tionally complete meal. There was a grain yield of about 145.3% in transgenic maize 
compared to wild maize due to upgraded grain number and size [60]. Total starch 
content was improved by constitutive expression of invertase in the transgenic 
kernels, which showed that genes could boost grain quality and yield in crop plants.

4. Conclusion

Malnutrition and hunger alleviation can be achieved through fortified maize and 
continuous advancement in crop yields. It is not enough to generate micronutrients 
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at a higher level in plants. Their bioavailability, absorption, and utilization in the 
body are crucial to increase the consumer’s micronutrient status after cooking 
and processing the food in their local ways. Also, the biofortified crops must be 
accepted by consumers and adopted by a significant number of farmers to increase 
the nutritional health of the community. Biotechnology through biofortified maize 
can be used to improve the vitamin A status of the populace.
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of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
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Abstract

The most extensively produced crop globally is Maize (Zea mays). Its response 
to diverse environmental stressors is dynamics and complicated, and it can be 
plastic (irreversible) or elastic (reversible). There is a wide range of soil and 
climatic conditions in which Maize can be grown. Climate change, for example, 
has the potential to impair grain quality and productivity of Maize all over the 
world. For the best harvest yield, the maize crop requires the right temperature. 
As a result of climate change, environmental stress factors such as abiotic and 
biotic stress factors are projected to intensify and become more common. Abiotic 
stress such as drought, temperature, and salinity are the major constraints limiting 
Maize’s worldwide production (Z. mays L.). In places prone to various stresses, the 
development of stress-tolerant crop types will be useful. Drought, salinity, and 
temperature extremes are examples of abiotic factors that can significantly impact 
the development and growth of the plant. Furthermore, various management 
options available may aid in the development of strategies for better maize perfor-
mance in abiotic stress conditions to understand the maize response to resistance 
mechanisms and abiotic stress. Therefore, this chapter will focus on the impact of 
abiotic stress regarding temperature on Maize.

Keywords: maize, drought, temperature, salinity

1. Introduction

The most important staple cereal crop grown for biofuel and food globally is 
Maize. After wheat and rice, it is 3rd significant crop grown [1, 2]. Studies have 
suggested that maize production must double, especially in developing nations, to 
meet the increasing animal and human consumption demand. The optimum tem-
perature range responsible for higher maize production is 28–32°C, and it requires 
500–800 mm of water to complete the life cycle [2].

Environmental conditions play a vital role in crop production. The yield and 
other characteristics of plants are determined by their genotypes and are highly 
influenced by environmental conditions. Under natural conditions, plants undergo 
different phases to complete their life cycle. In recent years, climatic parameters 
such as precipitation, temperature are being more unpredictable and resulted in 
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prolonged drought, change in temperature beyond the optimal state. Such changes 
have challenged crop production. In the last two decades, crop productivity has 
improved. However, the susceptibility of plants to abiotic stress poses a new chal-
lenge to sustaining an increase in crop production with changing climatic patterns 
[3]. Abiotic stress-tolerant crops may be essential to maintain crop productivity in 
the future [4]. Plant cells activate signaling pathways that include plant hormones, 
transcription regulators, and signal transducers to respond to various stress. These 
multiple signals converge to regulate stress-inducible genes, producing proteins and 
enzymes for stress metabolism [5].

Maize, Wheat, Barley, canola, and other crops attacked by different insect 
pests which reduced their yield. These attack of insect pest may be due to some 
compound present in these crop which attract these compound [6–8]. However, 
these compounds also act as repellent. Insect pests prefer these crops for their 
progeny production and development to complete their life cycle [9, 10]. Several 
methods used to control the insect pest and increase crop yield. However, among 
these methods pesticides severally used in the world. Due to hazardous effect on the 
human health and environment alternative methods have been adopted to reduce to 
use of chemical and control insect pests [11–13].

As Maize is worldwide grown grown crops so its production is also threatened 
by moderate to severe droughts, high air temperature, and erratic rainfalls [14]. 
The major focus of maize research is to improve abiotic stress tolerance characters. 
However, it’s challenging to identify genetic components responsible for abiotic stress 
tolerance [3]. Different complex quantitative traits potentially in correlation with 
other developmental characteristics are responsible for abiotic stress tolerance. These 
traits are governed by multiple quantitative trait loci (QTL) with small individual 
effects on the overall trait expression, making it more difficult to identify and modify 
[1]. This chapter aims to assess the impact of different abiotic stress, especially 
temperature, in maize production.

2. Zea mays and abiotic stress

The global drop in grain production of annual crops is accelerating as abiotic 
pressures, such as nutrient limits and drought, rise to the top of the constraint list 
[15]. Maize looks to be the most vulnerable crop regarding the effects of climate 
change on agriculture. Drought, severe heat, salt, and nutrient deficiency are all 
known to be key environmental factors that harm maize productivity worldwide 
[16]. Maize’s yield and growth are badly affected by waterlogging, low or high 
temperatures, and intense droughts [17]. Furthermore, due to climate change, ambi-
ent temperatures are expected to alter, thereby altering drought frequencies and the 
intensity in various maize-growing regions globally [18]. Across most Indo-Gangetic 
plains and Sub-Saharan Africa, the variability of climatic conditions is responsible 
for nearly half (50%) of the total fluctuations in maize yields in these regions [19].

Abiotic stress in general, and drought in particular, are particularly harmful to 
maize yields, regardless of the germplasm and stress faced during a developmental 
stage of the plant [20]. According to some research, when temperatures rise in the 
world’s major maize-producing regions, maturity times may shorten. In contrast, 
rising temperatures will alter metabolism, resulting in a loss in carbon uptake and, as a 
result, a decrease in pollination and grain set [21, 22]. Furthermore, high temperatures 
can cause plant moisture stress due to the soil’s decreasing moisture content, in addi-
tion to broad-scale climatic variables altering rainfall patterns [23, 24]. Researchers 
discovered that from 1961 to 2002, the global production of Maize decreased by 
8.3% with every degree Celsius increase in temperature, with part of the variation 
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explained by variations in temperature, both minimum and maximum, and precipita-
tion. As a result, even if Maize is given all of the necessary water, yields are expected 
to fall by 10–20% by the end of the twenty-first century due to severe climate change 
[25]. Simultaneously, the global agricultural sector must produce roughly 70% of food 
for a population expected to reach 9 billion or more by 2050 [26].

3. Drought stress

Drought is complex and destructive in plant biology to such an extent that it is 
compared with cancer in mammalian biology [27]. The effect of drought varies with 
the timing and intensity of stress on a plant’s growth and development [28].

Maize is a drought-sensitive crop, mainly in a critical stage of growth such as the 
seedling stage and is grown in a wide range of climatic conditions from semi-arid 
to temperate regions, including drought-prone areas of Africa, North and South 
America, Asia and Europe [2]. Drought stress during vegetative growth, especially 
during V1 to V5, reduces plant growth, increases the vegetative growth period and 
reduces the growth period of the reproductive stage [29]. The relative water content 
and water potential are reduced under stressed conditions.

Plants undergo morphological and physiological changes under drought stress 
conditions. This process can be covered under three major categories. They are 
drought escape, drought avoidance and drought tolerance. The combined impact 
of these strategies is drought resistance [30]. According to Osmolovskaya et al. [30] 
drought resistance is the ability of plants to maintain favorable water balance and 
turgidity under water stress conditions. Drought escape is a strategy in which plant 
complete their life cycle before the onset of drought. They show seasonal responses 
[30, 31]. The drought avoidance strategy integrates increased water uptake and 
decreased water loss by plants. Plants develop strategies such as osmotic adjust-
ment, an extension of antioxidant capacity, and desiccation tolerance to develop 
drought tolerance.

Further research has been conducted to identify drought-tolerant varieties. 
Along with advancements in technology, the research focus has changed from mor-
phological characterization to identifying genes responsible for drought tolerance. 
Photosynthesis, a major metabolic pathway in plants, is sensitive to drought stress 
and is involved in plant response [32]. The photosynthetic pigments are damaged 
by drought, which decreases the light absorption efficiency of plants [2]. Though 
stomata closure is a way forward to ameliorate the adverse effects of drought, a 
decrease in stomata opening reduces the amount of CO2 entering in leaves, which 
reduces carbon assimilation reaction and transpiration decreases root absorbance.

4. Salinity stress

Salinity stress is mostly caused by the high concentration of NaCl which induces 
abiotic stress in plants in irrigated and non-irrigated conditions. According to 
a global estimation, 20% of cultivated land and 50% of irrigated land is under 
salinity stress [33]. Salinity stress retards plant growth and productivity, mainly due 
to ion toxicity and osmotic stress. Thus, induced osmotic stress decreases stomata 
opening, reducing photosynthetic ability [34].

Besides limitation in photosynthetic ability, salinity stress causes degradation 
of enzymatic proteins in photosynthetic apparatus and chlorophyll degradation 
[34]. Furthermore, salinity stress causes secondary stress, in particular oxidative 
stress, mainly caused by ion toxicity and osmotic stress, which damage plant cells by 
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excessive accumulation of Reactive Oxygen Species (ROS) [35]. ROS causes signifi-
cant damage to proteins, nucleic acids, lipids, and photosynthetic pigments. As a 
result, antioxidant capacity and photosynthetic capacity are two important factors 
to consider in salinity stress studies [36].

Application of exogenous selenium (1 μM) alleviates inhibitory effects caused by 
salt stress. In an experiment, Jiang [36] studied different concentrations of Na2SeO3 
(0, 1, 5 and 25 μM) on 15 days old maize plants. This study found that the applica-
tion of 1 μM Se increases net photosynthetic rate, improves antioxidant defense 
mechanism and reduces chloroplast ultrastructure damage caused by NaCl.

5. Temperature stress

At leaf temperatures greater than 38°C, maize plants demonstrated a drop in 
net photosynthesis (Pn), and the decrease was particularly severe when the tem-
perature was increased suddenly rather than slowly [37]. The reduction in photo-
synthesis was not due to stomata closure, as the transpiration rate rise in response 
to the increase in temperature. An increase in temperature greater than 32.5°C 
decreased the activation state of rubisco, which guided to complete inactivation 
at 45°C [38]. With the increase in leaf temperature, the level of 3-hosphoglyceric 
acid decreased. Rubisco activation acclimatized with increased leaf temperature 
and the acclimation process was associated with the expression of new activase 
polypeptide. Crafts-Brander and Salvucci concluded that the primary constraint 
responsible for the decrease in net photosynthesis at a temperature greater than 
30°C was the inactivation of rubisco [38].

Maize is sensitive to chilling injury (below 15°C) and shows less adaptation 
growing in low temperatures [39]. Miedema found that 36% of the imbibed seeds 
died when exposed to 4°C for 28 days [40]. Sugar and amino acid exudation at 
lower temperatures may be linked to cell membrane failure. Young seedlings died 
after six days at 1°C and 8 days at 2.5°C. After 3 days of cooling, the Golgi bodies 
and inner mitochondrial membrane were destroyed, the endoplasmic reticulum was 
decreased, and lipid bodies accumulated.

Maize leaves are most sensitive to chilling injury. Chilling injury induces pre-
mature leaf senescence [39]. The combined exposure of Maize leaves to low tem-
perature (10°C) and high light decreases CO2 assimilation and leads to irreversible 
inhibition of photosynthesis [40].

Janda et al. [41] treated young maize seedlings grown in hydrophobic conditions 
with 0.5 mM salicylic acid, which protected plants in subsequent application of 
low-temperature stress. Salicylic acid pretreatment lowered catalase activity, which 
boosted antioxidant enzyme activity such as peroxidases and glutathione reductase, 
resulting in higher freezing tolerance in immature maize plants, according to Janda 
et al. [41]. Another research found a significant reduction in lipid peroxidation 
in Glycinebetaine (GB) cells compared to control during chilling [42]. This result 
implies that an increase in chilling tolerance may be caused by reducing lipid 
peroxidation of the cell membrane in the presence of GB.

Maize appears to have a harder time adjusting to low temperatures. This adapta-
tion necessitates the capacity to germinate, grow, and mature at low temperatures 
and resistance to frost, chilling, and soil fungi during germination. Breeding for 
low-temperature adaptability has grown more essential as feed maize in northern 
areas has increased. Appropriate selection criteria are required for a sensible 
approach to this breeding task. As a result, we need to know first which plant 
characteristics limit maize output in a chilly climate, and second, how genetically 
variable those characteristics are.
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5.1 Damage by low nonfreezing temperature

Temperatures below and near the germination and growth minimums in Maize 
can induce various physiological problems. Chilling damage is the medical term 
for these low-temperature effects. Chilling is not to blame for all of the negative 
impacts of cold weather. At temperatures above the chilling range, for example, 
low-temperature chlorosis occurs.

5.1.1 Chilling injury

The physiological damage induced by temperatures between 0 and 12°C is 
known as chilling injury [43]. Chilling is a problem for many thermophilic plants. 
The temperature and length of exposure determine the severity of the injury. Injury 
is usually not obvious during chilling, but appears once the temperature rises. 
Chilling injury causes wilting and browning of the leaves; severe chilling causes 
plants or plant sections to die. The chilling injury could be caused primarily by 
membrane dysfunction at low temperatures.

5.1.2 Chilling before emergence

Long-term cold temperatures destroy the Imbibed seeds that have been killed. 
Researcher also looked explored the effects of a 28-day cold treatment on six differ-
ent types of plants. Varietal survival differences were observed. At 4 and 6°C, the 
average mortality was 36 and 21%, respectively; there was hardly little harm at 8 
and 10°C. Sugars, and amino acids were exuded from maize seeds when incubated 
at a low temperature. This exudation was substantially higher at 6 than at lWC, and 
it could be linked to membrane malfunction at the lower temperature. They identi-
fied a specific chilling injury after imbibition in very dry seeds incubated at 5°C. 
During initial hydration, structural defects in the radicle caused the injured [44].

Young plants were injured by a 6-day exposure to 1°C and an 8-day exposure 
to 2.5°C. Chilling generated ultrastructural alterations in the meristematic cells 
of primary roots. The Golgi apparatus and inner mitochondria1 membranes were 
destroyed after 3 days of cooling, Lipid bodies had accumulated, and the endoplas-
mic reticulum had decreased. After 4 days of cooling, researchers discovered double 
cells made up of a small cell inside a larger cell. According to the findings, tempera-
tures below roughly 6°C damage or kill immature maize plants. Temperature, length 
of cold treatment, developmental stage, and genotype all influence the severity of 
the injury [44].

In the field, there is no data on how cold affects germination. It is doubtful that 
chilling will have an impact on Maize’s survival and emergence because the crop is 
sown late in the spring when soil temperatures rarely fall below 6°C for long periods.

5.1.3 Chilling after emergence

Using 7-day-old maize seedlings, Miedema [44] investigated chilling effects at 
0.3°C and low light intensity. The seedlings were moved to a temperature of 21°C to 
explore the physiological and biochemical consequences. Leaf damage began to appear 
after 36 h of exposure to the cold, and by 72 h, the damage had become irreversible. 
Leaf extension at 21°C was drastically reduced after 24 and 36 h of chilling. Increasing 
ion leakage and oxygen uptake in chilled plant leaf segments due to uncoupling oxida-
tive phosphorylation. Plants that were chilled for 72 h did not occur this.

According to the findings of several researchers, seedlings that had been chilled 
in an air-conditioned greenhouse at 2–4°C for 60 h developed transverse chlorotic 
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bands the leaf blades 5–10 days after the chilling period. As a result of the chilling 
process, bands of color began to emerge on the blades used to generate the plant’s 
curled appearance. The researchers discovered similar necrotic cross bands and 
other leaf damage in maize seedlings that had been exposed to 4°C in the dark for 
three days [44]. After transfer normal temperatures, the majority of the damage 
disappeared. After 6 days of exposure to 4°C, irreversible leaf damage occurred.

After 14 days of exposure to a daylight temperature of 10/4°C, chlorotic cross 
bands were developed, but not at 16/4°C. Chilling sensitivity was higher in the cell 
extension zone of the leaves than in full-grown or meristematic tissue. The tissue 
between the veins was chlorotic in some cross bands, whereas tissue along the veins 
(bundle sheath) was green. Various thermophilic Gramineae have chlorotic cross 
bands. Its found that transverse permanently chlorotic bands appeared in Sorghum 
bicolor, Paspalum dilatatum, and Digitaria smut-sii following a single cold night. 
Chlorophyll-deficient chloroplasts with disorderly lamellae were detected in most 
mesophyll cells in the chlorotic bands, whereas chloroplasts in bundle sheath cells 
were green and had a normal structure. The nucleus and mitochondria of chlorotic 
mesophyll cells showed no structural changes.

Because of the chilling sensitivity of the chloroplasts, leaves appear to be more 
sensitive to chilling than other organs. Chilling treatments cause visible injury to 
the roots of maize seedlings. In the case of Maize, there was just a minor amount of 
genetic heterogeneity in chilling-induced leaf damage [44]. Chlorotic cross bands 
are frequently seen after a cold spell in the field. They could result from a combina-
tion of low temperature and high light intensities, or they could be the effect of 
chilling during cold nights.

5.1.4 Chilling injury at high light levels

When maize leaves are exposed to a temperature of 10°C and a light intensity 
of 170 W m-*, they develop necrotic lesions, according to Taylor and Rowley [45]. 
With increasing exposure time to very low levels on the third day, the photosyn-
thetic rate at 10°C steadily decreased. A permanent photosynthetic capacity reduc-
tion was caused by this chilling treatment; Photosynthesis at 25°C was reduced by 
40% and 70% after 1.5 and 2.5 days of cooling. The chilling treatment did not affect 
chlorophyll levels. According to Taylor and Craig [46] in Sorghum, this form of 
injury was related to edoema and changes in the ultrastructure of chloroplasts. The 
membranes of the thylakoids first closed together as the starch grains vanished, but 
with more severe stress, the thylakoids moved apart, and granal stacking vanished. 
Paspalurn and soybean both had similar effects.

When maize plants were subjected to the light intensity of 13°C and 350 W mP2, 
a decrease in photosynthetic rate was seen, similar to what Taylor and Rowley [46] 
discovered. They found that throughout a 10-day exposure period, photosynthesis 
of maize seedlings cultured at 10°C and 105 Wm−2 fell only 30%. The photosyn-
thetic rate immediately restored to its previous level when the seedlings were 
reintroduced to 22°C. Temperatures of around 10°C in combination with strong 
light levels, in general, cause the forms of damage already mentioned. When Taylor 
and Rowley [46] employed conditions similar to those experienced in the field at 
the start of the growing season, they discovered that seedling growth was impeded.

5.2 Male sterility induced by low-temperature

Plants grown in a greenhouse with short photoperiods and cool nights (10°C) 
showed male sterility throughout flowering. The tassel growth stage was used 
to gauge the degree of sterility achieved during the cold treatment. Low night 
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temperatures have also been linked to male sterility in rice and Sorghum [47], but 
not in Maize under field circumstances.

6. Conclusion

Low temperatures (below 16°C) cause various physiological harm in maize 
seedlings. Plants are susceptible to chilling in the range of 0°C (or, more specifically, 
the freezing temperature of the tissue) to around 6°C. The injury severity depends 
on exposure duration and temperature. Low temperatures for short periods are not 
detrimental. With each stage of seedling development, the sensitivity to chilling 
increases. Membranes dysfunction has been linked to chilling injury. Young seed-
lings and Imbibed seeds exposed to low temperature are susceptible to some other, 
physiologically less defined, types of injury. Moreover, most types of cold injury 
report genetic variation; however, there were few interrelationship indications. 
This shows that different mechanisms cause the various types of low-tempera-
ture damage.
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Climate-Smart Maize Breeding: 
The Potential of Arbuscular 
Mycorrhizal Symbiosis in 
Improving Yield, Biotic and 
Abiotic Stress Resistance, and 
Carbon and Nitrogen Sink 
Efficiency
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Abstract

Maize is part of the essential food security crops for which yields need to 
tremendously increase to support future population growth expectations with their 
accompanying food and feed demand. However, current yield increases trends are 
sub-optimal due to an array of biotic and abiotic factors that will be compounded 
by future negative climate scenarios and continued land degradations. These 
negative projections for maize yield call for re-orienting maize breeding to leverage 
the beneficial soil microbiota, among which arbuscular mycorrhizal fungi (AMS) 
hold enormous promises. In this chapter, we first review the components relevant 
to maize-AMF interaction, then present the benefits of arbuscular mycorrhizal 
symbiosis (AMS) to maize growth and yield in terms of biotic and abiotic stress 
tolerance and improvement of yield and yield components, and finally summarize 
pre-breeding information related to maize-AMF interaction and trait improvement 
avenues based on up-to-date molecular breeding technologies.

Keywords: maize, climate-smart breeding, arbuscular mycorrhizal fungi,  
pre-breeding and Breeding, sterss tolerance, GWAS, genomic selection

1. Introduction

By 2050, around 9.9 billion people will be living on earth, with an expected 
concurrent doubling of the global food demand; hence agricultural production 
must increase at the same rate [1, 2]. This exponential population growth comes 
with an expected doubling of meat consumption; hence, demand for cereals-based 
feeds such as maize (Zea mays L.) will follow the same trend [3]. Therefore, modern 
breeding programs must double current genetic gains [2, 4]. However, a 2013 study 
alerted that current yield increase trends of most staple crops, including maize, are 
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insufficient to meet the 2050 food demands [5]. Several biotic and abiotic factors 
are determinant limitations to crop yield despite breeding efforts, and climate 
disturbances will further compound these yield-reducing stressors [2, 6].

With this background, it is apparent that crop improvement programs target-
ing only the inherent genetic makeups of plants to increase yields are not efficient 
enough to increase crop production sufficiently to meet future food and feed 
demands [4]. Furthermore, it is necessary to achieve the desired crop production 
without increasing production surfaces since land degradation will likely worsen 
shortly [3]. This alarming situation calls for re-orienting plant breeding programs 
to adopt new climate-smart breeding approaches to boost crop productivity suf-
ficiently to levels that would match the current and expected population growth 
rates [4, 7]. Instead of just focusing on increasing crop yields through improving 
its inherent genetic makeup, plant breeders should explore the immediate growing 
environment of the crops they seek to improve.

One of the components of the immediate growing environments of crops is the 
soil microbiota composed of microorganisms including fungi, archaea, and bacteria 
that have co-evolved with plants, among which some form highly beneficial symbi-
otic relationships with plants helping them in nutrient uptake, growth regulation, 
biotic and abiotic resistance, which ultimately results in increased yields [8–10]. 
The soil microbiota is relevant since most plant traits of interest, including nutrient 
use efficiency, tolerance to drought, salt, pest, and diseases, and yield, are part of 
a system comprising complex plant-associated microorganisms [11]. Plants have 
developed the ability to modulate the composition and activity of their microbiota 
through the secretion molecules and other signaling compounds [12]. Plant breed-
ers would greatly benefit from understanding the genetic basis of this interaction 
and its influence on traits of interest and using this knowledge during selection and 
stability studies [11].

Among these microorganisms, arbuscular mycorrhizal fungi (AMF) are sig-
nificant elements of the soil–plant system and constitute 5 to 50% of the microbial 
biomass of soils (Olsson et al., 1999). Arbuscular mycorrhizal symbiosis (AMS) is 
the most widespread and oldest terrestrial symbiosis [13], formed by 80–90% of 
terrestrial vascular plants, including grasses such as maize [14]. Plants benefit from 
AMS better mineral nutrition, especially phosphorus uptake [15], which improves 
mycorrhized plants biomass compared to non-mycorrhizal plants [13, 16], through 
colonization of plant roots, production of large networks of extra-root mycelium in 
the soil, and aid in the uptake of mineral nutrients by hosts in exchange for car-
bohydrates [17]. Elements such as nitrogen, magnesium, calcium, potassium, and 
trace elements such as copper [18], zinc, or even iron, are better absorbed by the 
plant through the AMF symbiosis [19, 20].

Furthermore, AMF are also a significant component of soil fertility improve-
ment [21], playing an essential role in the soil’s physical, chemical, and biological 
components. They increase soil water holding capacity by improving its structure 
and inherent enzymatic activity by activating other microorganisms such as 
nitrogen-fixing bacteria [22]. AMF also participate in the nitrogen, phosphorus, 
and carbon cycles while correcting soil acidity [23, 24]. Regarding plant bio-
protection, AMF play an essential role [25, 26] through, for instance, helping plants 
to thwart root-damaging nematodes [27, 28], pathogenic fungi such as verticillium 
wilt [29], and various pathogenic bacteria [30]. In addition, AMS provides plants 
with better resistance to abiotic stresses such as water and salt stress or the presence 
of heavy metals [31, 32].

Maize (Z. mays L.) is one of the essential staple food crops, therefore, essential 
to food security [33, 34]. Along with rice and wheat, it provides at least 30% of 
the food calories to more than 4.5 billion people in 100 countries [35, 36]. Maize is 
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grown in more than 166 countries in the world, including tropical, subtropical, and 
temperate regions from mean sea level to 3000 m AMSL [37], and among cereals, 
it ranks highest in terms of grain yield per hectare worldwide [38]. Furthermore, 
besides its revenue generation as a cash crop, maize utilization is diversifying 
and joining new markets such as biofuel production and livestock feed [33, 34]. 
Therefore, maize productivity and production need to increase exponentially to 
support future food and feed demands as a food security crop. This increase will 
be required to occur under less inorganic input, severed land degradation, and 
aggravated climate disturbances that will profoundly disadvantage maize in its 
interaction with its biotic and abiotic environments. Considering the tremendous 
benefits of AMS to crops such as maize, we believe future maize research and 
breeding should adopt a more climate-smart approach by focusing more on under-
standing maize-AMF interaction and improving symbiotic capacity to boost yields. 
Therefore, in this chapter, we first review the components relevant to maize-AMF 
interaction, then present benefits of AMS in terms of biotic and abiotic stress 
tolerance and improvement of yield and yield components, and finally summarize 
pre-breeding information related to maize-AMF interaction and trait improvement 
avenues based on up-to-date molecular breeding technologies.

2. Arbuscular mycorrhizal fungi (AMF)

AMF are significant elements of the soil–plant system [13]. Mycorrhizae from 
the Greek “myco” for fungus and “rhize” for root essentially refers to the symbiotic 
association between fungi and plants’ roots. AMF constitute 5 to 50% of the micro-
bial biomass of soils. Mycorrhizal hyphae biomass can vary from 54 to 900 kg per 
hectare [39], or nearly 200 meters of hyphae per gram of soil [40]. AMS is the most 
widespread and oldest terrestrial symbiosis [41], formed by more than 80–90% 
of terrestrial vascular plants [14]. AMF inhabit all continents, from the subarctic 
islands to the Antarctic Peninsula [19, 42]. According to Wang et al. [9], AMF has 
co-evolved with plants for at least 400 million years, allowing plants the coloniza-
tion of lands by plants through improved hydro-mineral nutrition.

AMF belong to the phylum of Glomeromycota [43], with a taxonomic classifica-
tion of AMF originally based on morpho-anatomical observations of spores [44]. 
However, the advances in biomolecular tools have allowed the use of Polymerase 
Chain Reaction (PCR) in the classification of AMF through amplification of ribo-
somal regions (18S), which permits a better definition of species or even molecular 
taxa [45]. More than 250 species of Glomeromyceta are currently described, with 
a constantly updated taxonomy updated, resulting in new species and higher taxa 
being regularly introduced [46, 47]. AMF are obligate symbiont because of their 
inability to develop without a host plant [48], with a reproductive system that can 
be either clonal or asexual through spore or coenocyte formation [49]. Several 
studies have shown the existence of hyphal fusions, called anastomoses which lead 
to exchanges of nuclei and cytoplasm between species of the same genus [50–52], 
hence participating in the conservation of diversity and the complex genetics of 
AMF [53]. Some AMF species are homokaryotic, with identical nuclei in each 
spore; thus, the genetic variation is present in each spore, resulting in several 
different copies of the same gene [54]. Heterokaryotic species are characterized by 
different nuclei in each spore, resulting in the distribution of the genetic variation 
among the different nuclei inside a spore. In other words, the existence of several 
different genomes in each spore helps AMF to adapt to different environments 
[55]. Furthermore, there are four phases in the life cycle of AMF [56]: the spore 
germination and hyphae growth in the rhizosphere phase, the root infection phase 
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by hyphae, stimulated by carbon dioxide (CO2), and root exudates, which propa-
gates in the root, the phase of root colonization with the formation of arbuscules 
and vesicles, and the phase of the development of external hyphae, resulting in an 
increased volume of soil explored by the roots and production of spores [57].

3. Survey of AMF that colonize maize

Host specificity of AMF is a longtime debate among researchers. Although 
many authors argued that AMF have no host-plant specificity [58], several studies 
tend to demonstrate the preference of some AMF genus to some plant species [59]. 
Crops like maize have a relatively high mycorrhizal dependency for plant growth 
and nutrient uptake [60]. Mycorrhizal dependency is an intrinsic property of 
every plant species that depend on the AMS. The type of crop, the soil proper-
ties, and the effect of the cropping system characterize mycorrhizal dependency 
[61]. There are three categories of plant species according to their mycorrhizal 
dependency. First, non-mycotrophic plants are capable of developing without 
the intervention of mycorrhizal fungi. Secondly, facultative mycotrophs require 
that reproduction occurs in the presence of mycorrhizal symbiosis only when the 
environment in which they grow is nutrient-limited. Lastly, obligate mycotrophs 
can only complete their development cycle associated with AMF. To study mycor-
rhizal dependency, the percentage of root colonized by AMF is a critical index. 
For example, the root colonization rate is 0% for Brassica napus and between 50 
and 70% for Z. mays [62].

Furthermore, researchers use different methods such as trap cultures, wet siev-
ing, morphological identification of spores, and molecular tools to determine AMF 

AMF family AMF species Habitat References

Acaulosporaceae Acaulospora sp Benin, Thailand [63–65]

Acaulosporaceae Acaulospora longula Brazil [66]

Acaulosporaceae Acaulospora rugosa Brazil [66]

Acaulosporaceae Acaulospora scrobiculata Brazil [66]

Acaulosporaceae Acaulospora morrowiae Brazil [66]

Glomeraceae Glomus caledonium Japan [67]

Entrophosporacae Entrophospora sp Thailand [65]

Glomeraceae Glomus sp Benin, Hungary, Japan, 
Thailand

[63–65, 68–70]

Glomeraceae Glomus intraradices Germany, Switzerland [71]

Glomeraceae Scutellospora sp Benin, Thailand [63, 65]

Archaeosporaceae Archaeospora sp Hungary [66, 69]

igasporaceae Gigaspora sp Benin, Hungary [63, 64, 69]

Entrophosporaceae Entrophospora schenckii Thailand [65]

Glomeraceae Glomus mosseae Germany, Switzerland [65, 71]

Paraglomeraceae Paraglomus sp Hungary [69, 71]

Gigasporaceae Scutellospora fulgida Thailand [65]

Glomeraceae Glomus geosporum Thailand [65]

Table 1. 
Examples of AMF species associated with maize.
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communities associated with maize. Based on such methods, many authors showed 
that maize crops could associate with different AMF species belonging to various 
genera (Table 1). Paraglomeraceae, Aucolosporaceae, Gigasporaceae, Glomeraceae, 
Archaeosporaceae, and Paraglomeraceae are the AMF families that associated with 
maize; however, the Glomus group preponderant [63, 64, 66, 68, 69, 71]. Although 
it is well established that the genus Glomus has the most widespread dispersion, 
maize genotypes and agricultural systems influence the mycorrhizal community. 
Evaluation of maize varieties with different genomes revealed colonization levels 
depend largely and continuously on maize genotypes within each germplasm 
[70]. Maize monoculture also reduces AMF diversity [68, 71, 72]. For instance, 
Archaeosporaceae and Paraglomeraceae group are not colonizers of maize grown in 
monoculture [69].

4. Phenotypic and molecular bases of maize-AMF symbiosis

Most terrestrial plants, including maize, interact with AMF under nutrient-
limited conditions, mainly phosphorus. The physiological mechanisms underly-
ing AMS establishment are under intense study using model plants, yet little 
information is currently available about molecular bases. Several studies have 
been performed for investigating the effect of AMF on gene expression through 
several approaches in different plant species over the last few years. Transcriptional 
analyses of few model plants like rice [73], Petunia [74], Lotus japonicus [75], 
Medicago truncatula [76], and tomato [77] allowed to identify genes involved in 
the AMS including genes encoding mycorrhizae-specific transporters. According 
to Willmann et al. [78], transporter genes are crucial for functional symbiosis. 
Many authors have defined four distinct stages of AMS based on the morphological 
analyses of the mutants.

The first step of an AMS is pre-contact signaling. It is characterized by a  
bi-directional exchange of signaling molecules and metabolic resources between 
AMF and plants. Indeed, plants produce strigolactone recognized by AMF, which 
exudes Myc-LCO, leading to deformation of absorbent hairs and nuclear calcium 
spiking [79]. The calcium oscillations are decoded by calcium and calmodulin-
dependent protein kinases (CCaMK/DMI3), activating CYCLOPS/IPD3. These 
genes induce various micro RNA, transcription factors, and auxin signaling during 
AMS as documented by Diedhiou and Diouf [80]. Transcription factors regulate the 
signaling pathway during mycorrhization through interconnections, not yet clearly 
defined compared to Rhizobium/legume symbiosis.

Molecular recognition between partners is followed by contact between fungal 
hyphae and plant roots. This contact triggers a chain of events that starts with 
the hyphae branching, differentiating into hyphopodium or appressorium on the 
root surface. This structure prepares the penetration of the fungus into plant cells. 
Then, hydrolases and other molecules probably make the cell wall more flexible 
and cause the migration of the nucleus towards the appressorium, rearrange-
ments of the cytoskeleton, and endoplasmic reticulum. These events lead to the 
subsequent formation of a pre-penetration apparatus (PPA) [57]. This apparatus 
facilitates the invasion of hyphae on epidermal and the first cortical cells [57]. 
According to some authors, PPA is responsible for forming a symbiotic interface 
and a new apoplastic compartment separating AMF and plant. During appres-
sorium formation, defense genes are weakly activated in the plant [81]. Several 
genes such as VAPYRIN, NSP1/NSP2, and Cbf1/Cbf2 are involved in this step, as 
documented by Diedhiou and Diouf [80]. However, their precise function in root 
endosymbiosis remains unclear.
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After physical contact between the two partners, hyphae fungal penetrate the 
cortical cells without damaging their plasma membrane, which invaginates and 
proliferates around the hyphae that develop inside these cells. This event results in 
forming an intra-radical mycelium. Intra-radical proliferation extends the coloniza-
tion area to the intercellular space of the cortical parenchyma and inner cortical 
cells. Very few specific genes are involved in this step [80, 82]. This low expression 
supports the hypothesis that very few additional plants genes are activated after 
successful fungal colonization.

Intra-radical proliferation leads to the formation of arbuscules, which repre-
sent the final and most intimate step of the AMS. Indeed, intramatricial hyphae 
perforate the cell wall and penetrate inside the cell. They branch out to achieve 
a structure reminiscent of a small tree called an arbuscule which surrounds the 
cytoplasmic membrane to form the peri-arbuscular membrane (PAM). These 
modifications induce many changes in genes expression patterns even if their 
activity on the whole root level largely remains the same. Studies carried out on 
model plants allowed to identify mainly transcription factors and phosphorus 
transporters require to form arbuscules [21, 83]. The possible interconnections 
between these genes are described particularly between RAM1 and PT4/STR [84]. 
For maize, several analyses focused on identifying phosphate transporters whose 
Pht1;6 localized to arbuscule-containing cells [78]. It plays a criticssl role in the 
maintening the arbuscule function. Indeed, loss of function of Pht1;6 reduce root 
colonization with premature degeneration of the arbuscules. In addition, 13 Pi 
transporters were identified by Liu et al. [21]. Among them is ZmPt9 gene, which 
is different from members of the PHT1 gene family. Functional analysis indicates 
that ZmPt9 promotes the Pi transporter gene induction involved in Pi uptake [85]. 
Overexpression of ZmPt9 in Arabidopsis plant increases primary root length and 
lateral root formation. Furthermore, phosphorus content is higher in the transgenic 
plant compared to the wild type [86]. Recently, Wang et al. [87] showed that ZmPt7 
regulates Pi acquisition, and its transport is mediated by phosphorylation.

5. Impact of AMF on maize resistance to biotic and abiotic stress

Maize is one of the essential sources of carbohydrate globally [88]; however,  
abiotic stresses and plant pests and diseases are significant threats in maize pro-
duction worldwide, and future climate disturbances will further compound these 
scenarios [89]. AMS improves plant growth, hydro-mineral nutrition, and physiol-
ogy under various environmental stress conditions like salinity, drought, and the 
presence of heavy metals [90], as well as resistance to biotic stresses such as pests, 
diseases, pathogen and weeds [91]. The benefits of AMF to plant partners vary 
depending on the type of stress [92].

AMF adapt to biotic and abiotic stresses independently of its host plant [14] 
and respond to stresses such as pests, diseases, pathogen, weeds, drought, extreme 
temperatures, salinity, and heavy metals [93–95]. Extensive evidence shows that 
AMF can control plant fungal, viral, and bacterial diseases (Himaya et al., 2021). 
The adaptation mechanisms of AMF to these biotic stresses are generally linked to 
pathogen resistance, including competition for colonization sites and improvement 
of the defense system of the plants [14]. Gerlach et al. [96] reported changes in 
leaf ’s elemental concentration, resource reallocation, especially for carbohydrates 
and amino acids, and expression of defense-related genes under maize-AMF symbi-
osis. Patanita et al. [97] demonstrated the benefits of mycorrhization in the control 
of Magnaporthiopsis maydis also called Harpophora maydis [98], the cause of late 
wilt disease of maize, which causes up to 50% grain yield losses in many countries 
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[99, 100]. In addition, Fusarium and Aspergillus are two of the most dominant 
fungal pest species of maize, causing acute diseases and yield losses and majorly 
responsible for deterioration and losses on maize plants [101, 102]. Olawuyi et al. 
[103] investigated the effect AMF on Aspergillus niger and revealed that Glomus 
deserticola was an effective biocontrol agent against Aspergillus niger, the soil-
borne pathogen of maize. Glomus clarum and Glomus deserticola a have biocontrol 
potential against Fusarium verticillioides [104]. Downy mildew disease caused by 
Peronosclerospora is responsible for decreasing maize production (Soenartiningsih 
and Talanca 2010). The combination of botanical fungicides (Turmeric rhizome 
and betel leaves) with AMF (Enthropospora sp., Gigaspora sp., and Glomus sp.) and 
Trichoderma asperellum can reduce the incidence of downy mildew by extending 
the incubation period and increasing the dry weight of maize shoots [105]. Striga 
hermonthica is one of the most critical biotic constraints affecting maize crops in 
sub-Saharan Africa. The high infestation of this parasitic plant has forced many 
poor farmers to abandon their farms [106]. Several studies have demonstrated that 
AMF can inhibit or suppress Striga germination, especially on cereal crops such as 
maize [107, 108]. Othira [109] carried out a study that confirmed the effectiveness 
of AMF in protecting maize against Striga infestation, promoting crop growth, 
and reducing Striga plant incidence, plant biomass, and phosphate content. He 
evidenced that AMF (Gigaspora margarita) enhanced the performance of the maize 
plant host, allowing it to resist better Striga damage [109].

In addition, AMF also helps maize plants cope with abiotic stresses such as salin-
ity, drought, extreme temperature, and heavy metal. Various mechanisms explain 
abiotic stress biological regulation through AMF, such as increased hydromineral 
nutrition, ion selectivity, gene regulation, production of osmolytes, and the synthe-
sis of phytohormones and antioxidants [14]. For instance, Rhizophagus irregularis, 
an AMF species, can improve maize drought tolerance through enhancing apoplas-
tic water flow [110]. According to Mathur and Jajoo [111], Glomus Funneliformis 
can help maize resist extreme temperatures by regulating the photosystem (PS) II 
heterogeneity. Studies carried out by Estrada et al. [94] demonstrated that AMF 
species such as R. irregularis, Septoglomus constrictum, and Claroideoglomus etunica-
tum improve maize tolerance to salinity. The authors showed that these AMF species 
improve K+ and Na+ homeostasis, shoot and root dry weights, shoot K concentra-
tion, and reduced Cl and Na contents in shoots. AMF can also play a role in maize 
tolerance to heavy metals. Indeed, maize inoculation with some Glomus isolates can 
improve maize dry weight and contents of essential elements (K, P, and Mg) [93].

Drought is also one of the significant stresses that can reduce maize productivity 
[112]. Water constraints decrease the photosynthetic activity of plants, which close 
their stomates to minimize water loss, decreasing productivity [113, 114]. Several 
studies demonstrated that AMF improves crops performance under drought stress 
[115]. Mycorrhizal maize deals with water deficit through drought mitigation and 
drought tolerance [116]. A drought mitigation strategy is mediated by indirect 
AMF benefits and enhanced water uptake. In contrast, drought tolerance involves 
a combination of direct AMF benefits that improve the innate ability of the plant to 
cope with stress [117]. Furthermore, inoculation with AMF improves strigolactone 
and auxin responses to drought stress Ruiz-Lozano et al. [118]. These two critical 
hormones in plant resilience to abiotic stress [119].

6. Impact of AMF on maize carbon and nitrogen sink efficiency

Carbon (C) and nitrogen (N) are indispensable mineral elements for plant growth 
and development. AMF plays a vital role in maintaining soil quality by increasing 
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carbon mineralization. After inoculating by Glomus etunicatum, the contents of 
dissolved organic carbon (DOC), microbial biomass carbon (MBC), and readily 
oxidizable carbon (ROC) increase in the soil rhizosphere of maize [120]. Rhizoglomus 
intraradices colonization improves the active carbon pools such as water-soluble 
carbon, hot water-soluble carbon, biomass carbon up to 305 mg.kg − 1, and passive 
pools such as soil organic carbon up to 4.31 mg.g − 1 compared to the control [121].

Plants can uptake nitrogen from the soil in the form of organic or chemical 
fertilizers [122] or establish beneficial associations with microbes that facilitate 
plant N acquisition [123–126]. Microbes convert different forms of N that plants 
can use following chemical reactions carried out by living microorganisms such 
as bacteria, archaea, and fungi. Bacteria like Rhizobia and Frankia are the leading 
nitrogen suppliers to legumes and actinorhizal plants, respectively [124, 125, 127]. 
Symbiotic mycorrhizal associations can also enhance plant N acquisition through 
endomycorrhizae or ectomycorrhizae [128]. AMF mobilizes N in the surround-
ing rhizosphere and provides it to the host plant [129, 130]. Indeed, AMF develop 
interconnected structures such as arbuscules, intraradical and extraradical myce-
lium that allow the N uptake [131] through up-regulating genes coding for NO3– 
and NH4+ transporters, including AMT3.1 [132]. ATM3.1 is the primary driver of 
NH4+ transfer to the plant colonized by AMF.

Another way to enhance plant nutrition, particularly N uptake, is to develop 
tripartite associations with bacteria and mycorrhizal fungi, even if they are not well 
characterized yet [133]. Indeed, bacteria of the genus Paenibacillus have been identified 
inside Laccaria bicolor cells and can stimulate in vitro production of R. irregularis spore 
and mycorrhizal plant colonization by Glomus mossea [134–136]. This stimulating effect 
enhances fungal growth that could favor the establishment of more efficient fungal and 
N2-fixing symbioses. Nevertheless, the contributions of AMF to nitrogen acquisition are 
little be known, even intercropping system between maize and nitrogen-fixing plant. In 
an intercropping between maize and soybean, common mycorrhizal networks (CMNs) 
regulate Nitrogen allocation to plant roots [137]. Co-inoculation with AMF and rhizobia 
transferred more than 54% more nitrogen from soybean to maize than inoculation with 
AMF alone [137]. Furthermore, a recent study questioned the relevance of the chitin-
like N source, an organic N source for the AMF, in the N supply to plants. Experiments 
showed that only R. irregularis hyphae can access a significant fraction (>20%) of the 
organic N supplied as chitin into a pot zone but not Andropogon gerardii roots, and this 
Ni was transferred to the plants within as little time as five weeks [138].

Overall, the presented evidence suggests that AMF significantly impacts N 
use efficiency by mycorrhizal/rhizobial plants, and carbon allocation is effective 
even with a cereal-legume cropping system. Understanding these mechanisms in 
a climate change context is critical for introducing symbiotic microorganisms as 
organic fertilizer in both croplands and forests while taking care of the ecosys-
tem services rendered by microbial symbionts. Moreover, there are few evience 
that AMS could mitigate greenhouse gase emission in several cropping systems 
through diverse mechanisms [139–145], opening avenues for breeding of climate-
considerate crop varieties. In that regard, AMS was reported to mitigate N2O 
emissions in several crop-soil systems such as maize [139], tomato [143, 144], rice 
[145], and grassland [142, 144].

7. Impact of AMF on maize yield and allied traits

Currently, AMF are critical organic components in cropping systems. Their 
interaction with crops increases yields by promoting plant growth and nutrition 
capacity [10]. Several experiments investigated the effects of AMF inoculation 



45

Climate-Smart Maize Breeding: The Potential of Arbuscular Mycorrhizal Symbiosis…
DOI: http://dx.doi.org/10.5772/intechopen.100626

on maize yield. According to Cozzolino et al. [146], inoculation by Rhizophagus 
irregularis increases maize stalk and leaf dry weight and grain yields compared to 
non-inoculated plants. They also found that colonization of maize by R. irregularis 
increases available soil phosphorus (P) concentrations suggesting that inoculated 
roots mobilize more P and water than wild type. Recently, Assogba et al. [147] 
revealed mixed effects of Glomeraceae and Acaulosporaceae groups on the growth 
of maize seedlings under greenhouse conditions. Glomeraceae group improve 
significantly fresh above and underground biomass to 54.97% and 42.94%, respec-
tively, and 55.23% for the leaf area compared to the control. Moreover, maximum 
plant heights and number of leaves were obtained with the Acaulosporaceae group, 
having 20.55% and 17.04%, respectively, compared to 11.77% for the control.

Studies were also conducted to reveal the effects of AMF on maize yield under 
abiotic stresses such as drought, salinity, heavy metals. Drought is one of the 
significant stresses that negatively affect maize yield [112]. AMF applications under 
water deficit improve the maize yield in different irrigation regimes. Rhizophagus 
irregularis enhances shoot dry weight (SDW) between 26 and 35% under drought 
conditions [148, 149]. Limited irrigation causes a two-fold decrease of the dry 
shoot weight (SDW) in AMF-maize plants as compared to non-AMF plants (17% 
vs. 37%, respectively) [149]. Furthermore, co-inoculation of Funneliformis mosseae 
and Pseudomonas fluorescens (phosphate solubilizing bacteria) on maize improves 
vegetative and reproductive traits, root colonization, grain yield under water deficit 
while preserving natural resources such as P stocks [150]. According to Celebi et al. 
[151], R. irregularis significantly improves agro-morphological parameters even in 
restricted irrigation conditions and increases leaf and stem ratios. Like for drought, 
AMF can increase resistance to salinity through several mechanisms, thus improv-
ing yield. Zhang et al. [152] reported that Trichoderma and Stachybotrys could pro-
mote maize growth in saline soil. Indigenous AMF improve maize growth in saline 
fields by significantly increasing biomass production and promoting leaf proline 
accumulation and a higher K+/Na + ratio [21]. Besides, Glomus tortuosum remark-
ably ameliorates dry mass and leaf area and enhances photosynthetic capacity by 
improving chlorophyll content and efficiently allowing light energy utilization, gas 
exchange, and rubisco activity under salinity stress [153].

Furthermore, several studies indicate that AMF can facilitate the revegeta-
tion of heavy metal contaminated soils and improve yields. Inoculation of maize 
by Claroideoglomus etunicatum in soils spiked with Lanthanum (La) significantly 
enhanced dry shoot weight and increased K, P, Ca, and Mg content in maize shoots 
between 27.40 and 441.77% [154]. Also, C. etunicatum decreased shoot La concen-
tration by 51.53% in maize while root La concentration increased by 30.45%.

8. Pre-breeding and breeding perspectives to maize-AMF symbiosis

One of the pivotal paths towards climate resilience and reversing the predicted 
negative impacts on food security is the adoption of climate-smart breeding 
approaches to design of high-yielding crops adapted to climate disturbances, 
such as increased abiotic and biotic stress [155–157]. Considering the tremendous 
positive impact of AMF symbiosis on maize yield, biotic and abiotic stress toler-
ance, Carbon and Nitrogen sink capacity, greenhouse gas mitigation [10, 14, 90, 91, 
141, 158–161], it is crucial to improve the symbiotic response capacity in the crop 
as a contribution to food security in the face of the changing climate scenarios and 
continuous land degradation [117, 162]. Besides, beneficial microorganisms such as 
AMF are not just traits influencers but rather are part of the phenotypic expression 
of plants in an integrated system started from nutrient mobilization to resource 
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allocation to different plant functions, including resistance to biotic and abiotic 
tolerance, and nutrient efficiency and accumulation of assimilates in plant reserve 
organs which translates into yield [11, 163]. The current scientific information is 
more inclined towards a non-antagonistic impact of modern breeding activities 
on the mycorrhizal symbiotic capacity of maize [70, 96, 164–166], indicating the 
feasibility of efficient incorporating AMF-maize collaboration into ongoing breed-
ing programs [165, 167, 168]. Therefore, the necessary continuous increase in crop 
yield to meet future food demands requires breeding efforts to improve symbiosis 
between critical crops such as maize with AMF [11, 166, 168].

For breeding to be efficient and achieve the expected genetic gains and progress, 
it is necessary to generate a host of useful pre-breeding information and devise 
breeding strategies based on state-of-art technologies selected through careful 
consideration of the factors that control maize-AMF interactions. In the coming 
sections, we review the critical pre-breeding information generated so far regarding 
maize symbiotic response to and interaction with AMF and identify areas neces-
sitating further research to support breeding activities. We also devise breeding 
strategies to improve maize varieties’ symbiotic response and interaction to AMF 
based on the current knowledge of maize-AMF interactions.

8.1 Genetic diversity and inheritance of maize response to AMF symbiosis

The first and foremost step towards climate-smart crops is harnessing genetic 
diversity to allow the selection of superior material for breeding [169]. The maize 
genotype affects AMF abundance in the soil [170]. Maize has high genetic variance 
in response to AMF colonization [11, 70, 164, 170], indicating the possibility of 
selection in breeding. However, little information is available regarding the type of 
gene action controlling the maize response to AMP symbiosis, hence the need for 
more research in this area to judge opportunities for trait improvement through 
breeding. The high genetic diversity revealed by the few studies that investigated 
this pre-breeding characteristic of the maize-AMF interaction should be verified in 
several other genetic and environmental backgrounds to confirm promises of fast 
breeding progress. However, breeding progress might be hampered by the generally 
low to moderate heritability of maize responsiveness to AMF colonization [171].

Expectations of slow breeding progress are especially true for the traditional 
phenotypic selection, which strongly relies on phenotyping, increasing cost and 
time for budget-constrained breeding programs. Also, information related to the 
genetic control of maize-AMF interactions as to the proportion of additive and 
non-additive gene action involved in maize symbiotic response to AMF colonization 
[11]. Understanding the genetic control of any trait is crucial to designing effec-
tive breeding strategies for its improvement [172]. Therefore, besides the need to 
conduct more studies targeting maize levels of genetic diversity in response to AMF 
colonization, determining the preponderance of additive vs. dominance or epistasis 
genetic control on the trait needs to be elucidated better to inform future breeding 
strategies. New breeding approaches, especially those relying on advances in marker 
technologies such as marker-assisted selection (MAS) and genomic selection (GS), 
but also transgenic and genome editing (GE) techniques, could help to accelerate 
the improvement of maize responsiveness to AMF colonization and increase yield 
and stress tolerance [173–176].

8.2 Genetic architecture of maize response to AMF

One of the first steps into implementing molecular breeding for maize response 
to AMF to increase yield performance is identifying genetic polymorphisms 
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controlling the final maize benefit from the symbiosis [177]. However, very few 
studies undertook to map genomic regions associated with maize response to AMF 
symbiosis [168, 171]. Kaeppler et al. [164] conducted the first quantitative trait 
loci (QTL) mapping for maize interaction with AMF in a population generated 
from a cross between B73 and Mo17. They identified one QTL controlling maize 
responsiveness to AMF, and such a low number of QTL was attributable to the low 
heritability of the trait in their study. Twenty years later, Ramírez-Flores et al. [161] 
undertook another study to identify QTL that determined maize benefits from 
AMF symbiosis. Several QTL were identified in this study, suggesting a polygenic 
nature in the control of the trait, contrary to the monogenetic direction indicated 
by the earlier study [168, 171]. Considering the molecular complexity involved in 
the symbiosis process, from the recognition between AMF and plant to the effective 
establishment of the symbiotic relationship [158], the polygenic nature of Maize-
AMF interaction is more plausible. However, more studies are required to confirm 
this hypothesis further.

Confirming the genetic architecture of maize-AMF interaction is pivotal since 
effective conventional or molecular breeding strategy design will depend on the 
number, siege of QTL controlling the traits and their interactions [178, 179]. These 
studies should be conducted in a wide variety of germplasm and geographical 
backgrounds to discover a comprehensive number of QTL that could accurately 
determine the genetic architecture of the trait through meta-analyses and other 
integrative studies [180].

8.3   Research perspectives and breeding strategies for improved maize response 
to AMS

Plant breeders generally are biased towards direct phenotypes, ignoring that 
most of these traits are mediated by beneficial microorganisms [11, 163, 167]. 
Although evidence points more towards a positive co-existence between modern 
plant breeding activities and practices, it is necessary to ascertain this status on 
target environments and maize populations. It is evident that response to AMF 
colonization is dependent on available resources such as soil phosphorus, crop 
species, and genotype [181]. The quantity and quality of soil phosphorus available 
to a particular crop are parameters that determine the maintenance of the diversity 
and quantity of the AMF community and their symbiotic capacity with maize [182]. 
Reports exist about the possibility of inhibition of the symbiosis between maize and 
AMF after artificial fertilization through the addition of external Phosphorus [183], 
making it necessary to adapt crop improvement for symbiotic capacity to target 
environments and cropping systems. Figure 1 shows the cascade of pre-breeding 
and breeding activities that should be involved in a strategic crop improvement 
program targeting improved maize response to AMF colonization and symbiosis.

A typical breeding program for any trait should identify adequate germplasm, 
possibly including wild relatives, exotic accessions, and landraces, as a base 
population for breeding through careful mating designs and accelerate genetic 
gains towards possible variety release [184, 185]. The base population should be 
both phenotyped for target traits and genotyped with molecular markers to allow 
measuring phenotype and marker-based genetic diversity and population structure 
to optimize downstream research and breeding activities such as parent selection 
and cross designs for pre-breeding activities such as inheritance and genetic control 
studies, QTL mapping, and selection techniques such as phenotypic selection 
(PS), MAS, GS [186–189]. Phenotypic selection is a group of breeding methods 
basing the selection of superior genotypes for the next generation of for variety 
release on their observed phenotypic values. Phenotypic selection is best for highly 
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heritable and easy-to-measure traits. Both MAS and GS are based on selecting 
genotypes using molecular markers, albeit they are essentially different. MAS 
relies on mapped QTLs for a particular trait, of which it uses associated markers to 
select desired phenotypically unobserved lines. MAS works best when the trait is 
monogenic or oligogenic (controlled by one or a few large-effect QTL) [178, 190]. 
GS uses whole-genome markers to compute genomic-estimated breeding values of 
phenotypically unobserved genotypes as a basis for selection. GS performs best on 
polygenic traits that are controlled by multiple small-effect QTL, which character-
izes most traits that plant breeders investigate [191–193].

In the case of maize interaction with AMF, phenotyping should be done with a 
control (non-mycorrhized plants) experiment to allow direct estimation of benefits 
offered by AMF symbiosis on traits of interest as in several studies [109, 194–196]. 
A comprehensive number of phenotypic, biochemical, and omic traits should be 
selected for phenotyping based on their direct or indirect involvement in or them 
being influenced by maize-AMF interactions to run univariate and multivari-
ate analyses for genotype ranking, estimation of AMS effect on target traits, and 
strength and direction of relationships among traits [197]. Where possible, high-
throughput phenotyping (HTP) techniques should be used to precisely measure 
and allow the accurate estimation of genetic and genomic parameters, including 
genetic control and inheritance, marker-trait association, and genomic prediction 
accuracies [198–200]. During the last decade, HTP technologies served to precisely 
measure the shoot biomass of tomato, barley [201], and Medicago [201, 202] 
growth trends under AMF colonization and to estimate nitrogen use efficiency of 
tomato, barley, and Medicago plants [203].

It is noteworthy that the inherent low allele diversity and low recombination 
rates arising from the bi-parental nature of such mapping populations and the short 
timespan from their generation to advanced stages used for mapping are critical 

Figure 1. 
Pre-breeding and breeding pipeline for improved maize-AMF symbiosis.
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limits to most of these studies based on genetic linkage based QTL mapping methods 
[204–207]. The low statistical power is because all the genetic and allele diversity only 
comes from the two parents crossed to generate the mapping population. The low 
resolution of QTL is caused by the short time for creating such populations, which, 
even with recombinant inbred lines, is still too little to allow enough recombination in 
the genome of the lines [206, 207]. These limitations lead to low statistical power for 
QTL discovery and low resolution of the genomic regions mapped [206, 207]. These 
shortcomings could have partly explained the low QTL number mapped by Kaeppler 
et al. [164], and that results from Ramírez-Flores et al. [161] might not have compre-
hensively captured the genetic architecture of maize-AF interaction. Genome-wide 
association studies (GWAS) is an alternative and complementary technique to pipe 
rental population-based QTL mapping from which it differs by the reliance on popu-
lations composed of diverse lines with historical recombination events. Consideration 
of genome-wide association studies (GWAS) should allow complementing tradi-
tional bi-parental QTL analyses, especially in Joint Linkage Association Mapping 
(JLAM), a technique that combines the strengths of both GWAS and biparental QTL 
mapping to alleviate their respective weaknesses [205]. Also, GWAS will increase the 
statistical power and resolution of the resulting QTL [204, 205, 208].

One of the main challenges breeders face is combining several traits of interest in 
elite lines due to the pervasive pleiotropic effect and close-linkage of genes control-
ling these traits, two genetic phenomena that yield similar phenotypic outcomes 
but are difficult to distinguish between each other unless specific analyses are 
performed [185, 209]. A prerequisite for efficiently achieving multiple-trait selec-
tion is delineating the genetic basis of the correlations among traits through multi-
variate analyses [210]. Several multivariate GWAS and GS exist in the perspective 
of genomics-aided multi-trait selection for maize response to AMF symbiosis. 
Multivariate methods allow leveraging shared genetic information among traits and 
possibly environments to increase statistical power and accuracy [210, 211]. Also, 
GWAS could complement GS by including GWAS-discovered QTL as fixed effects 
in GS models, which is reported to improve prediction accuracy, thereby increasing 
genetic gains per unit time [173].

Since its invention, GWAS has evolved, moving from single-locus single-trait 
mixed linear models proposed by Yu et al. [212] to multi-locus multi-traits algo-
rithms, which, unlike the former, jointly test associations between several traits 
and all genome-wide markers [213, 214]. Single-trait mixed linear models suffer 
from several weaknesses, including high rates of false-negative associations caused 
by multiple testing issues that require stringent Bonferroni thresholds [215]. In 
contrast, multi-locus multi-traits algorithms have better statistical power by 
avoiding correcting for multiple testing [214, 216]. However, these methods are 
still inefficient in differentiating between the two causes of trait correlations [216]; 
instead, integration of structural equation modeling (SEM) to GWAS is necessary 
[217]. Several GWAS packages that incorporate SEM are available for use in the 
case of maize-AMF interactions, for instance, GW-SEM [218], SEM-GWAS [219], 
GenomicSEM [220]. A more advanced software package is the multi-trait multi-
locus Structural Equation Modeling (mtmlSEM) that considers, besides the multi-
trait framework, a multi-locus approach to model associations between multiple 
traits and all loci simultaneously using SEM [221]. Also, GWAS results should be 
complemented with a robust candidate gene discovery and In Silico and lad-based 
prioritization steps to allow selection of high-confidence trait-associated genes that 
could be used in molecular breeding techniques such as MAS GE [222–225]. GE is 
a novel molecular breeding technique that, after mapping a genome region with 
an unfavorable genetic effect or with the potential of improving a trait, is used to 
precisely modify, insert, replace, or delete DNA in a genome [226].
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Determining the genetic architecture of maize-AMF interactions will allow 
breeders to decide what selection approach would yield better genetic gains in a 
shorter time with a competitive budget requirement. However, considering the 
complexity of the molecular basis of symbiosis (see Section 7 of this chapter) and 
the probable polygenic nature of the phenomenon [168], it is expected that PS or 
MAS might not be efficient [227–230]. GS, especially combined with HTP technolo-
gies, should accelerate genetic gains while reducing overall variety development 
costs [231]. For complex and polygenic traits such as maize-AMF interactions 
subject to several non-genetic influences, multi-trait GS models, especially those 
considering multi-environment trials (MET) such as R packages BMTME [232], 
would be of tremendous benefit. Multi-trait multi-environment GS methods are 
being routinely used for diverse traits of diverse crops, including maize [233–236].
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Abstract

Maize (Bhutta) is one of the important growing cereal crops in Bangladesh. 
Toxigenic fungi such as Aspergillus and Fusarium infect stored maize grains. 
Enzyme-linked immusorbent assay (ELISA) was used to determine total aflatoxins 
and fumonisins contamination in stored maize grains collected from 15 Bangladeshi 
maize-producing areas. The highest total concentration of aflatoxins (103.07 µg/kg) 
and fumonisin (9.18 mg/kg) was found in Chuadanga and Gaibandha, whereas the 
lowest was detected for aflatoxins (1.07 µg/kg) and (0.11 mg/kg) in Dinajpur and 
Cumilla, respectively. The findings clearly demonstrated that aflatoxin concentra-
tions in samples from six regions and fumonisin concentrations in samples from 
10 regions were beyond the regulatory limit of aflatoxin (10 ppb) and fumonisin 
(1 ppm), respectively, as set by European Union (EU). However, a positive correla-
tion between aflatoxins with toxigenic A. flavus, and fumonisins with toxigenic 
Fusarium spp. was observed. The fungi associated with maize grains were identified 
by sequencing of ITS regions. Moreover, toxigenic A. flavus was confirmed using 
primers specific to nor, apa2, omtA and primer FUM1 for F. proliferatum and F. oxy-
sporum. Since the Bangladesh Food Safety Authority has not authorized any precise 
regulation limits for maize mycotoxin contamination, these results will serve as a 
benchmark for monitoring mycotoxin contamination in maize and also to develop 
globally practiced biocontrol approach for producing safe food and feed.

Keywords: mycotoxins, maize, threat, food, security

1. Introduction

Maize (Bhutta) or Zea mays L. (corn) is one of the supreme vital cereals in the 
globe which belongs to Poaceae family and it has been ranked as a third position in 
the last few decades after wheat and rice [1]. A fair number of food and industrial 
commodities such as maize flour, animal feed, cooking ingredient, corn syrup, grain 
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alcohol and whiskey are processed from maize [2]. Maize has been known as a sig-
nificant emerging crop in Bangladesh as well as maize production is familiarized day 
by day due to its diverse use for feed, food, fish meal and edible oil processing [3]. 
Bangladesh has achieved 11th position when it comes to average yield which was 8 
tons per ha in the year of 2019–2020 [4] and maize production were 40 lakh ton [5]. 
Anyway, maize plant is quite vulnerable for various fungi as they get favorable envi-
ronment to infect via fluctuation of humidity and temperature conditions in both of 
storage and growing phase [6]. In harvesting period less care in drying and storage 
processing leads to a surge in infection and production of toxin [7]. Dominant 
pathogens such as Aspergillus spp. and Fusarium spp. in maize have the capability to 
destroy seeds, germination procedure in seeds as well as generating vital mycotoxins 
[8]. Mycotoxins are light molecular weight developed from saprophytic fungi, most 
significantly Aspergillus, Fusarium and Penicillium as secondary metabolites [9]. 
Mycotoxins were detected as one of the deadly toxins after the outbreak of ruinous 
‘Turkey X’ in 1960s at England which leads to the death of Turkey poults (100,000) 
[10]. Mycotoxin comtamination can develop in any stage of food chain especially in 
the field, during transportation, processing, harvesting and storage [11].

Aflatoxins are mainly hepatocarcinogenic toxins comprising of major three 
metabolities named Aflatoxin G, M and B under derivative compounds named 
difurocoumarin [12–14]. The paramount aflatoxin producing fungi globally is A. 
flavus divided into two distinct morphotypes named L and S [15], among them S 
morphotype was potentially ruinous as it was capable of producing gigantic level of 
toxins [16, 17]. A significant research has been made by toxigenic communities that 
innumerable lineages of fungi are belong to S morphotype among them a few were 
able to engender enormous concentration of both B and G aflatoxins [18]. Several 
Aspergillus spp. is accounted for several toxins such as aflatoxin B is mainly produced 
from A. flavus, A. parasiticus whereas aflatoxins G is developed from A. nomius. 
Moreover, G and B are highly produced inspices, fruits, corn, nuts, peanuts and copra 
[19, 20]. A. flavus is ubiquitous and mostly detected in corn producing toxins, while 
in peanut A. parasiticus is the main culprit of developing toxins [21]. The toxicity level 
of aflatoxins of different types chronologically are B1 > G1 > B2 > G2 [22]. Basically, 
aflatoxins levels were found ascendency in the food markets of Bangladesh [23]. 
Temperature, pH, relative humidity, and the presence of other fungi are predominant 
factor for developing aflatoxins and substrates [24]. Aflatoxins level surges due to 
drought, insect damage, and heat during fungal growth [25]. The AflR gene regulates 
the activation of other structural genes including omt-A, ver-1, and nor-1, which 
are involved in the aflatoxin biosynthesis process [26]. In hot and humid settings, 
aflatoxins contamination are also thrived [27]. Seasonal variation has been observed 
in Bangladesh including high humidity, high temperature and seasonal variation in 
rainfall (http://en.wikipedia.org/wiki/Geography of Bangladesh). Extreme humid 
conditions significantly triggered the growth of aflatoxins [28], as a result, it is obvi-
ous that aflatoxins was reported in maize, cereals and groundnuts and other feed in 
Bangladesh and exceeding European Union (EU) permissible limit for aflatoxins [29].

Fusarium spp. are among the utmost crucial fungal pathogens of maize, where 
they cause severe abatement of yield and accumulation of a vast range of harmful 
mycotoxins in the grain [30]. Fusarium spp. also have the ability to infect crucial 
crops such as potato, wheat, barley, asparagus, mango, oats, rice and other feed and 
food crops [31]. High moisture conditions triggered the production of Fusarium 
toxins near or at harvesting stage in cereals [32, 33]. Fumonisins toxins can be 
developed from a numerous species such as F. moniliforme, F. verticillioides, 
 F. nygamai, F. proliferatum [34] as well as A. niger [35]. Fumonisins comprise of 
four types of toxins which are A, B, C, and P, among them fumonisin B1 is the 
most exploited and ruinous one [34]. FB1, FB2, and FB3 were designated as utmost 
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destructive and highly abundant fumonisin toxins where FB1 is the most ruinous 
due to its availability of high concentration on host ranging from 70 % to 80 % of all 
fumonisins [36–38]. Several biotic (temperature, water stress) and abiotic (osmotic 
stress, pH, and fungicides) factors are resposnsible for Fusarium growth and 
Fumonisin production [39, 40]. At maturity stage damage occurs by insects, during 
flowering wet warm weather, rain before harvest, humidity, and media composition 
for both the Fusarium spp., all the activites are related to fumonisins production 
[41, 42]. FUM1 gene can also expressed by ecological conditions reported by [43, 
44]. As Fusarium is widespread and ubiquitous in all cereal growing regions of 
the globe and corresponding mycotoxins are produced which has been influenced 
by storage methods and crop production [45]. In the midst of milling, storage, 
processing, cooking of food and feed, Fusarium are highly stable due to its structure 
and humans and animals are exhibited to them to a certain degree [46–48]. In 
Bangladesh, animal feed samples were detected and found fumonisin contamina-
tion mainly maize based feed contamination [49].

An investigation came out that in South Asia has been ranking as the utmost 
prevalent continent in case of exposing aflatoxins contamination (82 %) in the globe 
as well as 41 % maize samples were detected higher amount of aflatoxins contamina-
tion than the permissible limit of lenient EU criteria [49]. The very first outbreak of 
mycotoxin (Sterigmatocystin) was found in Bangladesh in rice straw [50], later in 
maize and poultry birds [51]. Liver cancer and hepatitis B infection promotes carci-
nogenic potency in specific individuals by aflatoxins [52, 53]. In Japan, in the year of 
1991–2009, violation cases were detected exceeded 1500 in foods which were imported 
at a level of 10–4918 mg/kg [54]. 62 % children with the age of 3 are at a complete risk 
of infecting with aflatoxins as aflatoxins biomarkers was detected in plasma of their 
blood [55]. According to WFP (World Food Program), permissible limit of aflatoxins 
is 10 ppb (10 μg/kg) and for fumonisins it is 1 ppm (1 mg/kg) [56]. Fumonisins toxin 
may causes esophageal carcinoma in humans [57], as well as contaminated with folate 
uptake in cellular level [58] and surging the intensity of neural tube defect [59]. 52 % 
positive rate of fumonisins was found with an overall level of 936 mg/kg in Asia [60]. 
Fusarium mycotoxin can cause leukoencephalomalacia, porcine pulmonary edema 
and rat hepatocarcinoma in human and livestock as well [55, 61, 62] detected that in 
Dhaka, Bangladesh 62 % of 3 year old children had aflatoxin biomarkers in their blood 
plasma revealing chronic aflatoxin exposure as reported earlier that significant amount 
aflatoxins were found from corn selling in the Bangladeshi market. Probably 1311 cases 
of liver cancer was detected every year in Bangladesh [63]. In can be deduced from 
abovementioned fact that determining aflatoxins and fumonisins and all other myco-
toxins in food and feed are the prime need for the country like Bangladesh as these 
mycotoxin substantially subverts our plants yield concurrently human and animal 
lives as well. Thus, more research needs to be conducted to elicit the specific mycotoxin 
hampering specific food, feed and plants, besides to find out the plausible manage-
ment for controlling these mycotoxins. This study highly exhibited the aflatoxins and 
fumonisins toxin level in Bangladesh from maize samples of different regions as it has 
been concerned as one of the burning issues for ensuring safety food.

2. Materials and methods

2.1 Sample collection

Composite stored maize grain samples were collected from 15 maize growing 
areas of Bangladesh such as Bogura, Kushtia, Meherpur, Chuadanga, Kishoreganj, 
Manikganj, Cumilla, Rajshahi, Dinajpur, Rangpur, Natore, Thakurgaon, 
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Panchagarh, Nilphamary and Jashore. Maize samples were collected from stores 
of traders in local markets of different districts. Ten markets were sampled in each 
district having at least five traders in each market. At least two quarter of kilogram 
unique samples were coalesced from each trader for laboratory analysis. Samples 
were collected after thoroughly mixing maize in the bag to increase chances of 
getting the fungi. The samples were stored at temperatures below 4° C to await 
analysis.

3. Detection of aflatoxins and fumonisins by ELISA method

3.1 Procedure of sample preparation

A representative sample was taken and it was grounded with blender so that 75 % 
of that grounded portion can pass through a 20-mesh sieve, then thoroughly the sub-
sample portion was mixed. 50 g of ground sample was weighed out into a clean coni-
cal flask that can be tightly sealed. 250 mL of methanol (70 % methanol diluted in 
water) extraction solution was added to the ground sample and the flask was sealed. 
Then the conical flask containing the sample was shaken for 3 min. The sample was 
allowed to settle down, then the top layer of extract was filtered through a Whatman 
#1 filter paper and the filtrate sample was collected. The prepared extract was diluted 
at 1:20 with distilled water. Sample was ready for testing without further preparation.

3.2 Assay protocol for aflatoxins

200 μL conjugate solution was pipetted into dilution wells. 100 μL of each 
standard or sample extract was added into the dilution wells. The mixture was 
mixed well and 100 μL of the mixture (conjugate and standard or samples) was 
transferred into antibody-coated wells. The plate was then incubated for 15 min 
with slow shaking and washed with distilled water for 5 times. The plate was then 
tap dried. 100 μL of substrate solution was pipetted into antibody coated wells. The 
plate was incubated with shaking for 5 min. 100 μL of stop solution was pipetted 
into antibody coated wells. The absorbance of each well was read at 450 nm with 
a differential filter at 630 nm. As the aflatoxin limit was (0–40) ppb but we found 
more than that which was diluted by dilution factor in three regions (Bogura, 
Nilphamari, Rangpur) by four times dilution.

3.3 Assay procedure for fumonisins detection

200 μL conjugate solution was pipetted into dilution wells with 100 μL of 
each standard and sample extract. The mixture was mixed well and 100 μL of the 
mixture (conjugate and standard or samples) was transferred into antibody-coated 
wells. The plate was then incubated for 15 min with slow shaking and then washed 
with distilled water for 5 times. The plate was then tap dried. 100 μL of substrate 
solution was pipetted into antibody coated wells. The plate was incubated with 
shaking for 5 min. 100 μL of stop solution was pipetted into antibody coated wells. 
The absorbance of each well was read at 450 nm with a differential filter at 630 nm.

3.4  Isolation, purification, identification and preservation of mycotoxigenic 
fungi

Isolation & purification of Aspergillus spp. and Fusarium spp. were collected from 
stored maize grain samples which was conducted by blotter method [64, 65]. In this 
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method, 400 maize grains were tested for the identification of toxigenic Aspergillus 
spp. and Fusarium spp. for each sample collected from different locations and 40 
plastic pestridishes were used for each sample. Then 10 maize grains were placed 
in the sterile plastic petridish containing three layers of wet blotter papers. The 
petridish was incubated at 25 ± 1° C under 12/12 h light and darkness cycle for 7 days. 
Each seed was observed under stereo microscope (Stemi 508, Germany) in order 
to record the presence of fungal colonies and temporary slides were prepared from 
the fungal colonies for morphological identification under compound microscope 
(Primo Star, Germany). Or one of the quarter kilo samples from each trader milled 
into fine floor using a Laboratory Milling machine. Ten grams of the ground sample 
was mixed with 100 ml sterile water to make a stock solution and serially diluted up 
to dilution 103. The suspension was plated in Potato Dextrose Agar Medium (PDA) 
[66, 67] by mixing 1 ml suspension in molten PDA cooled to 40° C. Isolation media 
was prepared by weighing 39 g of PDA into 1 L of water. The mixture was autoclaved 
for 15 min at 121° C and 15 PSI pressure. The media was allowed to cool to about 
50° C and then amended with 25 ng/L of streptomycin and tetracycline [68, 69]. 
Petri dishes were labeled appropriately and a milliliter of the diluted sample was 
poured into a sterile petri dish aseptically and then 18 ml of PDA media at 40° C will 
was poured on the same plate and the mixture swirled gently to mix. The mixture 
was allowed to cool and solidify in the laminar flow hood and then sealed using 
parafilm for incubation. The plates were incubated at room temperature for 5–7 days.

4. Molecular based identification of fungi

4.1 DNA extraction

Before DNA extraction each purified Aspergillus spp. and Fusarium spp. was 
grown on PDA for 7–10 days at 28° C in an incubator. Then a 5 mm culture block 
was transferred on the conical flask containing PDA broth and the flasks were incu-
bated at 28° C in an incubator for 7–10 days. Mycelium of each isolate was harvested 
and preserved at −80° C.

Genomic DNA was extracted from the fungal species isolated from maize grains 
following Wizard Genomic DNA extraction kit (Promega, USA) according to the 
manufacturer instructions from 100 mg fungal tissue ground with liquid nitrogen. 
Fungal tissue was processed by freezing with liquid nitrogen and grinding into a 
fine powder using a microcentrifuge tube pestle or a mortar and it was pestled. 
0.04 g of this fungal tissues powder was added to a 1.5 ml microcentrifuge tube. 
600 μl of Nuclei Lysis Solution was added and it was vortexed for 1–3 s to wet the 
tissue. The sample was incubated at 65° C for 15 min. 3 μl of RNase Solution was 
added to the cell lysate, and the sample was mixed by inverting the tube 2–5 times. 
The mixture was incubated at 37° C for 15 min. The sample was allowed to cool 
to room temperature for 5 min before proceeding. 200 μl of Protein Precipitation 
Solution was added, and it was vortexed vigorously at high speed for 20 s. The 
sample was centrifuged for 3 min at 13,000–16,000 × g. The precipitated proteins 
were formed into a tight pellet. The supernatant was carefully removed containing 
the DNA (leaving the protein pellet behind) and it was transferred to a clean 1.5 ml 
microcentrifuge tube containing 600 μl of room temperature isopropanol. The 
solution was gently mixed by inversion until thread-like strands of DNA form a vis-
ible mass. Then the sample was centrifuged at 13,000–16,000 × g for 1 min at room 
temperature. The supernatant carefully decanted. 600 μl of room temperature 70 % 
ethanol was added and was inverted gently into the tube several times to wash the 
DNA. It was centrifuged at 13,000–16,000 × g for 1 min at room temperature. The 
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ethanol was aspirated carefully using either a drawn Pasteur pipette or a sequenc-
ing pipette tip. The DNA pellet was very loose at this point and care must be used 
to avoid aspirating the pellet into the pipette. The tube was inverted onto clean 
absorbent paper and the pellet was air-dried for 15 min. 100 μl of DNA Rehydration 
Solution was added and the DNA was rehydrated by incubating at 65° C for 1 h. 
Periodically the solution was mixed by gently tapping the tube. Alternatively, the 
DNA was rehydrated by incubating the solution overnight at room temperature or 
at 4° C. The DNA was stored at 2–8° C.

4.2 Primers, PCR conditions and sequencing of ITS region

The extracted DNA samples were amplified with PCR reaction for ITS regions. 
The forward primer: ITS1-5.8S (5′-GGAAGTAAAAGTCGTAACAAGG-3′) and the 
reverse primer rDNA-ITS4 (TCCTCCGCTTATTGATATGC) were used [70]. PCRs 
were performed in 25 μl reaction volume containing 12.5 μl master mix, 1 μl ITS1, 
1 μl ITS4, 9.5 μl Nuclease free water and 1 μl templet DNA (100 ng/μl). PCR products 
were visualized in 2 % agarose gel, dyed with ethidium bromide and the photograph 
was taken using a Gel documentation system (Dynamica, GelView Master). The 
conditions for PCR reaction was: initial denaturation for 5 min at 95° C, followed by 
34 cycles at 95° C for 30s, at 55° C for 1 min and at 72° C for 1 min and then final elon-
gation at 72° C for 6 min. The amplified products were stored at −20° C. PCR prod-
ucts were sequenced using ITS1 primer via commercial outsourcing at Macrogen, 
Korea via Biotech concern. Finaly, Sequence data were imported by Chromas 
Software version 2. Sequence data were analyzed by BLAST program (Basic Local 
Alignment Search Tool) and GenBank (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

5. PCR based detection of aflatoxin producing Aspergillus spp

5.1 PCR primers and amplification

Primers nor-1 FP (5′-ACCGCTACGCCGGCACTC TCGGCAC-3′) and nor-1 RP  
(5′-GTTGGCCGCCAG CTTCGACACTCCG-3′) were set to amplify an amplicon  
of 400 bp of norsolorinic acid reductase; omtA FP (5′-GGCCCGGTTCCTTG 
GCTCCTAAGC3′) and omtA RP (5′-CGCCCCAGTGAGACCCTTCC TCG-3′) 
to amplify a 1024 bp fragment of sterigmatocystin O-methyltransferase; 
and aflR FP (5′-TATCT CCCCCCGGGCATCTCCCGG-3′) and aflR RP 
(5′-CCGTCAGACAGCCACTGGACACGG-3′) to amplify a 1032 bp fragment 
of regulatory protein (aflR), involved in aflatoxin biosynthesis. The nucleotide 
sequence of all these genes from A. parasiticus are available at NCBI, GenBank 
at aceession numbers L27801 (nor-1), SRRC 2043 (aflR) and SRRC 143 (omt-1). 
PCR was performed in 15 μL of reaction volume containing 7.5 μl master mix, 1 μl 
forward primer, 1 μl of reverse primer and 4.5 μl nuclease free water and 1 μl of 
extracted DNA as template (with a total concentration of 100 ng of genomic DNA 
per reaction). PCR condition for nor 1 primer initial denaturation for 5 min at 94° C, 
followed by 35 cycles at 94° C for 30 s, at 67° C for 30 s and at 72° C for 30 s and 
then final elongation at 72° C for 10 min [71]. PCR condition for omtA and aflR 
primer initial denaturation for 10 min at 95° C, followed by 30 cycles at 94° C for 
1 min, at 65° C for 2 min and at 72° C for 2 min and then final elongation at 72° C 
for 5 min [71]. PCR products were separated by electrophoresis on a 1 % agarose gel 
with 0.5 % ethidium bromide in 1× TBE buffer and visualized under a Gel docu-
mentation system (Dynamica, GelView Master). 1 kb plus DNA Ladder (BioLabs, 
New England) was used as molecular size marker for the analysis of fragment size.
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6. PCR based identification of mycotoxigenic Fusarium spp

6.1 Primers for PCR amplification

Primers specific for fumonisins producing Fusarium spp. (FUM1 Forward- 
CCATCAC AGTGGGACACAGT, FUM1 Reverse-CGTATC GTCAGCATGATGTAGC) 
were used previously [72]. PCR were performed in mixture 15 μl volume contain-
ing 1 μl of DNA sample, 7.5 μl of master mix, 1 μl FUM1 forward primer, 1 μl 
FUM1 reverse primer, 4.5 μl nuclease free water. PCR was performed using T100 
Thermocycler (BioRad, Hercules, USA). The PCR condition for FUM1 regions include 
94° C for 4 min for initial denaturation, followed by 35 cycles of denaturation at 94° C 
for 1 min, primer annealing at 58° C for 1 min, primer extension at 72° C for 1 min. 
The final extension was set at 72° C for 10 min. 4 μl of the PCR product was elec-
trophoresed on 1.5 % agarose gel, stained with ethidium bromide, illuminated and 
documented using Gel documentation system (Dynamica, GelView Master).

7. Statistical analyses

The collected data were analyzed statistically by using Minitab software version 
17 (www.minitab.com). The mean of all the treatments were compared by critical 
difference value at 5 % level of significance.

8. Results

8.1  Determination of total Aflatoxins contamination in stored maize grain 
samples collected from some selected growing areas of Bangladesh

The study was performed at the Laboratory of Department of Plant Pathology, 
Bangladesh Agricultural University, Mymensingh. Composite stored maize grain 
samples were collected from 15 maize growing areas of Bangladesh including 
Panchagarh, Thakurgaon, Dinajpur, Nilphamari, Rangpur, Lalmonirhat, Gaibandha, 
Bogura, Natore, Kushtia, Jashore, Chuadanga, Kishoreganj, Manikganj and Cumilla.

In terms of total aflatoxins concentration in μg/kg, the highest and lowest amount 
of aflatoxins concentration was recorded in Chuadanga (101.57 μg/kg) and Dinajpur 
(1.08 μg/kg) which exposed no significant relationship to each other. The moderate 
amount of afalatoxin level was detected in Gaibandha (68.73 μg/kg), Kushtia (31.48 μg/
kg), Kishoreganj (30.86 μg/kg), Rangpur (20.56 μg/kg) and Cumilla (11.91 μg/kg) 
revealing more aflatoxins contamination than the regulatory limit (10 μg/kg) in which 
only aflatoxins concentration from Kushtia and Kishoreganj revealed statistically 
significant data, besides, rest of the location exhibited below level of aflatoxins con-
tamination of regulatory limit showing more or less statistically significant data.

Total aflatoxins associated with maize grains were detected in 2020, with the 
supreme value was detected in Chuadanga (30.5 %) followed by Kushtia (29.5 %), 
Nilphamari (22.5 %), Panchagarh (19.25 %) and the minimal aflatoxins was 
detected in Manikganj (3.2 %), rest of the samples from other districts revealed 
lower to moderate level of aflatoxins, moreover, data from Chuadanga and 
Kushtia, Cumilla, Jashore and Natore, Thakurgaon and Rangpur, Lalmonirhat and 
Kishoreganj regions revealed ststistically similar data while data from other regions 
exhibited statistically dissimilar data.

In case of infection rate, toxgenic maize samples were obtained from Panchagarh, 
Thakurgoan, Gaibandha, Chuadanga, Kishoreganj exhibiting 100 % infection by 
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A. flavus and no atoxigenic samples were found in those area. Moderate amount of 
toxigenic A. flavus was detected in Jashore followed by Cumilla, Natore, Lalmonirhat, 
Nilphamari which were 78 %, 75 %, 66 %, 50 % respectively and atoxigenic fungi 
was detected 22 %, 25 %, 34 %, 50 %, 50 % were detected respectively. Rest of the 
locations (Dinajpur, Rangpur, Bogura, Kushtia, Manikganj) exhibited higher amount 
of atoxigenic A. flavus compared to toxigenic A. flavus (Table 1).

The outmost percent aflatoxins concentration over standard limit was found 
in Chuadanga (915.7 %) followed by Gaibandha (587.3 %), Kushtia (214.8 %), 
Kishoreganj (208.85 %), Rangpur (105.6 %), Cumilla (19.5 %) revealing that the 
aflatoxins contamination from those area were beyond the regulatory limit set by 
EU for aflatoxins (10 ppb), conversely, aflatoxin concentration from other nine 
locations were below the regulatory limit of aflatoxins (Table 1).

8. 2  Relationship between aflatoxins producing A. flavus and mean aflatoxins 
concentrations

The regression analysis between toxigenic A. flavus percentage and mean 
aflatoxin concentrations which was positively correlated by observing regression 
equation where the slope was = 0.55 and y-intercept was = 50.14, coefficient of 

Location Total aflatoxins 
concentrations 

(μg/kg)

% A. flavus  associated with maize grains Percent total aflatoxins 
concentration over 

standard limit

Total Toxigenic Atoxigenic

Panchagarh 4.96 ± 0.19f 19.25 ± 3.53c 100 0 —

Thakurgoan 1.28 ± 0.10g 18.25 ± 0.43cd 100 0 —

Dinajpur 1.08 ± 0.122g 16 ± 1.73de 25 75 —

Nilphamari 3.04 ± 0.56fg 22.5 ± 3.28b 50 50 —

Rangpur 20.56 ± 0.42d 18.5 ± 2.18cd 44 56 105.6

Lalmonirhat 3.37 ± 0.19fg 9.75 ± 1.00g 50 50 _

Gaibandha 68.73 ± 4.02b 3.75 ± 1.00h 100 0 587.3

Bogura 3.33 ± 0.41fg 11.25 ± 0.66fg 40 60 —

Natore 2.39 ± 1.29fg 13.5 ± 1.80ef 66 34 —

Kushtia 31.48 ± 1.14c 29.5 ± 1.32a 33 67 214.8

Jashore 1.67 ± 0.57g 13.75 ± 1.64ef 78 22 —

Chuadanga 101.57 ± 5.09a 30.5 ± 0.50a 100 0 915.7

Kishorerganj 30.89 ± 0.22c 10.25 ± 1.09g 100 0 208.85

Manikganj 2.57 ± 0.01fg 3.25 ± 0.43h 33.33 66.67 —

Cumilla 11.91 ± 0.30e 14 ± 2.00ef 75 25 19.5

Level of 
significance

** **

LSD 2.07 2.95

CV 5.07 9.66

*Significant at 5 % level of significance. Least significant difference (LSD) at P = 0.05 was used for comparing 
means and the P values were 0.00.
**Significant at 1 % level of significance. Least significant difference (LSD) at P = 0.05 was used for comparing 
means and the P values wee 0.00. Data are the averages of three biological replications. The regulatory limits for 
fumonisin is 1 ppm (10 μg/kg).

Table 1. 
Levels of Total aflatoxins concentration in stored maize grains collected from the stores of traders of fifteen 
maize growing areas of Bangladesh.



77

Aflatoxins and Fumonisins Contamination of Maize in Bangladesh: An Emerging Threat…
DOI: http://dx.doi.org/10.5772/intechopen.101647

determination, R2 = 0.198 and coefficient of correlation, r = 0.44 which depicted 
that 1 % surges of toxigenic A. flavus in maize grains ultimately rised 50.137 μg/
kg aflatoxin concentration. In terms of 5 % surges of toxigenic A. flavus in maize 
grains, the aflatoxin concentration was increased up to 2.75 μg/kg and when toxi-
genic A. flavus increased 20 % in maize grains, the aflatoxin concentration was 
escalated up to 11.0 μg/kg (Figure 1).

8.3  Identification of A. flavus from the stored maize grain samples collected 
from some selected growing areas of Bangladesh

Morphological identification of A.flavus was detected by using petridish and 
culture plate method as well as observing microscopic figures under compound and 
stereo microscope (Figure 2A(a)–(d)). Thirty five fungal isolates were identified 
using primers specific to ITS 1 and ITS 4 regions. PCR assays of A. flavus DNA with 
ITS 1 and ITS 4 primers amplified a single fragment of about 600 bp which revealed 
that all the isolates obtained were fungi. Sequence analysis of ITS region by BLAST 
program revealed that all the isolates obtained from maize were belong to A. flavus 
(Figure 3A).

8.4  PCR based identification and confirmation of aflatoxin producing 
Aspergillus flavus species obtained from maize grain samples

AF02_Ran, AF01_Lal, AF01_Bog, AF02_Bog, AF03_ Jas, AF04_ Jas, AF01_Chu, 
AF03_Kis, AF04_Kis, AF01_Man were identified by PCR amplification of ITS 
region using ITS1 and ITS4 primers and the results of PCR showed an amplification 
size 600 bp confirmed the fungal isolates (Figure 3A) and their several strains were 
found in Rangpur (A. flavus strain 64-A1), Lalmonirhat (A. flavus strain SGE22), 
Bogura (A. flavus strain SGE22 and A. flavus strain bpo4), Jashore (A. flavus and 
A. flavus isolate AA221), Chuadanga (A. flavus strain JN-YG-3-5), Kishoreganj (A. 
flavus strain 64-A1 and A. flavus strain ND26), Manikganj (A. flavus strain SU-16).

PCR products were then sequenced and analysis of sequence data of ampli-
fied ITS region using BLAST program revealed that fungal isolates AF01_Man, 
AF03_ Jas, AF02_Ran obtained from maize grain samples collected from Manikganj, 
Jashore, Rangpur revealed the highest homology of 99.33 %, 99.17 %, 95.74 % with 
the A. flavus strain SU-16, A. flavus, A. flavus strain 64-A1. Other sevel isolates 
obtained from Lalmonirhat (AF01_Lal), Bogura (AF01_Bog), Bogura (AF02_Bog), 
Jashore (AF04_ Jes), Chuadanga (AF01_Chu), Kishoreganj (AF03_Kis), 
Kishoreganj (AF04_Kis) showed significant homology with different strains of A. 
flavus (Table 2).

Figure 1. 
Linear correlations between toxigenic A. flavus infected maize grains and total aflatoxins concentration.
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Figure 3. 
(A) PCR amplification of ITS region from the genomic DNA of the fungal isolates using ITS-1 and ITS-4 
primers and (B) PCR amplification of nor, omt, apa-2 gene from the genomic DNA of the fungal isolates 
obtained from obtained from fifteen maize growing areas of Bangladesh M: 1 kb plus DNA ladder, 1, 
AF02_Ran: Rangpur, 2, AF01_Lal: Lalmonirhat, 3, AF01_Bog: Bogura, 4, AF02_Bog: Bogura, 5, AF03_Jas: 
Jassore, 6, AF04_Jas: Jashore, 7, AF01_Chu: Chuadanga, 8, AF03_Kis: Kishoreganj, 9, AF04_Kis:Kishoreganj, 
10, AF01_Man: Manikgan.

Figure 2. 
(A) Composite photographs of Aspergillus spp. in different sections. (a) Apparent growth of Aspergillus spp. 
on the maize grain surface, (b) enlarged view of individual maize grain showing the growth of Aspergillus 
spp., morphology of suspected Aspergillus spp. (c) Yellowish green colonies of A. flavus on PDA, (d) vesicle 
with less conidial ornamentation with conidiphores of A. flavus. (B) Composite photographs of Fusarium spp. 
in different sections. (a) Apparent growth of Fusarium spp. on the maize grain surface, (b) enlarged view of 
individual maize grain showing the growth of Fusarium spp., morphology of suspected Fusarium spp., (c) 
pinkish white growth of F. proliferatum on PDA, (d) microconidia of F. proliferatum without septum under 
microscope with 40× magnification, (e) whitish growth of F. oxysporum on PDA and (f) Micro and macro- 
conidia (with septum) of F. oxyporum without septum. Culture photographs were taken at 7 days after 
inoculation and microscopic photographs were taken with 40× magnification using compound light microscope 
equipped with a digital camera.
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When the isolates of Aspergillus Spp. were analyzed by PCR for aflatoxin produc-
ing ability using nor, omtA, apa-2 genes based primers from fifteen maize growing 
areas. The result showed the amplified DNA fragment was 400 bp, 1024 bp, 1032 bp 
confirmed that the A. flavus isolates had the ability to produce aflatoxin that encode 
nor, omtA, apa-2 genes (Figure 3B). Only six species showed a positive result with 
nor, omtA, apa-2 genes set of primers. The result indicated A. flavus strains were 
aflatoxins producers as those were an evident from our investigation (Figure 3B).

PCR products were sequenced using ITS-1 primer and sequence data were 
analyzed by homology search using BLAST Nucleotide program. Isolates were 
identified as different A. flavus based on the homology percentage with their closest 
relatives available in the NCBI database.

9.  Determination of total fumonisins contamination in stored maize 
grain samples collected from some selected growing areas of 
Bangladesh

The study was conducted at the Laboratory of Department of Plant Pathology, 
Bangladesh Agricultural University, Mymensingh. Composite stored maize 
grains samples were collected from 15 maize growing areas of Bangladesh such 
as Panchagarh, Thakurgaon, Dinajpur, Nilphamari, Rangpur, Lalmonirhat, 
Gaibandha, Bogura, Natore, Kushtia, Jashore, Chuadanga, Kishoreganj, Manikganj, 
Cumilla.

Fumonisins were detected with the highest value recorded in Gaibandha  
(9.18 mg/kg) and the lowest in Cumilla (0.11 mg/kg) (Table 3). Panchagarh  
(1.47 mg/kg), Thakurgaon (1.27 mg/kg), Dinajpur (0.65 mg/kg),  
Nilphamari (1.28 mg/kg), Rangpur (1.65 mg/kg), Lalmonirhat (1.18 mg/kg), 
Bogura (1.29 mg/kg), Kushtia (1.44 mg/kg), Kishoreganj (1.54 mg/kg), and 
Manikganj (1.47 mg/kg) had moderately high fumonisin levels revealing statisti-
cally identical data. Other regions showed indentically dissimilar data except Natore 
(0.23 mg/kg) and Chuadanga (0.59 mg/kg) (Table 3).

Infection rate of Fusarium spp. had the highest value in Bogura (13.50 %) 
followed by Gaibandha (13.25 %), Nilphamari (12.50 %) depicted statistically 
similar data and the minimal was found in Chuadanga (0.50 %) and Kustia 
(0.56 %). Moderately higher levels of fumonisin detected in Panchagarh (2.63 %), 
Thakurgaon (6.06 %), Dinajpur (2.38 %), Rangpur (9.69 %), Jessore (2.25 %), 
Kishoreganj (17.88 %), Manikganj (6.94 %) and Cumilla (5.31 %) were in the group 
of ststistically identical data. Moderate but less high and statistically similar results 
showed in Thakurgaon (6.06 %) and Manikganj (6.94 %) (Table 3).

The outmost percent fumonisins concentration over standard limit was found in 
Rangpur (65 %) followed by Kishoreganj (53.5 %), Gaibandha (47.5 %), Manikganj 
(47 %), Kushtia (45 %), Panchagarh (46.5 %), Bogura (28.5 %), Thakurgaon (27 %), 
Nilphamari (27 %), Lalmonirhat (18 %) revealing that the aflatoxins contamination 
from those area were beyond the regulatory limit set by EU for fumonisins (1 ppm), 
conversely, fumonisins concentration from other five locations were below the 
regulatory limit of fumonisins (1 ppm) (Table 3).

9.1  Relationship between fumonisins producing Fusarium spp. and mean 
fumonisin concentrations

The regression analysis between Fusarium spp. infected maize grains and mean 
fumonisin concentrations which was positively correlated by observing regression 
equation where the slope was = 0.038 and y-intercept was = 0.882, coefficient of 



Maize Genetic Resources - Breeding Strategies and Recent Advances

82

determination, R2 = 0.198 and coefficient of correlation, r = 0.45 which depicted 
that 1 percent surges of Fusarium in maize grains ultimately rised 0.038 mg/kg 
fumonisins concentration. In terms of 5 % surges of Fusarium in maize grains, 
the fumonisins concentration was increased up to 0.19 mg/kg and when Fusarium 
increased 20 % in maize grains, the fumonisins concentration was escalated up to 
0.76 mg/kg (Figure 4).

9.2  Identification of Fusarium species from the stored maize grain samples 
collected from some selected growing areas of Bangladesh

Morphological identification of F. oxysporum and F. proliferatum were 
detected by using petridish and culture plate method as well as observing 
microscopic figures under compound and stereo microscope (Figure 2B(a)-(f )). 
Fifteen fungal isolates were identified using primers specific to ITS 1 and ITS 4 
region. PCR assays of F. oxysporum DNA with ITS 1 and ITS 4 primers amplified 
a single fragment of about 600 bp which revealed that all the isolates obtained 
were fungi (Figure 5A). Sequence analysis of ITS region by BLAST program 
revealed that all the isolates obtained from maize were belong to F. oxysporum 
and F. proliferatum.

Location Total fumonisins 
(mg/kg)

Percent maize grains infected 
with Fusarium species

Percent total Fumonisins 
concentration over standard limit

Panchagarh 1.47 ± 0.14b 2.63 ± 1.20e 46.5

Thakurgoan 1.27 ± 0.13b 6.06 ± 2.07cd 27

Dinajpur 0.65 ± 0.01d 2.38 ± 0.54ef —

Nilphamari 1.28 ± 0.11b 12.50 ± 0.89a 27

Rangpur 1.65 ± 0.27b 9.69 ± 2.33b 65

Lalmonirhat 1.18 ± 0.17bc 0.00 ± 0.00h 18

Gaibandha 9.18 ± 1.02a 13.25 ± 1.39a 47.5

Bogura 1.28 ± 0.33b 13.50 ± 1.5a 28.5

Natore 0.23 ± 0.06de 0.00 ± 0.00h —

Kushtia 1.44 ± 0.1b 0.56 ± 0.41fgh 45

Jashore 0.75 ± 0.10cd 2.25 ± 0.43efg —

Chuadanga 0.59 ± 0.07de 0.50 ± 0.50gh —

Kishoreganj 1.54 ± 0.20 b 7.88 ± 0.82bc 53.5

Manikganj 1.47 ± 0.22b 6.94 ± 0.91cd 47

Cumilla 0.11 ± 0.01e 5.31 ± 0.35d —

Level of 
significance

** **

LSD 0.52 1.86

CV (%) 12.99 15.97

*Significant at 5% level of significance. Least significant difference (LSD) at P = 0.05 was used for comparing means 
and the P values were 0.00.
**Significant at 1% level of significance. Least significant difference (LSD) at P = 0.05 was used for comparing 
means and the P values were 0.00. Data are the averages of three biological replications. The regulatory limits for 
fumonisin is 1 ppm (1 mg/kg).

Table 3. 
Levels of total fumonisins concentration in stored maize grains collected from the stores of traders of fifteen 
maize growing areas of Bangladesh.
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10.  PCR based identification and confirmation of fumonisins producing 
Fusarium species obtained from maize grain samples

F01_Pan, F02_Tha, F03_Din, F04_Nil, F05_Ran, F06_Lal, F07_Gai, F08_Bog, 
F09_Nat, F010_Kus, F011_ Jes, F012_Chu, F013_Kis, F014_Man and F015_Cum 
were identified by PCR amplification of ITS region using ITS1 and ITS4 prim-
ers and the results of PCR showed an amplification size 600 bp confirmed the 
Fusarium. PCR products were then sequenced. (Figure 2A). Out of fifteen maize 
growing areas, F. oxysporum was found in Panchagarh (F. oxysporum strain EP19), 
Thakurgaon (F. oxysporum strain En3), Dinajpur (F. oxysporum strain EP19), 
Nilphamari (F. oxysporum strain EP19), Rangpur (F. oxysporum strain En3), Natore 

Figure 4. 
Linear correlations between Fusarium infected maize grains and total fumonisin concentration.

Figure 5. 
A. PCR amplification of ITS region from the genomic DNA of the fungal isolates using ITS-1 and ITS-4 
primers and B. PCR amplification of FUM1 gene from the genomic DNA of the fungal isolates obtained from 
obtained from fifteen maize growing areas of Bangladesh M: 1 kb plus DNA ladder, 1, F01_Pan: Panchagarh, 
2, F02_Tha: Thakurgoan, 3, F03_Din: Dinajpur, 4, F04_Nil: Nilphamari, 5, F05_Ran: Rangpur, 6, F06_Lal: 
Lalmonirhat, 7, F07_Gai: Gaibandha, 8, F08_Bog: Bogura, 9, F09_Nat: Natore, 10, F010_Kus: Kushtia, 11, 
F011_Jes: Jashore, 12, F012_Chu: Chuadanga, 13, F013_Kis: Kishoreganj, 14, F014_Man: Manikganj and 15, 
F015_Cum:Cumilla.
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(F. oxysporum isolate FH10 18S), Kushtia (F. oxysporum strain EP19),  
Jashore (F. oxysporum strain En3), Chuadanga (F. oxysporum isolate H200714-017) 
Manikganj (F. oxysporum strain EP19), Cumilla (F. oxysporum strain En3) and  
F. proliferatum was found in Lalmonirhat (F. proliferatum strain TH11-3), Gaibandha 
(F. proliferatum strain TH11-3), Bogura (F. proliferatum strain TH11-3) and 
Kishoreganj (F. proliferatum strain TH11-3).

Fungal isolates F06_Lal, F07_Gai, F08_Bog and F013_Kis obtained from 
maize grain samples were collected from Lalmonirhat, Gaibandha, Bogura and 
Kishoreganj showed the highest homology with F. proliferatum strain TH11-3 
(Table 4). The fungal isolates obtained from maize grain samples collected from 

Isolate ID Location Closest relatives Accession number Identity Homology (%)

F01_Pan Panchagarh F. oxysporum strain 
EP19

MN704852.1 486/534 91.01

F02_Tha Thakurgoan F. oxysporum strain 
En3

MN726603.1 491/537 91.43

F03_Din Dinajpur F. oxysporum strain 
EP19

MN704852.1 445/530 83.96

F04_Nil Nilphamari F. oxysporum strain 
EP19

MN704852.1 486/534 91.01

F05_Ran Rangpur F. oxysporum strain 
En3

MN726603.1 477/539 88

F06_Lal Lalmonirhat Fusarium proliferatum 
strain TH11-3

MT563411.1 472/508 92.91

F07_Gai Gaibandha Fusarium proliferatum 
strain TH11-3

MT563411.1 472/508 92.91

F08_Bog Bogura Fusarium proliferatum 
strain TH11-3

MT563411.1 491/544 90

F09_Nat Natore F. oxysporum isolate 
FH10 18S

KU361495.1 257/305 84.26

F010_Kus Kushtia F. oxysporum strain 
EP19

MN704852.1 486/534 91.01

F011_ Jes Jashore F. oxysporum strain 
En3

MN726603.1 477/539 88

F012_Chu Chuadanga F. oxysporum isolate 
H200714-017

MT974426.1 477/541 88.17

F013_Kis Kishoreganj F. oxysporum strain 
TH11-3

MT563411.1 472/508 92.91

F014_Man Manikganj F. oxysporum strain 
EP19

MN704852.1 486/534 91.01

F015_Cum Cumilla F. oxysporum strain 
En3

MN726603.1 477/539 88

PCR products were sequenced using ITS-1 primer and sequence data were analyzed by homology search using 
BLAST Nucleotide program. Isolates were identified as different Fusarium species based on the homology percentage 
with their closest relatives available in the NCBI database. F01_Pan: Panchagarh, F02_Tha: Thakurgoan, F03_Din: 
Dinajpur, 4, F04_Nil: Nilphamari, F05_Ran: Rangpur, F06_Lal: Lalmonirhat, F07_Gai: Gaibandha, F08_Bog: 
Bogura, F09_Nat: Natore, F010_Kus: Kushtia, F011_Jes: Jashore, F012_Chu: Chuadanga, F013_Kis: Kishoreganj, 
F014_Man: Manikganj and F015_Cum: Cumilla.

Table 4. 
List of Fusarium isolates identified by homology search of sequences of ITS region by BLAST program obtained 
from maize grain samples collected from fifteen growing areas of Bangladesh.
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Panchagarh (F01_Pan), Thakurgaon (F02_Tha), Dinajpur (F03_Din), Nilphamari 
(F04_Nil), Rangpur (F05_Ran), Lalmonirhat (F06_Lal), Gaibandha (F07_Gai), 
Bogura (F08_Bog), Natore (F09_Nat), Kustia (F010_Kus), Jessore (F011_ Jes), 
Chuadanga (F012_Chu), Kishoreganj (F013_Kis), Manikganj (F014_Man) and 
Cumilla (F015_Cum) showed significant homology with different strains of F. 
oxysporum (Table 4).

When the isolates of Fusarium species were analyzed by PCR for fumonisins pro-
ducing ability using FUM1 gene based primers from fifteen maize growing areas. The 
result showed the amplified DNA fragment was 183 bp confirmed that the Fusarium 
had the ability to produce fumonisin that encode FUM1 gene (Figure 5B). Only two 
Fusarium species showed a positive result with FUM1 gene set of primers. The result 
was contrary as F. proliferatum and F. oxysporum (Table 4) were fumonisin-producers 
as it was evident from our investigation.

11. Discussion

The experiment was conducted at Plant Bacteriology and Biotechnology 
Laboratory of Department of Plant Pathology, Bangladesh Agricultural University, 
Mymensingh during the period of 2019–2020. The purpose of the experiment were 
to detect the levels of fumonisins and aflatoxins and to identify the aflatoxin and 
fumonisins producing Aspergillus and Fusarium in maize associated with maize 
by PCR using nor, omtA, apa-2 and FUM1. Genes involving afl R, ver-1, omt-1 
and apa-2 associated with biosynthetic pathway regarding aflatoxins production 
[73–76]. Apa-1, Nor-1, Omt-1 and Ver-1 gens belong to four primers were applied 
to detect aflatoxins contamination [77, 78]. A. flavus was quantified by nor-1 gene 
in several contaminated food samples and cereals using PCR assay [77]. Besides, 
[56] mentioned that FUM1 gene with an expected amplicon size of 183 bp can easily 
detect the fumonisin and non-fumonisin producing Fusarium, moreover other 
researchers also identified the fumonisin by using FUM1 gene which is in accor-
dance with our study [79–81]. We gathered samples from 15 maize growing areas 
to measure the aflatoxins and fumonisins level but not all the Aspergillus strains are 
capable of engendering mycotoxins, thus screening is crucial and we detected by 
Agra Quant Total Aflatoxin and Fumonisin Test Kit following ELISA approach for 
detection and this method also used by [82–87] for detecting aflatoxins and fumoni-
sin. In our experiment, we detected the aflatoxins contamination Agra Quant Total 
Aflatoxins 96 well microtiter plate ELISA test kit produced in Romer Labs, Packers 
and Stockyards Administration (GIPSA) in US Department of Agriculture (USDA) 
which ability to detect individual aflatoxins very precisely and accurately with a 
range of 0–320 ppb in accrodance with an experiment conducted by [82]. A number 
of approaches have been widely used to detect mycotxin naming high-performance 
liquid chromatography (HPLC), enzyme-linked immunosorbent assay (ELISA), 
and thin layer chromatography (TLC) [83, 84] and served as a reliable method for 
detecting aflatoxins and fumonisins [85, 88, 89]. In Gaibandha and Cumilla region 
fumonisin contamination were highest and lowest compared to other areas revealing 
moderate amount of fumonisins. In this study, all of the 15 samples were found posi-
tive with fumonisins producing Fusarium and aflatoxin producing fungi Aspergillus 
which in accordance with the findings of [90, 91]. We found positive correlation 
for both aflatoxins and fumonisins contamination between their toxin percentages 
which were matched with the findings of [92] who found apositive correlation has 
been identified between the proportion of FUM1 transcripts and the proportion of 
fumonisins biosynthesized by the F. verticillioides and F. proliferatum species.
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In case of Percent total Fumonisins concentration over standard limit, five 
regions were under the regulatory limit and other ten regions were exposed higher 
limit than the regulatory limit exhibiting 65 % followed by 53.5 %, 47.5 %, 47 %, 
46.5 %, 45 %, 28.5 %, 27 %, 27 %, 18 % over the standard limit (1 ppm) in the area 
of Rangpur, Kishoreganj, Gaibandha, Manikganj, Panchagarh, Kustia, Bogura, 
Nilphamari, Thakurgaon, Lalmonirhat respectively. On the other hand, highest and 
lowest aflatoxin concentration was recorded in Chuadanga and Dinajpur regions 
and in terms of percent aflatoxin concentration over standard limit, eight regions 
were below the permissible limit of aflatoxins, conversely, five regions exposing 
915.7 % followed by 587.3 %, 214.8 %, 208.85 %, 19.5 % aflatoxin concentration 
beyond permissible limit of 10 μg in the region of Chuadanga, Gaibandha, Kustia, 
Kishoreganj and Cumilla respectively. Refs. [15, 93] recorded that surges of afla-
toxin contamination levels beyond regulatory limit due to increased droughts, pest 
damages, temperatures, host susceptibility.

As we observed that both aflatoxin and fumonisin concentration were fluctuate 
one region to another region which have been also monitored that due to association 
of several significant factors like temperature, water activity, storage conditions, 
drought, humidity, insect damage, flowering stage, plant characteristics [94–98]. 
Ref. [48] revealed that aflatoxin production comprised of several factor including 
existence of certain genes and in intact that means deletions or insertions within 
the gene regions, crop stress [99] and in fumonisins two factors temperatures and 
water potential are fundamental to produce fumonisins [99] along with rainfall 
patterns, longer durations of drought which has been prominent in Mediterranean 
regions [100–103]. These all conditions significantly impact on the variation of 
the population of mycotoxin producing fungi both Fusarium and Aspergillus [103]. 
In our experiment, we recorded over all three regions (Chuadanga, Kishoreganj, 
Gaibandha) were engendering higher amount of aflatoxins and fumonisins pro-
duction respectively, thus we speculated in Chuadanga, temperature fluctuation 
influences the mycotoxin production, in Kishoreganj which exposed with flood and 
severe water stress and the region Gaibandha with drought problems, these might 
have the feasible factor for Aspergillus and Fumonisins to produce gigantic amount 
of mycotoxins compared to other areas. Aflatoxin levels rise as a result of drought, 
insect damage, and heat during fungal growth [25]. Marasas [104] found that, the 
presence of fumonisins is linked to weather conditions, with larger instances occur-
ring during hot and dry conditions. Abbas et al. [105] revealed that A. flavus grows 
supreme around 28–37° C with a humidity level of at least 80 %.

Post-harvest factors are also exacerbate mycotoxin production and generate a 
favorable condition for fungus related to their growth and mycotoxin production 
and those include storage fungus, insect infestation, contaminant mold respira-
tion, insects and mites, water availability and temperature ultimately deteriorate 
grain quality [106–108]. As [109] also observed that interaction between these 
factors triggered the mycotoxigenic species growth, mycotoxin production, niche 
occupation and competitiveness, [110] also revealed the moisture and surrounding 
air conditions also influenced mycotoxin production by initiating biological and 
biochemical activity. Maize is a hygroscopic crop which easily absorbs or release 
moisture and humidity in the surrounding ambience until getting the adjustment 
with equilibrium conditions which led to swift degradation in storage. Fusarium 
species can damage stored grain by causing seedling illnesses, root rots, stalk rots, 
and ear rots in maize which ultimately hazardous to plants and animal [111–116]. 
Due to all correlating factors with aflatoxin production, high amount of aflatoxins 
were found in Bangladeshi markets [23] and 82 % contamination in South Asia 
[49]. Decomposing potentiality of AFs are very slow several approaches including 



87

Aflatoxins and Fumonisins Contamination of Maize in Bangladesh: An Emerging Threat…
DOI: http://dx.doi.org/10.5772/intechopen.101647

physical, chemical have been investigated [19] and monitored changing in sensory 
property and nutrient diminishment which led to mount food safety problems 
ultimately. A number of microorganisms have been identified fruitfully working 
as a biocontrol agents to control mycotoxins such as Bacillus subtilis, Pseudomonas, 
Trichoderma, atoxigenic strains of A. flavus and A. parasiticus [117–119]. Thus, 
suppressing mycotoxins by biocontrol agent would be a fruitful approach though 
several experiments need to be conducted precisely in future.

12. Conclusion

Aflatoxins and fumonisins are the major source of disease outbreaks due to a 
lack of knowledge and consumption of contaminated food and feed in Bangladesh. 
Excessive levels of aflatoxins and fumonisins in food in Bangladesh is a major 
concern because still majority of the people have not any idea that they are consum-
ing food and feed which crossed the permissible limit set by EU. Another significant 
factor is no sign of regulating any acceptable limit for this country and that’s why 
people are easily contaminated with several mycotoxins without properly know-
ing any acceptable limit as well as industries are also not ensuring any precise step 
to diminish mycotoxins concentration in terms of engendering several products. 
As our study clearly conceded that most of the regions (Rangpur, Gaibandha, 
Kushtia, Chuadanga, Kishoreganj, Manikganj, Cumilla) were at higher risk for 
aflatoxin as well as the regions (Panchagarh, Thakurgoan, Nilphamari, Rangpur, 
Lalmonirhat, Gaibandha, Bogura, Kushtia, Kishoreganj, Manikganj) were exposed 
with fumonisins contamination more than that of acceptable limit of fumonisins 
which ultimately effects animal and mankind by entering our food chain. Thus, 
several effective approaches (physical, chemical, biological, and genetic engineer-
ing techniques) need to be employed as early as possible to suppress the ruinous 
consequences of mycotoxin contamination of Bangladesh.
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Critical Dry Spell Prediction 
in Rain-Fed Maize Crop Using 
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Nigeria
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Abstract

Prediction of yearly mid-growing season first and second critical dry spells 
using artificial neural networks (ANN) for enhanced maize yield in nine stations 
in Nigeria is performed. The ANN model uses nine meteorological parameters to 
predict onset dates and lengths of the critical dry spells. The daily dataset is from 
1971 to 2013 of which about 70% is used for training while 30% is for testing. Seven 
ANN models are developed for each station with a view to measuring their predic-
tive ability by comparing predicted values with the observed ones. Prediction lead 
times for the two critical dry spell onset dates generally range from about 2 weeks 
to 2 months for the nine stations. Error range during testing for the onset dates and 
lengths of first and second critical dry spells is generally ±4 days. The root-mean-
square error (RMSE), coefficient of determination, Nash-Sutcliffe coefficient of 
efficiency, Wilmott's index of agreement, and RMSE observation standard devia-
tion ratio range from 0.46 to 3.31, 0.58 to 0.93, 0.51 to 0.90, 0.82 to 0.95, and 0.30 to 
0.69, respectively. These results show ANN capability of making the above reliable 
predictions for yearly supplementary irrigation planning, scheduling, and various 
other decision makings related to sustainable agricultural operations for improved 
rain-fed maize crop yield in Nigeria.

Keywords: Nigeria, rain-fed maize, critical dry spells, yearly prediction,  
artificial neural network

1. Introduction

Variability of rainfall in Nigeria as well as in West Africa, etc., leads to the  
occurrence of wet and dry spells within the growing season. Short- and long-
duration dry spells are noted during the period of crop growth and development 
on yearly basis. Song et al. [1] using weather- and county-level maize yield data 
estimated the drought risk for maize in China for the period from 1971 to 2010. They 
noted that drought risk had increased in China over the last 40 years and that the rea-
sons for the observed changes were increased drought hazard associated with climate 
change and increased exposure of maize to drought due to an expanded production 
area. Significant drought incidents have seriously affected sustainable agriculture, 
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people’s living condition, and the economy of many developing and under-devel-
oped countries [2, 3]. The occurrence and distribution of dry spells, especially the 
longer ones at critical times during growing season, generally have negative impact 
on maize crop development and yield under rain-fed farming in Nigeria. According 
to Mugalavai et al. [4] and Gao et al. [5], the most critical growth stages for maize 
crop in terms of dry spell occurrences are the germination, tasseling, and flowering. 
Germination is within the initial stage, while tasseling and flowering occur during 
the mid-season stage of growing season. The four crop growth stages are initial, 
development, mid-season, and late season [6]. Advance knowledge on critical dry 
spell onset dates and lengths for rain-fed maize crop on yearly basis is very important 
in supplementary irrigation planning, scheduling, and various other decision mak-
ings related to sustainable agricultural operations for improved maize yield.

Sharma [7] noted that a major challenge of drought research was to develop 
suitable methods and techniques for forecasting the onset and termination points of 
droughts. Successful development of suitable methods will enable stakeholders in 
agricultural and water resource sectors of the economy to embark upon risk-based 
(proactive) rather than crisis-based (reactive) approach to drought management in 
areas prone to drought [8, 9]. This is also applicable to dry spell management. Most 
publications are concerned with probabilistic, statistical, and stochastic modeling, 
and the most widely used stochastic models are autoregressive integrated moving 
average (ARIMA) models [10]. A dynamical model and a statistical model have 
been used to determine trends and make seasonal predictions of rainfall and dry 
spells occurrence in Ghana [11].

In recent years, neural-based models have been gaining attention over statistical 
models, possibly owing to the simplicity in modeling complex problems when many 
parameters are taken into consideration [12]. Abrishami et al. [13] used artificial  
neural network (ANN) model for estimating wheat and maize daily standard evapo-
transpiration. The results showed the suitable capability and acceptable accuracy 
of ANN. Mulualem and Liou [14] developed seven ANN predictive models incor-
porating hydro-meteorological, climate, sea surface temperatures, and topographic 
attributes to forecast the standardized precipitation evapotranspiration index (SPEI) 
for seven stations in the Upper Blue Nile basin (UBN) of Ethiopia from 1986 to 2015. 
Statistical comparisons of the different models showed that accurate results in pre-
dicting SPEI values could be achieved by including large-scale climate indices. Morid 
et al. [15] were able to show the efficiency of ANN when it was used for forecasting 
some drought indices in some selected places in Iran for up to 12 months lead times 
[3]. One neural network model was developed to forecast precipitation occurrences 
such as “rain” or “no-rain,” while another model was developed to predict the amount 
of precipitation at several sub-levels using fuzzy techniques in Sri Lanka [16]. The 
ability of neural network model to predict “no-rain” situation gives it credence to 
forecast dry spell. Mathugama and Peiris [17] therefore recommended the exploration 
of the use of artificial neural network (ANN) to predict dry spell properties and that 
the models had to be statistically validated. Studies related to forecasting critical dry 
spell onset dates and lengths (especially mid-growing season dry spells) in Nigeria 
and other places are scarce. Farmers (especially maize farmers) in Nigeria desire to 
know on yearly basis when dry spells—critical dry spells—will occur after plant-
ing their crops to enable them plan their yearly agricultural operations effectively. 
In Nigerian Meteorological Agency (NiMet), numerical model have been used for 
sub-seasonal to seasonal forecasts of weather elements [18], while statistical models 
are used in seasonal rainfall forecasts for agricultural activities. Probabilistic fore-
casts have been made [19] for severe dry spell occurrences of lengths 10–21 days and 
moderate ones of lengths 8–15 days for 10 northern States for the month of June for 
year 2020; however, specific dry spells onset dates are not given.
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These informed our embarking on this study in aid of effective yearly agricul-
tural operations for improved crop yield and maize in particular. The objective 
therefore of the present work is to predict the onset dates and lengths of mid-
growing season critical dry spells for rain-fed maize crop on yearly basis in Nigeria 
using artificial neural network (ANN) model to enable farmers in those stations 
plan yearly agricultural operations for enhanced maize yield.

2. Study area, data, and methodology

2.1 Study area

Table 1 shows the geographical and some climate characteristics of the study 
area. The following nine meteorological stations in their respective agro-ecological 
zones in Nigeria are considered: Calabar, Warri, Ibadan, Makurdi, Lokoja, Ilorin, 
Yola, Kaduna, and Yelwa.

2.2 Data

a. The data used for this work are as follows: the daily maximum, minimum, 
and mean temperatures, 0600 and 1500 GMT relative humidity, wind speed 
at 2 meter level, and sunshine hours (1971–2013) for the nine stations from 
Nigerian Meteorological Agency (NiMet), Oshodi, Lagos and supplemented 
with 0.125° resolution ERA INTERIM Reanalysis data (1979–2013) [20].

b. NiMet daily rainfall data supplemented with the daily 0.25° horizontal resolu-
tion 3B42 rainfall from Tropical Rainfall Measuring Mission (1998–2013) [21].

Since the NiMet data were supplemented as stated above, the Adapted 
Caussinus-Mestre Algorithm for homogenizing Networks of Temperature series 
(ACMANT) was used to check and correct the inhomogeneities in the quality con-
trolled time series. A full scientific description of ACMANT setup could be found 
in [22]. Several studies included [22, 23], etc. have been effectively used ACMANT 
in homogenizing series. Good performances of homogenizing climatic series with 
ACMANT are noted in the result evaluation from these studies.

Agro-ecological zone Station Long. Lat. Elev. (m) Annual rainfall (mm/year) 
(1971–2013)

Max. Min. Mean

Northern Guinea 
Savannah

Yelwa 4.75°E 10.88°N 244.0 1564.6 388.9 986.5

Kaduna 7.45°E 10.60°N 641.0 1659.8 793.4 1211.1

Yola 12.47°E 9.23°N 190.5 1142.7 468.5 873.4

Southern Guinea 
Savannah

Ilorin 4.58°E 8.48°N 344.0 1539.3 697.7 1177.6

Lokoja 6.73°E 7.80°N 62.5 1767.1 771.7 1196.4

Makurdi 8.53°E 7.75°N 91.4 1617.1 761.5 1182.8

Rain Forest Ibadan 3.90°E 7.43°N 220.7 1967.8 775.7 1328.9

Mangrove Swamp Warri 5.73°E 5.52°N 6.0 3414.4 2051.5 2734.3

Calabar 8.33°E 4.95°N 62.3 4044.9 2109.5 2937.6

Table 1. 
Area of study showing the stations, agro-ecological zones and climate characteristics.
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2.3 Methodology

2.3.1 Growing season onset and cessation dates

The determination of onset and cessation dates of growing season was carried 
out using the methods of [24, 25]. The onset date of growing season was defined by 
[24] for northern Nigeria as the date when accumulated daily rainfall exceeded 0.5 
of the accumulated reference evapotranspiration for the remainder of the season, 
provided that no dry spell of 5 days or more occurred in the week after that date. 
The determination of onset date of rains according to [25] was from the first point 
of maximum positive curvature of the plotted graph of cumulative percentage of 
pentade rainfall, while cessation was from the last point of maximum negative 
curvature of the plotted graph of cumulative percentage of pentade rainfall. The 
method of [25] was initially used to determine the onset dates of growing season, 
while that of [24] was next used to ensure that no dry spell of 5 days or more 
occurred in the week after that date.

2.3.2 Reference evapotranspiration

To determine the critical dry spells during each growing season, the daily refer-
ence evapotranspiration (ETo) was first computed using the FAO Penman-Monteith 
Equation [6]. This equation, given below (Eq. (1)), used the abovementioned data 
with the exception of daily rainfall.

 
( ) ( )

( )
2

2

9000.408
273

1 0.34

n s a

o

R G u e e
TET

u

γ

γ

 ∆ − + − + =
∆ + +

 (1)

where T—air temperature at 2 m height (°C), u2—wind speed at 2 m height (ms−1), 
es—saturation vapour pressure (kPa), ea—actual vapour pressure (kPa), (es – ea)—
saturation vapour deficit (kPa), Rn—net radiation at the crop surface (MJm−2 day−1), 
G—soil heat flux density (MJm−2 day−1), Δ—slope vapour pressure curve (kPa °C−1), 
γ—psychrometric constant (kPa °C−1).

The above equation determines the evapotranspiration (ETo) from the hypo-
thetical grass reference surface. The effect of soil heat flux (G) is ignored for daily 
calculations [6] as the magnitude of the heat flux in this case is relatively small. 
The FAO Penman-Monteith method [6] is still used as the sole standard method 
as could be seen in recent research work on reference evapotranspiration included 
in [26, 27], etc. However, since the number of requested climatic variables is often 
not available under limited data conditions [28, 29], other simple ETo equations 
with less number of requested climatic variables have been used to compute ETo 
values that are close to the FAO Penman-Monteith method. These methods are the 
four of the Valiantzas equations, along with the Makkink, Calibrated Hargreaves, 
Abtew, Jensen-Haise, and Caprio equations and could be used as best alternative 
ETo estimation methods. These alternative equations could be used across the dry 
semi-arid and arid zones where water is the most limiting factor to food and fiber 
production [27].

The maize crop variety used in this study is the 118-day one whose phenology is 
as follows: 20 days for initial, 32 days for development, 38 days for mid-season, and 
28 days for late season growth stages. This is based on the what is stated in [6] that 
the length of crop development stages provided in their table is indicative of general 
conditions; the user is therefore strongly encouraged to obtain appropriate local 
information.
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2.3.3 Dry day and critical dry spell definition

It is usual to use rainfall thresholds higher than zero millimeter to define a dry day 
in order to account for the measurement errors or very little amounts of rain that are 
not available for plants or water resources, due to interception and/or direct evapora-
tion [29, 30]. Different precipitation thresholds of 1–10 mm/day but fixed for the 
whole observation period are considered by most authors in analyzing long dry spells 
[30–33]. However, since the evaporation varies throughout the year and for different 
locations, fixed rainfall thresholds are not representative of real ground conditions. 
The net precipitation that is available for plants can be strongly modulated by atmo-
spheric evaporative demands thereby affecting water stress levels by plants and crops 
[34–36]. Meteorological data from different approaches such as potential evaporation 
[37] or the reference evapotranspiration [6] can be used to determine atmospheric 
evaporative demand. Rivoire et al. [38] emphasized the need to take account of the 
atmospheric evaporative demand instead of making use of fixed rainfall thresholds 
for defining a dry day when analyzing dry spells with respect to agricultural impacts in 
particular. A dry day in this work is therefore taken as the day when the rainfall (RR) 
is less than the average reference evapotranspiration, ETo [38, 39]. A threshold of ETo 
is considered to define a dry day when RR–ETo ≦ 0 [38]. A number of these consecu-
tive dry days constitute a spell. The critical dry spells are therefore those that occur 
at germination/emergence and establishment (initial stage), and close to and during 
the tasseling and flowering stage (mid-season stage). However, the critical dry spell 
prediction carried out in this work is for the mid-season stage only. Figure 1 shows 
the time series of rainfall and mean reference evapotranspiration against day of the 
year from around planting date to harvesting date for maize crop for 1973 in Ibadan. 
Four critical dry spells during the mid-season are indicated. The minimum number of 
consecutive dry days that constitute a spell in this work is 3 days [40].

2.3.4 Artificial neural network (ANN) model

2.3.4.1 Model description

Artificial neural network (ANN) model was used in this work for the prediction 
of mid-growing season critical dry spell onset dates and lengths. ANN is a “black 
box” model of a type that is often used to model high-dimensional nonlinear data. It 
is a nonstatistical data modeling tool, which is contained in any version of R statistic 
or Matlab tool box. ANN is a highly interconnected network of machine learning 
algorithm based on the model of a human neuron. It mimics this model or structure 
by distributing its computations to small and simple processing units called artificial 
neurons or nodes [41, 42]. Artificial intelligence (AI) makes it possible for machines 
to learn from experience, adjust to new inputs, and perform human-like tasks. 
According to [42], ANN is data-driven, self-adaptive methods since there are few 
known assumptions about the models for problems under study unlike the tradi-
tional model-based methods. ANN model learns from examples and captures subtle 
functional relationships among the data even if the underlying relationships are 
unknown or hard to describe. This makes ANN very appropriate for problems whose 
solutions require knowledge that is not easy to state explicitly but for which there 
are enough observations [42]. Therefore, they can be treated as one of the multivari-
ate nonlinear nonparametric statistical methods [43, 44]. After learning the data 
presented to them, ANN can generalize and often correctly infer the unseen part 
of a population even if the sample data contain noisy information. Since ANNs can 
compute the value of any continuous function to any desired accuracy as has been 
shown by [45–47], they are considered as universal functional approximators [42].
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ANN is made up of three layers of units, the input, hidden, and output layers. 
The ANN receives the input signal from the external world in the form of a pattern 
and image in the form of a vector. Each of the input is then multiplied by its cor-
responding weights. These weights are the details used by the ANNs to solve a certain 
problem. The activity of the input layer represents the raw information that is fed 
into the network, while the activities of each hidden layer are determined by the 
activities of the input layer and the weights on the connections between the input 
and the hidden layer. The behavior of the output layer depends on the activity of the 
hidden layer and the weights between the hidden and the output layers. To train the 
neural network models, the training parameters for the chosen algorithm must be 
specified in terms of the inputs, the number of hidden and output layer neurons, 
and the activation function of each layer [41, 48]. To fulfill these requirements, the 
correct number of regressor as well as the number of hidden neurons must first be 
selected but there are no specific rules for these selections [49, 50]. In many applica-
tions, the number of neurons for the hidden layer is selected based on trial-and-error 
method usually starting with small initial network [51]. A sample ANN architecture 
for first critical dry spell onset date prediction for Ibadan is shown in Figure 2 having 
one input layer of nine neurons, two hidden layers—first of nine neurons and second 
of two neurons—and one output layer of one neuron. The inputs are multiplied 
by modifiable weights that are crucial parameters of the ANN models for solving a 
problem. ANN model could be run in R software—in R studio [52]. The neuralnet 
package (neuralnet) version 1.33 of August 5, 2016 [53] was used in this work. The 
training of neural networks uses the back-propagation, resilient back-propagation 
with [54] or without weight backtracking [55], or the modified globally convergent 
version by [56]. The package allows flexible settings through custom choice of error 
and activation function and it can combine fast convergence and stability and gener-
ally provides good results [55]. Furthermore, the calculation of generalized weights 
[58] is implemented. In this work, the default neural algorithm was used (i.e., 
“rprop+”). This refers to the resilient back-propagation with weight backtracking 
[54]. Amid the pool of the weight-updating process, the resilient back-propagation 
(RProp algorithm from the “nuerlanet” package in R) was chosen because it can 
combine fast convergence and stability and generally provides good results.

Figure 1. 
Time series of rainfall (RR in mm) and mean reference evapotranspiration (ETo in mm) from the onset date 
of growing season, OGS (in days of year) for 118-day maize crop to its harvesting time for 1973 in Ibadan. 
CDS1(4), CDS2(6), CDS3(9), and CDS4(6) represent the first, second, third, and fourth critical dry spells with 
lengths 4, 6, 9, and 6 days in brackets, respectively. Mean (1971–2013) reference evapotranspiration for growing 
season for maize is approximately 3.72 mm.
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2.3.4.2 Prediction procedure

The data attributes (predictors) used in the neural network model were maxi-
mum, minimum, and mean temperatures (Tmax), (Tmin), and (Tmean), relative 
humidity at 0600 (RH06) and 1500 (RH15) GMT, wind speed at 2 m level (u2), 
sunshine hours (n), net radiation (Rn), and reference evapotranspiration (ETo), 
while the data classes (predictands) were onset dates and lengths of critical dry 
spells. Net radiation and reference evapotranspiration were computed. In this work, 
the 43-year data were partitioned into two: 30 years for training and 13 independent 
years for testing. The test data were kept out of the process of producing the ANN 
model in order to test its predictive power [14]. This corresponds to approximately 
70% (two-thirds) of data for training and 30% (one-third) for testing. Regarding 
the data partitioning, some authors have used two-thirds of data for training and 
one-third for validation and testing [57–59]. Dubey [58] used approximately half 
of one-third of data each for validation and testing. However, Mulualem and Liou 
[14] who worked on the application of artificial neural networks in forecasting a 
standardized precipitation evaporative index (SPEI) for the Upper Blue Nile Basin, 
Ethiopia (using RProp algorithm from the “neuralnet” package in R), partitioned 
their data into training and test sets. This method was applied in this work. The two 
independent datasets were chosen in such a way that early, normal, and late onset 
dates of critical dry spells were reflected in each of them. Likewise, the lowest, 
normal, and highest lengths of critical dry spells were also reflected in each of them. 
The neural network architecture consists of one input layer, one or two hidden 
layers, and one output layer. The input layer (first layer) of neurons consists of the 
nine attributes (predictors). The hidden layers of neurons are two (the second and 
third layers) and in few cases one. The hidden layer neurons are generally chosen 
starting with lower number neurons and varying by trial and error till the configu-
ration that gives minimum root-mean-square error is attained. The output (third or 
fourth layer) layer consists of one neuron of either onset date or length of critical 
dry spell. Two hidden layer networks may provide more benefits for some type of 
problems [60]. Several authors addressed this problem and considered more than 
one hidden layer (usually two hidden layers) in their network design processes.

A cross-correlation analysis was performed to measure the relationship 
between the predictors (attributes) and the predictands (classes). Positive and 
negative relationships were observed, some with weak relationships. Based on 
the cross-correlations, seven different ANN models shown in Table 2 below are 
put forward for each station with a view to measuring their predictive ability by 

Figure 2. 
A sample ANN architecture for first critical dry spell onset date prediction for 2008 for Ibadan, Nigeria.
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comparing predicted values with the observed ones. A measure of ANN most suit-
able model performance on the basis of all statistical measures of the observed and 
predicted critical dry spell onset dates and lengths for the nine stations are shown 
in Tables 3 and 4. Out of the seven models used with these predictors, Model 1 
having nine parameters was noted to be quite suitable for most of the stations, 
while models 2, 3, and 5 having eight, seven, and five parameters respectively were 
more suitable than Model 1 in some cases. Predictions (testings) were made for two 
regular mid-growing season critical dry spells (first and second) for all stations. 
Predictions were made on yearly basis on the twentieth (20th) day after the onset 

Sta. name Most suitable 
model (M) for 
dry spell onset

Neural 
net. Arch.

Lead time 
pred. Range 

(days)

RMSE R2 NSE WIA RSR Prediction error 
margin (days)

Cal M1-On Date1 9–3-1 27–34 1.53 0.75 0.72 0.89 0.50 −3.09 to 3.22

M1-On Date2 9–9-1 41–56 2.93 0.82 0.82 0.95 0.40 −4.56 to 4.89

War M1-On Date1 9–8–2-1 31–43 2.95 0.86 0.77 0.92 0.47 −4.67 to 3.01

M1-On Date2 9–9–2-1 43–66 3.31 0.83 0.80 0.95 0.42 −1.08 to 4.75

Iba M3-On Date1 7–9–2-1 15–26 1.42 0.80 0.64 0.93 0.57 −1.46 to 1.91

M2-On Date2 8–9–9-1 28–37 2.07 0.70 0.65 0.90 0.56 −3.45 to 2.64

Ilo M1-On Date1 9–8–1-1 17–24 1.65 0.70 0.68 0.91 0.53 −3.18 to 2.23

M1-On Date2 9–8–1-1 30–37 1.54 0.86 0.85 0.96 0.37 −2.69 to 3.23

Lok M1-On Date1 9–8–6-1 13–32 2.19 0.79 0.79 0.94 0.44 −3.07 to 3.89

M5-On Date2 5–2-1 28–36 2.05 0.58 0.48 0.88 0.69 −3.55 to 3.15

Mak M1-On Date1 9–9–8-1 20–24 1.12 0.75 0.59 0.82 0.61 −1.47 to 2.04

M1-On Date2 9–8–4-1 26–44 2.70 0.79 0.76 0.94 0.46 −3.64 to 4.02

Yel M1-On Date1 9–8–7-1 18–22 2.40 0.71 0.66 0.91 0.55 −4.04 to 3.42

M1-On Date2 9–3-1 28–41 3.07 0.72 0.72 0.91 0.50 −4.29 to 4.07

Kad M1-On Date1 9–9–2-1 13–28 2.67 0.71 0.65 0.91 0.56 −3.85 to 3.11

M2-On Date2 8–7–1-1 26–34 2.37 0.79 0.74 0.93 0.48 −4.24 to 3.24

Yol M1-On Date1 9–7–1-1 13–25 3.16 0.67 0.57 0.90 0.62 −3.40 to 2.63

M1-On Date2 9–8–8-1 23–35 2.46 0.73 0.64 0.90 0.57 −4.08 to 4.24

Table 3. 
A measure of ANN most suitable model performance on the basis of all statistical measures of the observed and 
predicted critical dry spell onset dates for the nine stations.

Model No. of input 
variable

Max. 
Temp

Min. 
Temp

Mean 
Temp

R. H.  
(06 GMT)

R. H.  
(15 GMT)

Wind Speed 
(2 m)

Sun hr. Net Rad. 
(Rn)

Ref. evap. 
(ETo)

M1 9 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

M2 8 ✓ ✓ ✓ ✓ — ✓ ✓ ✓ ✓

M3 7 ✓ ✓ ✓ ✓ ✓ ✓ — ✓ —

M4 6 ✓ ✓ — ✓ — ✓ — ✓ ✓

M5 5 ✓ ✓ — ✓ — ✓ — ✓ —

M6 4 ✓ ✓ — — — ✓ — ✓ —

M7 3 ✓ — — — — ✓ — ✓ —

Table 2. 
Input variables used in the attempt to get suitable models (M1–M7) for the prediction of onset dates and 
lengths of critical dry spells.
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dates of growing season for Calabar and Warri with use of 10-day average values 
of the attributes (predictors), that is, average taken from the eleventh (11th) day 
through twentieth (20th) day. However, for the remaining seven stations, yearly 
predictions were made for the first and second critical dry spell onset dates and 
lengths on the thirtieth (30th) day after the onset dates of growing season with the 
use of 10-day average values of the attributes (predictors), that is, average taken 
from the twenty-first (21st) day through the thirtieth (30th) day. The choice of the 
10-day average of the predictors and the choice of the beginning date were basi-
cally by trial and error until good predictors were realized. The predictions made 
for the onset dates of critical dry spells were actually for the number of days before 
the occurrence of first and second critical dry spells from the 20th or 30th day 
after the onset dates of growing season. So, the onset dates of the critical dry spells 
in terms of days of the year should be onset dates of growing season (in days of the 
year) plus 20 days (for Calabar and Warri) or 30 days (for the remaining seven sta-
tions) plus the number of days before the occurrence of the critical dry spell. These 
are indicated in Eqs. (2) and (3) respectively below:

For Calabar and Warri Stations (two station):

 ODCDS  (day of year) = OGS (day of year) + 20 + NoD  (2)

Agro-eco. 
zones

Sta. 
name

Most suitable 
model (M) for 

dry spell length

Neural 
net. arch.

RMSE R2 NSE WIA RSR Prediction error 
margin (days)

Mangrove 
Swamp

Cal M1-Len1 9–2–1 0.74 0.81 0.77 0.94 0.45 −0.97 to 1.27

M5-Len2 5–3–1 0.97 0.69 0.67 0.87 0.55 −1.43 to 1.30

War M3-Len1 7–3–1 0.93 0.85 0.82 0.94 0.40 −1.32 to 1.51

M1-Len2 9–5–4–1 0.46 0.92 0.69 0.94 0.53 −0.01 to 1.00

Rain Forest Iba M1-Len1 9–9–1–1 1.49 0.78 0.57 0.86 0.65 −1.71 to 2.02

M1-Len2 9–4–1 1.52 0.75 0.57 0.79 0.62 −2.76 to 2.01

Southern 
Guinea 
Savannah

Ilo M1-Len1 9–4–1 2.05 0.68 0.51 0.84 0.66 −3.38 to 2.68

M2-Len2 8–4–1 0.79 0.93 0.90 0.98 0.30 −2.05 to 1.19

Lok M1-Len1 9–2–1 1.72 0.78 0.58 0.83 0.61 −1.45 to 2.91

M1-Len2 9–2–1 1.61 0.82 0.55 0.87 0.64 −0.84 to 2.90

Mak M1-Len1 9–5–2–1 1.83 0.63 0.55 0.86 0.63 −2.27 to 2.41

M1-Len2 9–5–4–1 1.83 0.71 0.63 0.91 0.58 −3.51 to 3.22

Northern 
Guinea 
Savannah

Yel M1-Len1 9–8–1–1 1.71 0.78 0.64 0.89 0.59 −2.71 to 3.24

M1-Len2 9–3–1 0.90 0.67 0.66 0.89 0.55 −1.33 to 1.51

Kad M1-Len1 9–3–1 1.85 0.76 0.58 0.83 0.61 −3.72 to 1.03

M1-Len2 9–3–1 0.68 0.89 0.83 0.94 0.39 −1.34 to 0.91

Yol M1-Len1 9–3–1 1.65 0.71 0.67 0.87 0.55 −3.47 to 2.48

M5-Len2 5–2–1–1 0.93 0.75 0.62 0.87 0.59 −0.93 to 1.93

Cal, War, Iba, Ilo, Lok, Mak, Yel, Kad, Yol—Calabar, Warri, Ibadan, Ilorin, Lokoja, Makurdi, Yelwa, Kaduna, 
Yola; M1 .. M7—Model1 .. Model7; On Date1, On Date2—First Onset Date, Second Onset Date; Len1, Len2—
First Spell Length, Second Spell Length; RMSE—Root-Mean-Square Error; R2—Coefficient of Determination; 
NSE—Nash-Sutcliffe Coefficient of Efficiency; WIA—Wilmott’s Index of Agreement; RSR—RMSE-Observations 
Standard Deviation Ratio.

Table 4. 
A measure of ANN most suitable model performance on the basis of all statistical measures of the observed and 
predicted critical dry spell lengths for the nine stations.
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For Ibadan, Ilorin, Lokoja, Makurdi, Yelwa, Kaduna, and Yola Stations 
(seven stations):

 ODCDS (day of year) = OGS (day of year) + 30 + NoD  (3)

where CDSOD (day of year)—Critical Dry Spell Onset Date in days of year, OGS 
(day of year)—Onset Date of Growing Season in days of year, and NoD—number 
of days before the occurrence of the critical dry spell.

For any year, the normalized attributes (predictors) were substituted in the 
prediction equations (not shown) derived from the neural network architecture 
involving the input (predictors), hidden, and output (predictands) neurons. 
Normalized values of the predictors were used in the equation to limit the output 
to a range between 0 and 1, making the function useful in the prediction of prob-
abilities. Outputs of hidden layer neurons and output layer neuron were determined 
using Sigmoid Activation Function. The purpose of the sigmoid activation func-
tion is to introduce nonlinearity into the output of a neuron. Neural network has 
neurons that work in correspondence of weight, bias, and activation function. After 
prediction, the predicted values were converted to actual values by the removal of 
the normalization.

3. Results and discussions

3.1 Warri and Calabar

Figure 3(a) and (b) gives the first and second respectively yearly actual and 
predicted values of mid-season critical dry spell onset dates and lengths for Warri 
in the Mangrove Swamp agro-ecological zone. The actual and predicted values of 
the onset dates of first and second critical dry spells are actually the number of days 
before the occurrence of the critical dry spells from 20th day after the onset dates 
of growing season. So, the predicted onset dates of the critical dry spells in terms 
of days of the year should be onset dates of growing season (in days of the year) 
plus 20 days plus the predicted number of days before the occurrence of the critical 
dry spell (Eq. (2)). The prediction lead times for first and second critical dry spell 
onset dates range from 31 to 66 days for Warri and from 27 to 56 days for Calabar 
(figure not shown) as shown in Table 3. The range of errors during testing for onset 
dates and lengths for the first and second critical dry spells is generally ±4 days for 
Warri and for Calabar (figure not shown). The root-mean-square errors (RMSE), 
coefficient of determination (R2), Nash-Sutcliffe Coefficient of Efficiency (NSE), 
Wilmott’s Index of Agreement (WIA), and RMSE-Observations Standard Deviation 
Ratio (RSR) for first and second critical dry spell onset dates for Warri range from 
2.95 to 3.31, 0.83 to 0.86, 0.77 to 0.80, 0.92 to 0.95, and 0.42 to 0.47 days, respec-
tively, while those for Calabar (figure not shown) range from 1.53 to 2.93, 0.75 to 
0.82, 0.72 to 0.82, 0.89 to 0.95, and 0.40 to 0.50 days, respectively (Table 3). The 
RMSE, R2, NSE, WIA, and RSR for the first and second critical dry spell lengths for 
Warri range from 0.46 to 0.93, 0.85 to 0.92, 0.69 to 0.82, 0.94 to 0.94, and 0.40 to 
0.53 days, respectively, while those for Calabar (figure not shown) range from 0.74 
to 0.97, 0.69 to 0.81, 0.67 to 0.77, 0.87 to 0.94, and 0.45 to 0.55 days, respectively 
(Table 4). The neural network architecture for the first and second onset dates and 
lengths of the critical dry spells for both stations are given in Tables 3 and 4.

Ogunrinde et al. [3] who applied ANN for forecasting Standardized Precipitation 
and Evapotranspiration Index (SPEI): A case study of Nigeria got an RMSE value of 
0.7476 for Ikeja, a station in Lagos State, Western Nigeria in the same agro-ecological 
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zone with Warri and Calabar. The two values are somehow close especially for the 
initial aspect of the range for the critical dry spell lengths even though the forecasts 
in the current work are for the onset dates and lengths of mid-season critical dry 
spells and not for SPEI. Dry spell onset dates and lengths prediction were not carried 
out by these and other researchers. So, on the 20th day after the onset date of grow-
ing season of any year in Warri and Calabar, maize farmers could be given yearly 
advance information on the dates of occurrence of first and second critical dry spells 
and their respective lengths for the mid-season (tasseling and flowering of maize). 
This would enable them make adequate preparations for their farming operations to 
ensure improved maize yield taking cognizance of the error margins.

3.2 Ibadan

The yearly actual and predicted values of the first and second mid-season critical 
dry spell onset dates and lengths are shown in Figure 4(a) and (b) respectively 
for Ibadan in the Rain Forest agro-ecological zone. The actual and predicted values 
of the onset dates of first and second critical dry spells are actually the number of 
days before the occurrence of the critical dry spells from 30th day after the onset 
dates of growing season. So, the actual and predicted onset dates of the critical dry 
spells in terms of days of the year should be onset dates of growing season (in days 
of the year) plus 30 days plus the predicted number of days before the occurrence 
of the critical dry spell (Eq. (3)). The first and second critical dry spell onset date 
prediction lead times range from 15 to 37 days in Ibadan (Table 3). The range of 
errors during testing for onset dates and lengths for the first and second critical dry 
spells is generally ±4 days. The RMSE, R2, NSE, WIA, and RSR for first and second 
critical dry spell onset dates for Ibadan range from 1.42 to 2.07, 0.70 to 0.80, 0.64 
to 0.65, 0.90 to 0.93, and 0.56 to 0.57 days, respectively (Table 3), while those for 
first and second critical dry spell lengths range from 1.49 to 1.52, 0.75 to 0.78, 0.57 to 
0.57, 0.79 to 0.86, and 0.62 to 0.65 days, respectively (Table 4). The neural network 
architecture for first and second onset dates and lengths of the critical dry spells for 
Ibadan are also given in Tables 3 and 4.

Figure 3. 
Yearly prediction of (a) mid-season first critical dry spell onset dates and lengths (b) mid-season second critical 
dry spell onset dates and lengths in Warri. The critical dry spell onset dates are given in terms of the number of 
days before the critical dry spell occurrence from the 20th day after the onset dates of growing season.
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The result of the work of Morid et al. [15] regarding ANN forecast of Effective 
Drought Index (EDI) (6 months in advance) in Mehrabad station using nine input 
models gave validation RMSE values ranging from 0.55 to 1.51. Though the latitudes 
of Ibadan and Mehrabad differ and the target forecasts also differ, the range of 
RMSE values is somewhat close. The predictions of critical dry spell onset dates and 
lengths were not addressed by the researchers.

Therefore, on the 30th day after the onset date of growing season of any year 
in the station, maize farmers could be given advance information on the dates of 
occurrence of first and second critical dry spells and their respective lengths to 
enable them make informed preparations in their farming operations for enhanced 
maize yield taking note of the error margins.

3.3 Makurdi, Ilorin, and Lokoja

Figure 5(a) and (b) shows the first and second respectively yearly actual and 
predicted values of mid-season critical dry spell onset dates and lengths for 
Makurdi in the Southern Guinea Savannah agro-ecological zone. The actual and 
predicted values of the onset dates of first and second critical dry spells are actu-
ally the number of days before the occurrence of the critical dry spells from 30th day 
after the onset dates of growing season. So, the predicted onset dates of the critical 
dry spells in terms of days of the year should be onset dates of growing season (in 
days of the year) plus 30 days plus the predicted number of days before the occur-
rence of the critical dry spell (Eq. (3)). The first and second critical dry spell onset 
date prediction lead times range from 20 to 44 days for Makurdi, those for Ilorin 
(figure not shown) range from 17 to 37 days, while those for Lokoja (figure not 
shown) range from 13 to 36 (Table 3). The range of errors during testing for onset 
dates and lengths of the first and second critical dry spells is generally ±4 days for 
each of the stations—Makurdi, Ilorin (figure not shown), and Lokoja (figure not 
shown). The RMSE, R2, NSE, WIA, and RSR for first and second critical dry spell 
onset dates for Makurdi range from 1.12 to 2.70, 0.75 to 0.79, 0.59 to 0.76, 0.82 to 
0.94, and 0.46 to 0.61 days, respectively, those for Ilorin (figure not shown) range 
from 1.54 to 1.65, 0.70 to 0.86, 0.68 to 0.85, 0.91 to 0.96 and 0.37 to 0.53 days, 

Figure 4. 
Yearly prediction of (a) mid-season first critical dry spell onset dates and lengths (b) mid-season second critical 
dry spell onset dates and lengths in Ibadan. The critical dry spell onset dates are given in terms of the number 
of days before the critical dry spell occurrence from the 30th day after the onset dates of growing season.
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respectively, while those for Lokoja (figure not shown) range from 2.05 to 2.19, 
0.58 to 0.79, 0.48 to 0.79, 0.88 to 0.94, and 0.44 to 0.69 days, respectively(Table 3). 
The RMSE, R2, NSE, WIA, and RSR for first and second critical dry spell lengths 
for Makurdi range from 1.83 to 1.83, 0.63 to 0.71, 0.55 to 0.63, 0.86 to 0.91, and 
0.58 to 0.63 days, respectively; those for Ilorin (figure not shown) range from 0.79 
to 2.05, 0.68 to 0.93, 0.51 to 0.90, 0.84 to 0.98, and 0.30 to 0.66 days, respectively, 
while those for Lokoja (figure not shown) range from 1.61 to 1.72, 0.78 to 0.82, 
0.55 to 0.58, 0.83 to 0.87, and 0.61 to 0.64 days, respectively (Table 4). The neural 
network architecture for first and second onset dates and lengths of the critical dry 
spells for the three stations are given in Tables 3 and 4.

Ogunrinde et al. [3] in their work on ANN for forecasting SPEI: A case study 
of Nigeria (for drought matters) got an RMSE value of 0.5957 for Lokoja station. 
The difference in the values got for critical dry spell length in the present work is 
possibly as a result of different target forecasts—SPEI as distinct from mid-season 
critical dry spell lengths. Therefore, on the 30th day after the onset date of grow-
ing season of any year in the stations, maize farmers could be given yearly advance 
information on the dates of occurrence of first and second critical dry spells and 
their respective lengths. This would enable farmers make necessary plans for their 
farming operations for enhanced maize yield noting the prediction error margins.

3.4 Kaduna, Yelwa, and Yola

The yearly actual and predicted values of first and second mid-season critical 
dry spell onset dates and lengths are presented in Figure 6(a) and (b) respectively 
for Kaduna in Northern Guinea Savannah agro-ecological zone. The actual and 
predicted values of the onset dates of first and second critical dry spells are actually 
the number of days before the occurrence of the critical dry spells from 30th day after 
the onset dates of growing season. So, the predicted onset dates of the critical dry 
spells in terms of days of the year should be onset dates of growing season (in days 
of the year) plus 30 days plus the predicted number of days before the occurrence 
of the critical dry spell (Eq. (3)). The prediction lead times for first and second 

Figure 5. 
Yearly prediction of (a) mid-season first critical dry spell onset dates and lengths (b) mid-season second 
critical dry spell onset dates and lengths respectively in Makurdi. The critical dry spell onset dates are given in 
terms of the number of days before the critical dry spell occurrence from the 30th day after the onset dates of 
growing season.
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critical dry spells range from 13 to 34 days for Kaduna. Those for Yelwa (figure not 
shown) range from 18 to 41 days, while those for Yola (figure not shown) range 
from 13 to 35 days (Table 3). The range of errors during testing for onset dates and 
lengths of the first and second critical dry spells is generally ±4 days for each of the 
stations—Kaduna, Yelwa (figure not shown), and Yola (figure also not shown). 
The RMSE, R2, NSE, WIA, and RSR for onset dates of first and second critical dry 
spells for Kaduna range from 2.37 to 2.67, 0.71 to 0.79, 0.65 to 0.74, 0.91 to 0.93, and 
0.48 to 0.56 days, respectively. Those for Yelwa (figure not shown) range from 2.40 
to 3.07, 0.71 to 0.72, 0.66 to 0.72, 0.91 to 0.91, and 0.50 to 0.55 days, respectively, 
while those for Yola (figure not shown) range from 2.46 to 3.16, 0.67 to 0.73, 0.57 
to 0.64, 0.90 to 0.90, and 0.57 to 0.62 days, respectively (Table 3). The RMSE, R2, 
NSE, WIA, and RSR for first and second critical dry spell lengths for Kaduna range 
from 0.68 to 1.85, 0.76 to 0.89, 0.58 to 0.83, 0.83 to 0.94, and 0.39 to 0.61 days, 
respectively, those for Yelwa (figure not shown) range from 0.90 to 1.71, 0.67 to 
0.78, 0.64 to 0.66, 0.89 to 0.89, and 0.55 to 0.59 days, respectively, while those for 
Yola (figure not shown) range from 0.93 to 1.65, 0.71 to 0.75, 0.62 to 0.67, 0.87 to 
0.87, and 0.55 to 0.59 days, respectively (Table 4). The neural network architecture 
for the first and second onset dates and lengths of the critical dry spells for the three 
stations are also given in Tables 3 and 4.

Mulualem and Liou [14] in their work on ANN in forecasting SPEI for the Upper 
Blue Nile Basin in Ethiopia got RMSE value of 0.428 for Bahdir Dar of almost the 
same latitude with Yelwa, Nigeria. The value of 0.91–1.71 got for critical dry spell 
length got in the current work is somehow close. However, the difference in the 
values could be as a result of different target forecasts—SPEI as distinct from mid-
season critical dry spell lengths. Therefore, on the 30th day after the onset date of 
growing season of any year in the stations, maize farmers could be given advance 
information on the dates of occurrence of first and second critical dry spells and 
their respective lengths to enable them make adequate plans for their farming opera-
tions for improved maize yield. The prediction could be made using ANN on 30th 
day after growing season onset dates for these critical dry spells with 10-day average 
values of the predictors (attributes) taken from 21st to 30th day with minimum lead 

Figure 6. 
Yearly prediction of (a) mid-season first critical dry spell onset dates and lengths (b) mid-season second 
critical dry spell onset dates and lengths respectively in Kaduna. The critical dry spell onset dates are given in 
terms of the number of days before the critical dry spell occurrence from the 30th day after the onset dates of 
growing season.
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times of about 2 weeks and maximum of about 2 month as given above (Table 3). To 
make predictions for any year, the predictors (attributes) are first normalized and 
substituted into the equation (not shown) derived from the neural network architec-
ture involving the input, hidden and output layers, weights, and sigmoid activation 
functions. At the result stage, the normalization is removed to get the actual onset 
dates and lengths of the critical dry spells—predictands (classes).

4. Conclusions and recommendation

The prediction of mid-season critical dry spell onset dates and lengths for 
118 day rain-fed maize crop in Nigeria using ANN has yielded the following useful 
results that include the following: (a) the provision of yearly advance information 
on the number of days before the occurrence of first and second critical dry spells 
and their respective lengths on 20th day after the onset dates of growing season in 
Calabar and Warri; (b) the provision of yearly advance information on the number 
of days before the occurrence of first and second critical dry spell onset dates 
and lengths on 30th day after the onset dates of growing season in Ibadan, Ilorin, 
Lokoja, Makurdi, Yelwa, Kaduna, and Yola in Nigeria. The minimum prediction 
lead time is about 2 weeks, while the maximum is about 2 months. This information 
will aid yearly supplementary irrigation planning, scheduling, and various other 
decision makings related to sustainable agricultural operations for enhanced 118-
day maize yield in the nine stations in Nigeria. For future work, it is recommended 
that more stations and longer years of data be used to ensure adequate training of 
ANN networks to realize better prediction results and gain more insight into dry 
spell occurrences during mid-growing seasons in Nigeria.
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Improving Maize Shelling
Operation Using Motorized
Mobile Shellers: A Step towards
Reducing Postharvest Losses in Low
Developing Countries
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Abstract

Maize shelling is still a challenge in low developing countries with more efforts
required to advance this operation. In Uganda, motorized immobile maize shellers
have been fabricated locally to enhance the shelling operation. However, their
performance has not elated the farmers. The unsatisfactory performance is a result
of these shellers being fabricated by local artisan with finite understanding of the
maize grain characteristics and operation factors to optimize maize shelling. In
addition, farmers in these countries have a deficiency of power to operate the
motorized maize shellers available. Transportation of these motorized maize
shellers is also still a challenge and it imposes an extra cost to the farmers hence
reducing their profits from maize growing. In this chapter, we reviewed maize
shelling process in low developing countries particularly the categories of maize
shelling, maize sheller design requirements, use of equations to design sheller
parts, modification of the motorized maize shellers and case studies on the mobile
maize shellers, comparing them with immobile maize shellers. The study con-
cluded that on addition to other sheller performance attributes, motorized mobile
maize shellers can solve transportation challenges associated with motorized
immobile maize shellers.

Keywords: maize, shelling, mobile motorized shellers, post-harvest operations

1. Introduction

Maize is among the three critical cereal grains in the world, others being wheat
and rice [1]. Maize was first identified in central Mexico 7000 years ago from a wild
grass and Indigenous Americans converted it into food [2]. This cereal grain con-
tains starch (60–80%), protein (8–12%), fat (3–5%), and minerals (1–2%) [3, 4].
It is grown worldwide, with Unites States, China, and Brazil as the top three maize-
producing countries with a combined production of approximately 563 of the 717
million tons/year [2]. Maize contains nutrients for both humans and animals but it
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is also used for production of starch, oil and protein, alcoholic beverages, food
sweeteners, and biofuels [5]. The significance of maize as a staple food in low
developing countries can be compared to that of wheat in Asia. It is mostly con-
sumed in Eastern, Western and Southern Africa in different forms such as kenkey in
Ghana, Ogi in Nigeria, stiff porridge (nsima) in Malawi, maize meal (ugali) in Kenya
[6], and posho and porridge in Uganda. In Sub Saharan Africa (SSA), over 208
million people bank on maize as a food source and being economically empowered
[7]. Out of the 22 countries in the world where maize is mostly consumed, 16 of
them are found in Africa [7]. This makes maize a very important cereal in Africa.
Despite its importance, the losses of maize after harvest have decreased its avail-
ability among the poor people in Africa. In Uganda, for example, maize postharvest
losses are about 30% [1] which has escalated hunger especially among the poor in
the villages.

Maize processing include harvesting, dehusking, drying, shelling, storing, and
milling. Compared to other operations, shelling still stand out as the most chal-
lenging operation that requires more work to improve it [8]. For the maize
farmers to fully enjoy the financial benefits from their maize, appropriate tech-
nology that suits their needs is a requirement. In this regard, motorized immobile
maize shellers have been fabricated locally to enhance the shelling operation.
However, their performance has not elated the farmers. The unsatisfactory per-
formance is a result of these shellers being fabricated by local artisans with finite
understanding of the maize grain characteristics and operation factors to optimize
maize shelling [1]. In addition, farmers in low developing countries have a defi-
ciency of power to operate the motorized maize shellers available. It has been
reported that transportation of these immobile maize shellers with the engines to
run them from place to place is a big problem to sheller service providers; often
requiring an additional carrier to move shellers to the farmers’ field. The shelling
service providers hence ask for an extra cost, which is usually passed on to
farmers. These shellers also require extra time and energy to arrange the maize
shelling environment at the farm level [9].

To consider the shelling power and sheller transportation problems, low cost
motorized mobile maize shelling technologies have been developed as a result of
modifying the available motorized immobile maize shellers. Some motorized mobile
maize shellers were fabricated in 2012 by industrious fabricator Munyegera Agro-
Machinery in Eastern part of Uganda [10]. Later, the multipurpose vehicle mobile
maize shelling technology was introduced [1]. In Bangladesh, a two-wheel tractor
mounted mobile sheller for small scale farmers was also introduced [9]. In this book
chapter, maize shelling operation in low developing countries has been described with
focus on encouraging a paradigm shift from the motorized immobile maize shellers to
mobile maize shellers as a solution to the maize shelling constraints in these countries.

2. Maize shelling as a postharvest operation

Maize shelling as a postharvest operation is the removal of maize seeds from the
cob [11]. This operation can be carried out either in the field or at the storage
facility. Maize shelling is therefore an important step towards the processing of
maize to various finished products like flour and maize bran.

2.1 Maize shelling in developed countries

In developed countries like Europe, North America, and China, maize shelling
operation is done using combine harvesters [12]. Combine harvesters (Figure 1)
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simultaneously perform operations of ear picking, threshing, separation, and
cleaning on the mature maize plants in the field. The purpose of this mechanized
maize harvesting technology is to replace manual labor to harvest maize from fields
in time with minimum loss while maintain high quality standards [14]. Some of the
advantages of mechanized maize shelling include: reduced drudgery, enhanced
productivity, time consciousness of agricultural operation, and availing labor for
other agricultural operations. Combine harvester designers are working towards the
quality of the process automatic controls and protecting the environment [15].

2.2 Maize shelling in low developing countries

Maize shelling in low developing countries is still a challenge to its value addition
as it is tiresome and requires a number of labor hours [11]. A major issue for maize
value chain is that good quality maize is difficult to find among farmers. Many
times, buyers are ready to pay a high price for maize grains from farmers with good
quality maize. However, good quality maize is often unavailable due to poor
postharvest handling. The impacts of quality at postharvest level can be attributed
to poor drying and storage methods among other factors. For example, maize
drying on the bare ground, and storage in dump places and aflatoxin growth [10].
Beside drying and poor storage, maize post-harvest losses are also due to use of
rudimentary tools like tapered cylindrical metallic shelling device [16].

Maize shelling methods can be categorized as traditional maize shilling, manual
maize shelling, and motorized maize shelling based on the technology used.

2.2.1 Tradition maize shelling

Maize is shelled traditionally by hand (Figure 2). Here, the grains are detached
from the cob by pressing them with the thumb [2]. The technique produces unbro-
ken kernels but the process is tedious. A few kilograms can be shelled in an hour,
with damages left on shellers’ fingers. Another simple and common method of
traditional maize shelling is to rub two maize cobs against each other in order to

Figure 1.
Different components of a combine harvester [13].
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detach the maize kernels [17]. However, these traditional methods of shelling are,
not efficient, consume a lot of time, and require a lot of energy with very low
productivity since farmers can shell only a few kilograms/hour.

2.2.2 Manual maize shelling

This method is almost similar to the traditional method of shelling except that it
requires more energy compared to traditional methods to run manual maize sheller
(Figure 3). For some manual shellers, two people are required during shelling, one
person constantly feeds the maize cobs and the other operates the equipment by
rotating the handle [8] while other manual shellers require one person [2]. Hand-
operated shellers, requires less time to shell the maize compared to the traditional
methods. These come in several models, and they are usually driven by rotating the
handle or a pedal. With the output capacity of 14–100 kg/min, they are more
suitable for small-scale maize production [2]. Hand-operated maize shellers are also
suitable for shelling maize for seed purpose since damaged maize kernels are fewer
compared to motorized maize shellers [18].

2.2.3 Motorized maize shellers

This method uses the same concept as hand-operated maize shellers except that
the shellers are powered using a motor or an engine (Figure 4). The shellers under
this method can be categorized into immobile and mobile maize shellers [10]. These
shellers save time and they reduce on the drudgery during maize shelling. However,
the challenges with some of these shellers is that they are heavy [8], do not clean
the maize kernels and are characterized with a broken percentage of 8.4 [1] which is

Figure 2.
Maize shelling by hand [16].
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above the recommended 2% [20]. Motorized maize shellers use mechanically
generated power to shell the maize. To facilitate speedy shelling of maize in large
scale maize production, motorized maize shellers are recommended compared to
hand-operated maize sheller [2]. The output of motorized maize shellers range
between 500 and 2000 kg/hour and they can be operated by tractor power take off
(PTO) or engines with power varying from 5 to 15 hp depending on the equipment
used [2].

3. Maize sheller design considerations

The design objective is to obtain maximum shelling performance from the
equipment. The performance of shellers in terms of shelling efficiency, grain

Figure 4.
Motorized maize shelling [19].

Figure 3.
Manual maize sheller [18].
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damage percentage, output capacity, cleaning efficiency, and power requirement is
a function of design parameters, operating factors, physical and engineering
properties of maize [21].

3.1 Design parameters

Design parameters include: cylinder diameter, cylinder speed, shelling length,
clearance between the spikes and the concave, diameter holes in the concave, spike
shape, size, and arrangement on the shelling drum and the blower type. Uttam et al.
[11] recommended 886 rpm and 12.05–13.64% for shelling speed and moisture
content, respectively [1] for the best shelling results. At these conditions, the study
concluded that the shelling efficiency, cleaning efficiency, grain recovery effi-
ciency, total grain losses, and output capacity were 87.08, 95.89, 95.48, 2.96, and
623.99 kg/h respectively. Chilur and Kumar [22] developed and evaluated the
performance of a modified dehusker cum sheller. In their study, they recommended
a clearance of 25 mm between the spikes and the concave for good shelling results.

3.2 Operating factors

Operating factors include grain moisture content, shelling speed, and the
feeding rate. An evaluation of these factors depends on the knowledge and
understanding of the equipment’s mode of operation.

Shelling efficiency is increased by reducing the moisture content [23]. This can
be attributed to less resistance to the removal of maize grains from the cobs due to
low moisture. The grain damage percentage increases with a reduction in moisture
content [1]. This can be attributed to less deformability of the grains which reduces
the breakage at low moisture content. The sheller output capacity also increases
with a reduction in moisture [24]. This can be attributed to the reduced time needed
to remove maize grains from maize cobs as moisture content lowers. Likewise
cleaning efficiency increases with a decrease in moisture content [25]. This can be
attributed to the negligible moisture content of the chaff as the grain moisture
content reduces.

The shelling efficiency is increased by an increase in shelling speed [23]. This can
be attributed to the increased ease in the removal of maize grains from the cobs as a
result of increased impacts and resistance created between the shelling drum and the
concave as the shelling speed increases. Increased shelling speed increases the grain
damage percentage [1]. This can be attributed to the more force exerted to the maize
grains on the cobs as a result of higher cylinder speed and frequency of impacts at
higher shelling speed. Increased shelling speed causes an increase in the output
capacity. The output capacity of the sheller also increases with an increase in shelling
speed [24]. This can be attributed to more removal of maize grains from the maize
cobs due to increased impacts and resistance created between shelling drum and the
concave with the increased shelling speed. Likewise, the cleaning efficiency increases
with an increase in the shelling speed [25]. This may be attributed to an increase in
the air flow rate produced by the sheller blower as the shelling speed raises.

Increasing the feeding rate decreases the shelling efficiency [26]. This can be
attributed to the increase in unshelled grains that comes with the increase in the
feeding weight as the feeding rate increases. The increased feeding weight causes an
imperfect contact between concave and shelling drum. Also, increasing the feeding
rate, decreases the broken grain percentage. This is due to increasing the weight
entering the sheller through the hopper which acts as a cushion that reduces the
effect of the grains with the shelling unit and this reduces the broken grain
percentage.
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To find out how different design and operating factors of maize shellers affect
their performance, studies have been conducted. Aremu et al. [27] designed,
constructed, and assessed the performance of the motorized maize shelling machine.
The experiment used three pulleys to change the shelling speed between 623 and
886 rpm with moisture content at levels of 13, 15, and 17%. Their study noted that
maize grains of lower moisture contents were easily removed from the maize cobs.
This was in agreement with what [28] found out when they conducted a similar
experiment under the same conditions. The study further noted that shelling speed is
directly proportional to the shelling efficiency and output capacity.

In most of the earlier studies, one operation factor was studied at ago using
different experiments. However, using factorial experiments, the researcher can
compare all treatments that can be created by different factor levels [29]. Factorial
experimentation is highly recommended because every observation gives informa-
tion about all the factors in the experiment. Srison et al. [30] used a factorial
experiment to study different factors affecting losses and power consumption of
axial flow corn shelling unit at different levels of the main effects. The study results
revealed that peg tooth clearance, concave rod clearance, and concave clearance had
significant difference on the shelling losses and power consumption, but not on
grain breakage. Ugwu and Omoruyi [31] conducted an experiment to find out the
effect of moisture content and feeding rate on the shelling efficiency. A 2 hp electric
motor was used to provide the drive through belt connections to drive the pulley on
the shelling chamber. The factorial experiment was conducted using three different
moisture contents and feeding rates. The feeding rates were 3.75, 4.75, and 5.75 kg/s.
The moisture contents were 10, 15, and 20%. The study observed that the shelling
efficiency of the maize sheller was significantly and negatively affected by moisture
contents of more than 15%. The results obtained also showed that shelling efficiency
of the equipment was 99.01% at a moisture content of 10%.

3.3 Physical factors

The important crop physical factors include the moisture content, the biometric
properties such as length, width, arithmetic and mean diameter, shape, volume and
surface area of the grains [32], grain cob ratio, grain bulky density, sphericity, angle
of response, terminal velocity, one thousand grain mass, and porosity [2]. One
thousand grain weight, density, sphericity, and surface area of different grains are
required when designing different separating, handling, storing, and drying sys-
tems. Bulky density, true density, and porosity are needed when sizing grain
hoppers and storage facilities [33]. They can also affect the rate of heat and mass
transfer of moisture during aeration and drying processes. Density is used to sepa-
rate materials with different densities or specific gravities.

The arithmetic mean diameter (Da) in mm and geometric mean diameter (Dg) in
mm of the grains can be calculated using Eqs. (1) and (2) according to [32].

Da ¼ LþW þ Tð Þ
3

(1)

Dg ¼ L�W � Tð Þ13 (2)

where
L: length of the maize grain, mm
W: width of the maize grain, mm
T: thickness of the maize grain, mm
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The sphericity (ϕ) is surface area of a sphere with the same volume of the maize
grain can be determined using Eq. (3) according to [34].

ϕ ¼ L�W � Tð Þ13
L

(3)

The surface area, S in mm2 of agricultural products generally indicates the
patterns of behavior in a flowing fluid such as air, as well as the ease of separating
additional materials from the product during cleaning by pneumatic means. The
surface area of the grains can be calculated using Eq. (4) according to [33].

S ¼ π Dg
� �2 (4)

The bulk density of the main grains can be calculated using Eq. (5) according
to [34].

ρb ¼
4M
πD2h

(5)

where
ρb: bulky density, gcm�3

M: mass of grains that fills the height of 150 cm measuring cylinder, g
D: internal diameter of glass sampler, cm
h: height of the maize in the glass jar sampler, cm
The angle of response can be calculated using Eq. (6) according to [35].

θ ¼ tan �1 h0
r

� �
(6)

θ: angle of response, degrees
h0: height of the maize heap, m
r: radius of the maize heap, m
For primary processing of maize, particularly maize shelling, it is important to

determine these physical properties mostly dependent on moisture content. Atere
et al. [36] carried out a study on the physical properties of the maize varieties
commonly grown in Nigeria. Properties determined included tri-axial dimensions
(length, width, and thickness), sphericity, bulky density, true density, porosity, one
thousand seed grain weight, and co-efficient of static friction. The data obtained
was subjected to analysis of variance (ANOVA) and least significance difference
(LSD) tests. The moisture contents of maize in this experiment were 11.35, 11.34,
and 11.25%. The ANOVA results showed that maize grain properties of length,
thickness, and effective diameter, bulky density, true density, porosity, and
response were significantly different (p < 0.05) within the three varieties.

3.4 Engineering factors

Engineering properties are divided into frictional and aerodynamic properties
and they are used in designing equipment for solid flow, conveying systems, and
separation equipment [37]. Frictional properties include the coefficient of friction
and angle of response, which can be measured using the angle of response apparatus
(Figure 5). It consists of a plywood box of 60 mm � 60 mm � 60 mm (a) and a
protractor (c) for measuring the angle in degrees and provided with a fixed and
adjusted plates [32]. It also has a control (b) for raising and lowering the box during
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measurements. The box is filled with maize and adjustable plate inclined gradually
allowing the grains to slide and assume a natural slope. The static coefficient of
friction of maize grains on different surfaces can then be determined by this
apparatus. Aerodynamic properties include drag coefficient and terminal velocity
measured using the terminal velocity apparatus [37].

Identifying the physical and engineering characteristics of grains is important
when designing, improving and optimizing the separation and cleaning equipment
[34]. The engineering selection and design of grains equipment requires knowledge
of these grain properties because they are of great importance in the simulation and
design of these equipment. Their influence is more pronounced in problems of
conceptual design where a wrong estimation of a property can lead to a design plan
that is not feasible. The knowledge of maize properties also gives information about
the product quality, its acceptability by different groups of consumers and its
behavior in post-production, during storage, and consumption.

4. Designing a maize sheller

To ensure safe food, the equipment used for shelling maize should be designed,
fabricated, and tested according to the required food grade design requirements.
Mild steel can be used for maize sheller fabrication because it does not contaminate
dried foods like maize grains. Besides, mild steel is smooth textured, mechanically
stable, easily cleaned, and readily available at a relatively low cost. Bako and Batule
[38] used mild steel to construct the shelling drum, spikes, conveyor, sieve, upper
casing, hopper, exit cutes, and the frame of the maize sheller. Akoy and Ahmed [39]
noted that mild steel can be used to achieve the equipment objective at the lowest
cost possible. Designing a maize sheller requires designing the individual parts and
then assembling them. These parts include main and other shafts, hopper, power
transfer systems, and other parts.

The main shaft of the maize sheller can be designed using a hollow shaft because
it has less weight, it is better in absorbing torsional loads and with great strength to
weight ratio. Torsion theory [40] as shown by Eq. (7) can be used to calculate the
minimum and maximum shaft diameters.

Figure 5.
Angle of response apparatus [32].
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T
J
¼ τ

R
(7)

where
T: applied external torque, Nm
J: polar second moment of area of the shaft cross section
τ: shear stress at radius R and is the maximum value for both solid and hollow

shafts
R: outer radius of the hollow shaft
For hollow shafts J is calculated using Eq. (8) [40].

J ¼ π D4 � d4
� �

32
(8)

where
D: outer shaft diameter
d: inner shaft diameter
Calculation of the Torque generated by the available power required to shell the

maize can be done using Eq. (9) [27].

P ¼ Tω (9)

where ω is angular velocity in rad/s calculated from Eq. (10) [27].

ω ¼ 2πN
60

(10)

where N is shelling speed in rpm
Using a diameter ratio of d = 0.833D and a maximum allowable shear stress τmax

of 42 MNm�2 for a mild steel hollow shaft, the minimum shaft diameters can be
calculated [40].

The concept of calculating the volume of the frustum of the pyramid using
Eq. (11) can be used to size the hopper [1]. Volume of the frustum (hopper) is the
difference between big pyramid volume and the small pyramid volume.

V ¼ 1
3
bh (11)

where
V: volume of the pyramid, m3

b: base area, m2

h: pyramid height, m
The maximum bending moment Mbmax can be obtained by taking moments

about any point along the shaft while considering all the forces acting on the
shaft and their respective distances from the chosen point [1]. A shear force
diagram and bending moment diagram are then drawn from which the maximum
bending moment is read.

The torsional momentMt can be determined using Eq. (12) according to [24, 27].

Mt ¼ P
2πN

(12)

where
Mt: torsional moment, Nm
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P: power, watts
N: speed, rpm
The bending, load, bending stress (tension and compression) can be calculated

from Eq. (13) [24].

Sb ¼ MbR
I

(13)

But for hollow sections, I ¼ π D4�d4ð Þ
64 [40].

where
Sb: bending stress, MNm�2

D: outer diameter
D: internal diameter
I: moment of inertia
The torsional stress can be determined using Eq. (14) according to [41].

τxy ¼ MtR
J

(14)

where
τxy: torsional stress, Nm�2

Mt: torsional moment
R: outer radius of the shaft
J: polar moment of inertia
d: inner diameter of the shaft
Torsional rigidity of the shaft can be based on permissible angle of twist. The

amount of twist permissible depends upon the particular application and it can vary
from 0.3 m�1 for machine tools shaft to 3 m�1 for line shafting [41]. Torsional
rigidity can be calculated from Eq. (15) according to [41].

θ ¼ TL
GJ

(15)

where
θ: angle of twist, degrees
L: length of the shaft, m
G: torsional modulus of rigidity, Nm�2

The lateral rigidity of the shaft can be based upon the permissible lateral
deflection for proper operation, accurate machine tool performance, shaft
alignment, and other factors. The amount of deflection can be calculated by two
successive integrals shown by Eq. (16) according to [40].

d2y
dx2

¼ Mb

EI
(16)

where
Mb: bending moment, Nm�2

E: modulus of elasticity, Nm�2

I: moment of inertia, m4

The sheller main shaft speed and the engine shaft speed can be related by power
transfer equation shown by Eq. (17) according to [24].

N1D1 ¼ N2D2 (17)
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where
N1: speed of the driver pulley, rpm
D1: diameter of driver pulley, m
N2: speed of the driven pulley, rpm
D2: diameter of the driven pulley, m

5. Economic feasibility of maize shelling as a business

Most fabricators, wholesalers, and retailers of maize shellers in many countries
do not have definite capacity building and after-sale services to the maize sheller
users [42] and no adequate instructions on equipment maintenance. Hence the
entrepreneurs mostly learn on their own the operation and maintenance of their
maize shellers. As a result, the economic lives of maize shellers become shorter and
cause a financial loss to entrepreneurs. Thus, determining the key indicators relat-
ing to the financial feasibility of a maize shelling business is of greater importance
before getting into the maize shelling business. These indicators include benefit–
cost ratio and payback period [43]. The payback period is the period within
which the initial investment will paid. It can be estimated using Eq. (18) according
to [24].

P ¼ I
NA

(18)

where
P: payback period, years
I: investment cost, USD
NA: net annual returns, USD
The benefit–cost ratio can be defined as the comparison of the present worth of

the costs with the present worth of the benefits [42]. The benefit–cost ratio can be
calculated using Eq. (19) according to [24] and it is recommended to be greater than
one for the shelling business to be financially viable.

BC ¼ DB
DC

(19)

where
BC: benefit–cost ratio
DB: discounted benefits
DC: discounted costs

Discounted Benefits ¼
Xn
t¼1

Bt

1þ rð Þt

Discounted costs ¼
Xn
t¼1

Ct

1þ rð Þt

Bt: returns for year t, USD
Ct: cost for year t, USD
t: economical life, years
r: discounted rate
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6. Modification and improvement of mobile maize shellers

Modification of maize shellers can lead to improvement of the existing shellers
for better performance. Most engineering designs are classified as systems created
by human effort and did not exist before or improvements on the existing ones.
These designs do not suddenly appear from nowhere. They result from merging
technologies to meet or solve existing problems from time to time. Modification of
maize shellers can be aimed at improving the performance of the existing shellers
by adjusting mechanisms to certain working conditions [44]. Abagissa and Befikadu
[45] noted that modification of maize shellers can result in causing no damage to
maize kernels at all. Their study further revealed that the shelling efficiency was
99.67% at a moisture content of 14.7%. The evolution of motorized mobile maize
shellers is a result of modification of the immobile motorized maize shellers to solve
the power and transportation problems.

6.1 Case study 1: multi-purpose farm vehicle mobile maize sheller

According to [1], a study was conducted to evaluate the performance and opti-
mize the shelling operation of the multi-purpose farm vehicle shelling technology.
The study was aimed at: (i) improving the available market maize sheller and
evaluate its performance and (ii) optimizing the shelling operation of the multi-
purpose farm vehicle using the modified sheller. At present, transportation of maize
shellers and engines (power source) from place to place is a big challenge in maize
shelling. In Uganda, shellers and engines are transported on motorcycles, which not
only require an extra cost, but also extra time and energy. In an effort to improve
maize shelling in the country, a multi-purpose farm vehicle with a provision for
hitching a maize shellers was developed to solve the power and transport problems
faced by maize farmers. The three-wheeled vehicle can be used for water pumping,
maize shelling, rural transport, and phone charging. This technology involves use of
a multi-purpose farm vehicle power take off (PTO) power to run the maize shellers
using a V-belt and a pulley. The multi-purpose farm vehicle was evaluated using a
motorized market sheller and the mean broken percentage of the shelled maize was
8.43%, which was higher than the 2% recommended [20]. As a result, the holes of
the concave were increased to 15 mm from 12 mm so that maize grains could easily
fall through, a hollow shaft was used instead of the solid shaft for the main shelling
shaft, the clearance between the concave and the spikes was modified from 22 to
25 mm which was just enough to allow the grain from being detached from the cob
without damaging them and the number of the fun blades was increased from 4 to 8
[1]. The modified maize sheller was evaluated (Figure 6) to assess if the results
were satisfactory. One way analysis of variance (ANOVA) was done using R-studio.
The economic feasibility of the shelling technology was also conducted.

It was noted that the output capacity, cleaning efficiency, and grain damage
percentage of the modified maize sheller was significantly different (P < 0.05)
from the values obtained by the market maize sheller (Table 1). However, there
was no significant difference between the shelling efficiency of the modified maize
sheller and the market maize sheller. Hence in terms of shelling efficiency, both the
market maize sheller and the modified maize sheller were good since their values
were all above 97%.

The results of the benefit–cost analysis of the modified maize sheller powered by
the multi-purpose farm vehicle are presented in Tables 2 and 3.

The benefit–cost-ratio and pay back period of the modified maize sheller were
1.07 and 1.37 years, respectively (Table 3). These results were in agreement with
[42] who obtained a benefit–cost ratio of 2.34 for a maize sheller for which it
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required to be greater that one. In addition, the modified sheller investment
would pay back the initial investment within 1.5 years or approximately three
maize growing seasons. Hence the maize shelling operation of the modified maize
sheller powered by the multi-purpose vehicle is a profitable venture for
entrepreneurs.

Figure 6.
Operational view of the modified multi-purpose vehicle maize sheller [1].

Performance indicator Units Market maize sheller Improved maize sheller p-values

Output capacity kg/h 608.0 1581.0 P < 0.05

Shelling efficiency % 97.4 98.0 P > 0.05

Cleaning efficiency % 18.4 98.3 P < 0.05

Grain damage percentage % 8.4 0.7 P < 0.05

Table 1.
Market maize sheller versus modified maize sheller [1].

Particulars Cost, USD

Fixed cost (cost of the sheller) 577.0

Annual variable cost 2982.9

Annual gross income from shelling 3405.4

Annual net returns 422.6

Table 2.
Various costs for the modified maize sheller [1].

Particulars Details

Payback period (years) 1.37

Benefit–cost ratio 1.07

Table 3.
Payback period and benefit–cost ratio of modified maize sheller [1].
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6.2 Case study 2: two-wheel tractor mounted mobile maize sheller

According to [9], a study was conducted to develop a cost effective two wheel
tractor mounted mobile maize sheller for small-scale farmers in Bangladesh in
South Asia. Two-wheel tractor (power tiller) is a common tillage tool in Bangladesh
agriculture because it can easily access fragmented land that is affordable to small
scale farmers. Traditionally, maize shellers need to be carried from place to place by
hooking with two-wheel tractor (2WT) and set it up again for shelling operation.
This takes longer time for preparation of maize shelling.

To consider this problem and constraint, a small cost-effective mobile maize
sheller was developed, which is mounted on the front side of the two-wheel tractor
(Figures 7 and 8).

So, the driver of the 2WT carry and move the sheller along in the 2WT driving
position. The engine of 2WT is used as a power source for operating the maize
sheller.

The mobile maize sheller eradicates the transportation problem and can start
shelling operation instantly at any place since it is attached together with 2WT. It is
counter clockwise rotating cylinder, axial flow type sheller and grain separated with
a resistance between spike tooth and the concave. The maize sheller is attached with
nuts and bolts in front of the engine base of 2WT. The operating power of the
sheller comes from the fly wheel of the engine of the tractor through a V-belt and a
pulley.

The shelling performance of the mobile maize sheller is shown in Table 4. The
shelling capacity, shelling broken kernel and cylinder loss of the mobile maize
sheller were 2100 kg/h, 2.3 and 0.35%, respectively. The efficiency of the mobile
maize sheller was 97%.

Effective operating hours of mobile maize sheller is more than that of the
traditional maize sheller (Table 5). This is because shelling unit of the mobile maize
sheller is assembled with the transportation power unit and service providers freely
carry the maize sheller to different farmers’ home yards in assembly position. This
therefore, reduces the maize sheller installation and starting time. The effective
operating hours/day were 6.5 and 4.5 hours for the mobile maize sheller and immo-
bile maize sheller, respectively. Mobile maize sheller saves 2 hours/day that is this
sheller can be used for an additional 2 hours in day compared to the immobile maize
sheller. The shelling cost for mobile maize sheller was 0.0026 USD/kg of grain
which was lower than 0.012 USD/kg for the immobile maize sheller (Table 6).

Figure 7.
Side view of the two-wheel tractor with the mobile maize sheller [9].
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The lower shelling cost of the mobile sheller can be attributed to the extra two
hours that it can operated per day compared to the immobile maize sheller. The
benefit–cost ratio (BCR) of the mobile maize sheller was 5.15.

Maize sheller 

Two-wheel 
tractor

Operator

Shelled 
maize 

Figure 8.
Operational view of the two-wheel tractor mobile maize sheller [9].

Performance parameter Units Measured value

Cylinder speed rpm 1250

Throughput capacity kH/h 3150

Average shelling capacity kg/h 2100

Cylinder loss % 0.35

Separating loss % 0.40

Broken kernel % 2.20

Shelling efficiency % 97

Table 4.
Shelling performance of the mobile maize sheller [9].

Maize sheller name Average effective use, hours/day Time saving, hours/day

Mobile maize sheller 6.5 2

Immobile maize sheller 4.5 —

Table 5.
Effective use hours of mobile maize sheller versus immobile maize sheller [9].

Maize sheller types Shelling cost,
USD/kg

Shelling cost,
USD/year

Net return,
USD/kg

Net return,
USD/year

BCR

Mobile maize sheller 0.0026 3.416.72 0.012 17,646.94 5.16

Immobile maize sheller 0.012 — — — —

Table 6.
Shelling cost of the mobile and immobile [9].
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6.3 Case study 3: Munyegera Agro-Machinery mobile maize sheller

The last case study is from [10] about a mobile maize sheller (Figure 9)
designed and fabricated by an enterprising fabricator Munyegera Agro-Machinery
in Eastern Uganda with encouragement, advice, training, and initial funding from
Non-Government Organization (NGO) Sasakawa 2000.

Although there is not much scientific information on its design, fabrication, and
evaluation, it can be noted that this mobile maize sheller capacity is 2000–3000 kg/h
[10] which is higher than most motorized immobile maize shellers. This can be
attributed to the bigger shelling unit of the mobile maize sheller compared to the
motorized immobile maize shellers. Operation of this mobile maize sheller requires
three to four workers. Hence, whether a self-employed agent or large-scale farmer
service enterprise like the Bugiri Agribusiness Initiative Development Association,
youth are typically hired to operate and maintain the maize shellers which has
contributed to rural enterprise growth and job creation.

Feed the Future Uganda Commodity Production and Marketing (CPM) initially
cost-shared 70 these mobile maize shellers in 2015, particularly with large traders
and farmer organizations linked to village agents to demonstrate the benefits of this
technology [10]. On observing the benefits, some traders started buying the mobile
shellers and have their village agents operate them. Apex farmer organization also
purchased the mobile maize shellers to provide the mobile maize shelling service to
their members. As of March 2016, many CPM clients acquired 280 mobile maize
shellers [10]. CPM worked with Munyegera Agro-Machinery to train more than
200 operators in operations and maintenance, as well as maize quality control with
an idea that shellers will be offering premium prices on behalf of their buyers.

7. Conclusion

This book chapter’s main aim was to describe the maize shelling operations in
low developing countries with focus on the need for a paradigm shift from immo-
bile maize shellers to mobile maize shellers. Compared with immobile maize
shellers, mobile maize shellers have the potential to solve the power problem as well
as sheller transportation problem and the extra energy required to lift the maize

Figure 9.
Operational view of the Munyegera Agro-Machinery mobile maize sheller [10].
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shellers up and down during the shelling process. In addition, mobile maize shellers
save time hence increasing their effective use hours in the field. To maximize the
shelling operation, it is recommended that the moisture content of maize is
maintained between 12 and 13% at a shelling speed of 880 rpm. Also, the clearance
between the spikes and the concave should always be designed depending on the
maximum and minimum diameters of the maize cobs.
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Abstract

Corn starch is one of the most widely used biopolymers in the world for various 
applications, due to its high production, renewable, low cost, non-toxic, biodegrad-
able and provide great stereochemical diversity by presenting a complex structure 
with unique qualities that they depend on multiple factors to obtain special proper-
ties for a specific use and/or of interest. From the synthesis of the starch granule to 
its extraction for its subsequent use, it promotes innovative characteristics, present-
ing infinite functionalities applicable and/or as a substitute for synthetic polymers. 
However, some limitations of hydrophilicity, thermal and mechanical properties, 
rapid degradability and strong intra and intermolecular bonds of the polymer 
chains make their use difficult in the medium and long term. Enzymatic, chemical 
and physical methods continue to be used today, creating by-products such as pol-
luting waste and which can be costly. Therefore, the polymeric modification of the 
starch granule is necessary to mitigate limitations and by-products, currently the 
use of starch blends is a promising trend to produce new and innovative desirable 
properties. This chapter describes the advances and trends in the physicochemi-
cal properties of corn starch blends Zea mays L. as a potential material, leader for 
its attractive properties and benefits that it has to offer, demonstrating that when 
combined with other starches from different botanical sources and/or molecular 
structure present unique and unequaled synergisms.

Keywords: Corn, Starch, Blends, Extrusion, Microencapsulation

1. Introduction

Corn (Zea mays L.) is the cereal with the highest production in the world due to 
the amount of nutrients that it provides beneficial for the consumer. Starch is the 
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main component of the energy source precursor corn kernel. The main polysac-
charides that make up starch are: Amylose is made up of α-D-glucose units linked by 
α (1,4) glucosidic bonds, while amylopectin is a branched polymer formed by linked 
α-D-glucose units by α (1- > 4) glucosidic bonds with branching points in the form 
of α (1,6) bonds. The amylose and amylopectin molecules form alternating stacks of 
crystalline amorphous lamellae and semicrystalline growth rings, originating highly 
organized granules that may differ with respect to the genotype of the botanical 
source of extraction, amylose is dispersed over the entire structure of amylopectin 
[1]. Currently corn starch is used as an emulsifying agent, encapsulant, stabilizer, 
colloidal gelling agent, water retention agent, among other uses due to the unique 
physicochemical characteristics that it presents, in addition to being accessible, 
non-toxic and having high yields at low cost production [2].

2. Corn starch

Corn is one of the staple foods and is used as an industrial by-product. The 
corn grain comes from the independent fruit called caryopsis that is inserted in the 
cylindrical rachis “ear”, each grain or seed is limited by the number of grains per 
row and rows per ear. The pericarp (wall of the ovary) and testa (seed coat) join 
to form the wall of the ear. The corn kernel is made up of 3 main parts: “embryo”, 
“endosperm” and “wall of the fruit”. The amount of kernels produced on each ear 
and the number of ears that grow is generally confirmed when pollinating [3, 4]. In 
addition to the different derivatives of corn such as corn oil, gluten, syrup, dextrose, 
ethanol among others. Corn starch provides ideal characteristics for various indus-
trial applications in the textile, food, pharmaceutical, construction fields, among 
others. It is composed mainly of amylose/amylopectin in different proportions and 
polymeric organizations. These two components of starch represent approximately 
≥99% of starch by dry weight. Commonly the conformation is 75% amylopectin 
and 25% amylose. The polymeric structure of amylopectin provides the morphol-
ogy of the granule. Amylopectin is made up of -D-glucopyranosyl chains, which 
are highly branched and the chains are connected to each other by 1,4 bonds, with 
almost 6% of 1,6 bonds forming branch points. Amylose is found in small amounts 
compared to amylopectin. It is an unbranched unit with 1,4-linked glucopyranosyl 
units, although it does not have branches, but there are some molecules that are 
slightly branched with 1,6-linkages. Amylopectin is the main molecule that causes 
the various changes on the physicochemical properties of the starch granule, chang-
ing the rheological, hygroscopic, retrogradation and leaching properties of amylose, 
generating new structural conformations, glass transition and maximum viscosity. 
On the other hand, amylose (leaching) also has a directly proportional effect on the 
changes that amylopectin presents, due to the response factors applied to starch [5].

Starch in the native state (without amylose/amylopectin structural modifica-
tion) is available as a reserve carbohydrate in many parts of plants, including roots, 
tubers, cereals, and seeds. Figure 1 presents a proposed scheme on the biosynthesis 
of corn starch. In general, the main enzymes for starch biosynthesis include mainly 
ADP-glucose pyrophosphorylases (AGPases), granule-bound starch synthases 
(GBSS), soluble starch synthases (SS), starch branching enzymes (BE) and starch 
debranching enzymes (DBE). AGPase catalyzes the first step reaction of starch 
biosynthesis by converting glucose 1-phosphate (Glc-1-P) and ATP to ADP-Glc and 
inorganic pyrophosphate (PPi) in amyloplasts. GBSS and SSS are responsible for 
synthesizing amylose and amylopectin, respectively. SBE introduces a branched 
structure by cleaving the internal chains of α-1,4-glucan and transferring the chain 
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Figure 1. 
Corn starch biosynthesis scheme.
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segment of six or more glucose units to the C6 position of a glucosyl residue of 
another glucan chain. DBEs, through their α-1,6-hydrolytic activity, act on highly 
branched pre-amylopectin, generating polymodal distributed end chains of amylo-
pectin. However, recent research has shown that by modifying the plant gene, vari-
ations in the content, distribution, size and polymeric organization of amylose and 
amylopectin are obtained [6–8]. AGPase catalyzes the first key regulatory step in 
the starch biosynthetic pathways present in all higher plants that produce ADP-Glc 
and pyrophosphate (PPi) from Glc-1-P and ATP. Plant AGPases exist as a hetero-
tetramer (α2β2) composed of two large (LSU) and two small (SSU) subunits with 
slightly different molecular masses [9, 10]. SSUs are responsible for the catalytic 
activity of the enzyme complex, while LSU is believed to modulate enzymatic regu-
latory properties that increase the allosteric response of SSU to 3-phosphoglyceric 
acid (3-PGA) and inorganic phosphate (Pi) [9, 11]. AGPase activity is localized to 
both plastids and the endosperm cytosol of cereals, in contrast to other plant species 
where it has been reported to occur only in plastids [12]. In a previously reported 
subcellular fractionation experiment using corn endosperm, the highest AGPase 
activity was detected in the cytosol [13]. Furthermore, the genes responsible for the 
shrunk2 and brittle2 starch-deficient maize kernel phenotypes encode the endosperm-
specific cytosolic LSU and SSU isoforms, respectively [14, 15]. This information is an 
indicator that plastid AGPase, by itself, is not sufficient to support normal starch 
biosynthesis processes in cereal endosperm, therefore, some researchers suggest 
that it is possible that plastid starch phosphorylase (Pho1) play an important role in 
the formation of primers to complete starch biosynthesis in the endosperm. Recent 
advances still trying to understand the functions of individual enzyme isoforms 
have provided new insights into how linear polymer chains (amylose) and branched 
bonds (amylopectin) are synthesized in cereals. Let us remember that both poly-
saccharides are made up of D-glucose chains linked by α (1–4) bonds. Amylose 
is essentially linear with α (1–4) bonds, while amylopectin is highly branched 
through α (1–6) bonds. Amylopectin forms type A and B polymorphic crystals that 
influence the arrangement of its double helices. Type A crystals produce relatively 
compact helices with a lower proportion of water, while type B crystals give rise to a 
more open structure containing a hydrated helical nucleus. X-ray diffraction studies 
allow us to know this type of crystal arrangements [16]. These conformations will 
always be different depending on the type of botanical source (TFB), as well as the 
enzymes involved in the formation of amylose and amylopectin.

The functional and physicochemical properties of corn starch are influenced 
by the amylose/amylopectin ratio, its chain length distribution and the presence of 
complexes in lower proportions with lipids/proteins. In its native form, corn starch 
has limited applications due to its low resistance to extreme processing conditions, 
shear, insolubility to water at room temperature, hygroscopicity among others, 
which are frequently found in the industry. Therefore, at present various modifica-
tion techniques have been implemented that can be achieved by enzymatic, genetic, 
chemical, physical methods or a combination of some of these methods, which will 
allow a modification, mainly on the structure of amylopectin to obtain a functional 
starch that can overcome deficiencies and increase its usefulness for various indus-
trial applications [17].

3. Starch blends

The use of different techniques to modify the polymeric structure of starch 
unfortunately have disadvantages, it can have high costs due to the use of reagents, 
some processes take long periods of time, low yields can generate residues that 
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could affect the environment. Therefore, the proposals to use starch blends that 
promote new physicochemical characteristics that can replace conventional meth-
ods, trends that are diversifying unique properties by combining starches from 
different botanical sources [18]. Physical treatments are considered ecological 
friendly to the environment due to the absence of chemical agents and/or concen-
trated alkaline/acid solutions. It’s essential to know the physicochemical properties 
of each starch to obtain the best combination in order to focus on the application, 
innovation or continuous improvement of some industrial type product.

3.1 Granule size

The blends of starches with different granule size and amylose content con-
tribute to new molecular interactions between the amylose/amylopectin contents 
presenting significant changes in the physicochemical properties (e.g. rheological, 
swelling power, gel, solubility, viscosity among others), which are attributed to the 
content of amylose, chain length and retrogradation [18–20].

The biofilms that are formed from starch are a very promising option to avoid 
the excessive use of plastic (polyethylene, vinyl chloride, polystyrene and urea 
formaldehyde) and low and/or no deterioration on the environment. Unfortunately, 
with the population and industrial increase, the use of plastics continues to increase 
year after year, which generates millions of tons of waste after use. Polyethylene 
degradation is highly influenced by the biotic and abiotic environment, thus limiting 
effective degradation. Currently, through various investigations, the development 
of plastics for packaging from biodegradable materials is being promoted, using 
starch as the main raw material [21, 22]. The wide variety of research on the use of 
starches from various botanical sources (e.g. potato, corn, wheat, tapioca, rice and 
others) and its low cost together with comparable characteristics for film formation 
have shown that it is an efficient packaging raw material and a possible substitute for 
polyethylene, however, there are still physicochemical properties that are still under 
experimentation, taking into account the permeability to water vapor, mechanical 
properties, glass transition and hydrophobicity. The film formation process from 
starch granules has been described by different authors, the quality of the film is 
greatly affected by the amylose/amylopectin/plasticizer (glycerol) ratio, the latter 
being the most widely used. The content of amylose/amylopectin, a variation in the 
intrinsic properties of the film can be observed due to the deviation in the content of 
phosphorus, molar mass of starch and the biochemistry of amyloplast and chlo-
roplast [23]. Corn is a predominant source of starch (65%) produces a film with a 
higher percentage of elongation, better oxygen barrier properties and a high elastic 
modulus, in addition [24]. The formation of biofilms from blends of cassava/corn 
starch with cellulose was shown to have a hydrophobic effect by reducing the affinity 
of starch films with water and considerably reduced the rate of permeability to water 
vapor, thus improving their properties. In addition, the amylose content promotes 
the production of a more hydrophobic film, due to the strong interactions of inter-
molecular bonds with glycerol [25]. New techniques for incorporating particles onto 
others, as reported by Farrag, et al. [26], I present reported that they prepared starch 
microparticles with donut-shaped morphology from two different botanical origins 
(type A and C for corn and pea starch granules, respectively) by means of a simple 
hydroalcoholic heat treatment. The donut-shaped microparticles were loaded onto 
films of the same botanical origin, generating greater thermal stability of the films 
produced. In addition, adjusting the percentage of microparticles in the thermo-
plastic films allowed to supply the desired amount of oxygen and water vapor to the 
packaged food. This is very important to keep packaged foods fresh and healthy for 
as long as possible. Emulsions are systems that are characterized by presenting small 
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dispersed droplets of an immiscible liquid phase in another liquid phase, based on 
many applications in different industries (eg food, nutraceutical, cosmetic, hygiene, 
detergents, pharmaceutical and medical), however, to stabilize these emulsifying 
systems, synthetic surfactants (Tweens 20/60/80) or emulsifiers of animal origin 
(albumin/casein) are used [27]. However, they have disadvantages in their formula-
tion because they generate foam retention due to the trapped oxygen and interac-
tions with other suspended molecules and even the surfactant that is not compatible, 
an emulsion being key for the production of various food and pharmaceutical 
products, it is necessary to produce emulsions with solid particles of vegetable origin 
to stabilize the emulsions, which is called Pickering emulsions [28]. Compared to 
surfactant stabilized emulsions, Pickering emulsions tend to be more stable against 
Ostwald ripening and coalescence. Currently, starch and cellulose are used to create 
Pickering emulsions. Starch for its different physicochemical properties (generally 
recognized as safe, non-allergenic, abundant and cheap). Unfortunately, starches 
are still being modified to make Pickering-type emulsions, the most widely used is 
succinate with octenyl succinic anhydride (OSA) reagent for emulsion production. 
So far, the information on Pickering starch emulsions is very scattered. The links 
between the manufacture of Pickering emulsions and their applications are largely 
absent. The lack of such links seriously undermines our research efforts to better 
utilize emulsions for practical applications [29]. Native starch granules are not 
suitable for creating stable Pickering emulsions. The starch is modified to be suit-
able for making a Pickering emulsion. However, future trends suggest using starch 
blends of granule size ≤10 μm that can be compatible with starch concentration, oil 
and water volume, pH, ionic strength, storage conditions, processing and presence 
of other components for obtain a drop size (1–100 μm) [29]. Amaranth starch has 
shown to have sizes ≤2 μ, which is a potential candidate to produce emulsifying 
systems without modifying the molecular structure by chemical agents, however, 
physical modifications will have to be used (e.g. temperature, pH, pressure, radia-
tion, homogenization at high revolutions among others) to obtain favorable and 
applicable results [30].

Grinding on native starch granules to reduce the particle size, proved to be 
favorable to elaborate a Pickering emulsion system [31]. The high pressure treated 
starch chips and ground starch particles are partially gelatinized. They can repre-
sent a mixture of rigid particle and flexible polymer model systems in emulsions. 
The deformability of the starch particles can be modified in situ in Pickering emul-
sion systems. Heating Pickering emulsions can gelatinize starch granules to differ-
ent degrees. Heating can make the boundaries between adjacent particles indistinct. 
During heating, some amylose and amylopectin molecules leak out of the swelling 
granules, causing a stabilizing layer of starch granules, becoming a layer of swollen 
granules interpenetrated with leached starch (amylose) polymers. In this type of 
emulsion systems with partially gelatinized starch granules, rigid particles (gran-
ules) and flexible polymers (leached starch molecules) coexist [32, 33]. In general, 
the droplet size of Pickering emulsions can be adjusted using compatible starch 
blends, different sizes, use of physical methods, suitable starch concentrations, and 
processing methods.

3.2 Extrusion

Extrusion is a continuous processing method, it involves high pressure and tem-
perature in a short time. Its main function is to mix various components. The extru-
sion process allows the gelatinization of the starch, the denaturation of the proteins 
and even the molecular degradation due to the effects of high shear depending on 
the screw to be used, which in turn affects the physicochemical properties of the 



145

Advances and Trends in the Physicochemical Properties of Corn Starch Blends
DOI: http://dx.doi.org/10.5772/intechopen.101041

extrudates. Many studies have been conducted to explore the relationships between 
extrusion processing parameters and non-food starch characteristics in order to 
improve processing control [34]. However, little scientific evidence has attempted 
to understand the relationships between the physicochemical properties of extru-
dates and the molecular characteristics of starch after the extrusion process using 
starch blends, because using starches in the native state affects the bostwick flow 
(viscosity and/or consistency) on the extruder barrel causing a process obstruction, 
therefore, previous parameters for an excellent extrusion must be considered, such 
as the amount of starch moisture, the temperatures of each zone of the extruder, as 
well as the time and type shear stress, which is crucial to achieving product quality 
and developing novel products [35]. The use of corn starch/cassava blends provides 
different degrees of gelatinization and some existing air microcells in the extru-
dates, attributing this effect to the extension of the puff and the fine structures of 
the extrudates when they were exposed to different temperatures, residence times. 
in the extruder and the amount of moisture present in the starch sample [36].

3.3 Encapsulation

The microencapsulation process by spray drying method allows the use of a 
large number of wall materials. It is essential to know the type of starch to use, it 
must present characteristics such as high solubility, low swelling power and viscos-
ity, thus allowing effective encapsulation, since it can influence the properties of 
the emulsion, the retention of active principle, flavor and the end product shelf 
life. Currently there are no reports of works in which a mixture of two or more 
starches is implemented to be used as wall material due to the increase in viscosity, 
however, new trends such as using blends of porous starches, which are naturally 
derived from starch native by physical, chemical or biological methods. There are 
pores, holes and/or openings with diameters less than one micron in the structural 
lattices, through which molecules with smaller particle size can enter the polymeric 
structure and become encapsulated. The use of these possible starch blends will be 
an option and research topic to avoid conventional modifications on the structure 
of the starch, being an environmentally friendly option and without remnants of 
solutions with chemical reagents [37].

4. Conclusions and future trends for corn starch

Corn starch is a natural biopolymer, it has multiple physicochemical properties, 
an option to replace most of the synthetic polymers in the future to reduce pollution 
and preserve the environment. The use of blends with other starches from different 
botanical sources and even other biopolymers of different molecular structure (e.g. 
pectin, cellulose, chitosan, gelatin, alginate, hydroxyapatite, protein) are tendencies 
to avoid the use and generation of chemical residues that affect the environment 
and increase production prices. These blends are promising that demonstrate in 
this chapter a biocompatibility and diversity of physical properties friendly with 
the environment without affecting third parties. The challenge to be overcome is 
to completely replace the most widely used synthetic polymers around the world, 
through the development of biofilms based on corn starch, and how to improve 
the mechanical, hydrophobic and permeable properties is still being investigated. 
In addition, cornstarch can be used to improve filtration materials, absorbents, 
transport, diffusibility, hydrogels, paper, adhesives, biofuels. Therefore, the future 
of cornstarch blends will continue to be an encouraging proposition to generate 
high-value products for novel applications in various areas.
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Chapter 9

The Impact of Climate Change 
on Changing Pattern of Maize 
Diseases in Indian Subcontinent:  
A Review
Meena Shekhar and Nirupma Singh

Abstract

Climate change influences the occurrence, prevalence, and severity of plant 
pathogens. Global temperatures are predicted to rise by 2–4°C due to human 
activities and increased market globalization, coupled with rising temperatures, 
leads to a situation favorable to pest movement and establishment. Maize is 
an important crop after wheat and rice. Changes in rainfall distribution and 
temperature may result in temporary excessive soil moisture or water logging 
or drought in some maize producing areas leading to alterations in biotic stress 
factors. In Indian subcontinent warming trend in climate along the west coast, 
central, interior peninsula and northeast regions creates favorable conditions 
for diseases in maize like sorghum downy mildew (SDM) and Turcicum leaf 
blight (TLB). The decreasing trend of monsoon, seasonal rainfall in North India, 
Central India, parts of Gujarat and Kerala is suitable for post flowering stalk-rot 
(PFSR) which is gaining importance in maize. The outcome for any host-pathogen 
interaction under changing climate is not readily predictable. This review assesses 
the potential effects of climate change on maize pathogens and consequently 
on plant health. The evidence assessed indicates that climate change has already 
expanded pathogen’s host range and geographical distribution increasing the risk 
of introduction of pathogens into new areas.

Keywords: climate change, maize diseases, Polysora rust,  
banded leaf and sheath blight, post flowering stalk rots

1. Introduction

Maize is one of the world’s most widely produced and consumed cereal crops 
and contributes greatly to global food security. Currently 1147.7 million t is being 
produced jointly by over 170 countries from an area of 193.7 million ha with an 
average productivity of 5.75 t/ha [1]. Globally maize is being consumed as feed 
(61%), food (17%) and industry (22%). It has attained a position of industrial crop 
globally as 83% of its production in the world is used in feed, starch and bio fuel 
industries. Among the maize growing countries, India rank 4th in area and 7th in 
production, representing around 4% of world maize area and 2% of total produc-
tion. In India during 2018–2019, the maize area has reached to 9.2 million ha [2]. 
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India’s production is 28.64 million t with productivity as 2.9 t/ha [3]. In India, maize 
is grown in two seasons, rainy (kharif) and winter (rabi). Kharif maize repre-
sents around 83% of maize area, while rabi maize correspond to 17% maize area. 
However, maize productivity is now threatened by global climate change [4] leading 
to increasing challenge by plant pathogens [5].

Climate change is affecting our agriculture due to 0.74°C average global increase 
in temperature in the last 100 years and atmospheric CO2 concentration increase 
from 280 ppm in 1750 to 400 ppm in 2013 [6]. Throughout the twenty first century, 
India is projected to experience warming above the global mean. A warming trend 
has been observed along the west coast, in central India, the interior peninsula and 
Northeast India. The environment significantly, directly or indirectly, influences 
plants, pathogens, and their antagonists, which are strongly associated with differ-
ences in the level of losses caused by a disease, and environmental changes are often 
implicated in the emergence of new diseases [7]. Therefore, the changes associated 
with global warming may affect the incidence, severity of plant disease and influ-
ence the further coevolution of plants and their pathogens [8–12]. Plant diseases 
are one of the important factors which have a direct impact on global agricultural 
productivity and climate change will further aggravate the situation. Based on the 
prediction of Intergovernmental Panel on Climate Change [13], there would be 
an increase in 1–3°C in temperature in mid to high-latitude regions by 2050 which 
shows positive correlation with carbon dioxide (CO2) concentration. The increase 
in CO2 concentration and changes in rainfall pattern may have beneficial impacts 
on crop yields. However, moderate temperature increase (1–2°C) are likely to have 
negative impacts on yields of the major cereals in low-latitude regions. The regional 
distribution patterns of diseases getting modified as per the changes of climatic 
factors. On the other hand, pathogens also have the capacity to adapt to warmer 
conditions [14, 15]. Resistance of a disease of crop cultivars can be altered in future 
as per the changing situation of temperature/humidity [16, 17]. The increase in 
temperature and atmospheric carbon dioxide levels causes physiological changes in 
plants that result in increase in intensity of crop diseases. Warming may cause shifts 
in agro-climatic zones in which host plants migrate into new areas resulting in the 
emergence of new disease complexes.

A plant disease occurs only in association of a virulent pathogen, susceptible 
host in the presence of favorable environment [18]. A susceptible host will not be 
infected by a virulent pathogen if the environmental conditions are not conducive 
for disease, hence suitable environment is an important factor to cause disease. 
Therefore, the climatic condition has the potential to modify host physiology and 
resistance resulting into the alteration of rate and stage of pathogen. The develop-
ment of plant disease is highly influenced with the environmental conditions 
like rainfall, relative humidity (RH), temperature and sunlight. Changes in these 
factors under climate change are highly likely to have an impact on the prevalence of 
diseases and emergence of new diseases in new area.

The impact of climate change are consistently negative for four major maize 
producers, together responsible for two-thirds of global maize production—United 
States, China, Brazil and India. The rising temperature affects flowering and leads 
to pests and disease build-up with significant influence on crop yield along with 
other parameters like soil, seed, fertilizers and agronomic practices. Maize being 
the third most important and widely distributed crop, can be grown in tropics, 
sub-tropics and temperate regions up to 50°N and S from the equator to more than 
3000 meters above sea level under irrigated to semi-arid conditions.

In Indian subcontinent majority of population, depends on climate sensitive sec-
tor i.e., agriculture, forestry and fishing for livelihood and the problem of food secu-
rity in our country, is very alarming and this should be addressed timely otherwise 
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it will become more acute. Nearly one third of the population is estimated to be 
absolutely poor and one half of all children are malnourished in one way or another 
and it is going to be very difficult to ensure food security under the changing climate 
for the country [19]. In India 28% of the total maize produce is directly consumed as 
human food while 59% for poultry and animal feed, 12% for starch and dry milling 
and about 1% as seed. Diversified uses of maize in starch industry, corn oil, baby 
corns, popcorns, etc., and potential for exports has added to the demand of maize 
all over world. In present climate change scenario we can go for maize cultivation as 
being C4 plant more suitable crop as it assimilates more CO2 than C3 plants. It utilizes 
half the quantity of water as compared to rice in kharif season. It is expected that 
the demand for maize will be double in developing world by 2050 and it will be the 
crop with the greatest production globally 2025 [20]. The productivity of maize is 
being affected adversely in present climate changing scenario, as it has direct impact 
on the occurrence and severity of diseases in pre and post-harvest stage in maize, 
which will have a serious impact on our food security. Indian subcontinent is prone 
to diseases like foliar diseases, ear rot and stalk rots caused by fungi and bacteria. 
Some economically most important diseases and major threat to the potential yield 
of maize are Turcicum leaf blight (TLB), Maydis leaf blight (MLB), banded leaf and 
sheath blight (BLSB), post flowering stalk rots (PFSR), common rust, Polysora rust, 
downy mildews, Pythium stalk rot (PSR) and bacterial stalk rot.

2. Present status of maize diseases in changing climatic situation

India, being a very large country, has much diversity in soils and climatic condi-
tion. Maize is grown in a wide range of environments, extending from extreme semi-
arid to sub-humid and humid regions, in wet, hot climates, it has been said to thrive 
in cold, hot, dry or wet conditions. The impacts of climate change will vary region-
ally, therefore mitigation action is required immediately to limit atmospheric impact 
and accordingly there is a need for future studies on models which can forecast the 
severity of important pathogens of maize in pre-harvest and post-harvest conditions. 
Simultaneously, disease management strategies could be implemented in climate 
changing scenario with amalgamation of new strategies for sustainable food security.

In addition to climatic and atmospheric factors, the future maize productivity is 
dependent on climate change, as they are important for alterations in biotic stress 
factors [21]. Therefore, there is a risk that future maize grain yield potential might 
be over or underestimated if future altered effects from biotic stress factors such 
as diseases are ignored [22]. There is warming trend in the climate along the west 
coast, in central India, the interior peninsula and Northeast India [6]. However, at 
the regional level, increasing monsoon, seasonal rainfall has been found along the 
west coast, northern Andhra Pradesh and northwestern India, that creates favorable 
conditions for certain diseases like Polysora rust, sorghum downy mildew (SDM) 
and TLB, whereas excessive soil moisture or water logging is predisposing condition 
to bacterial stalk rot in maize. Trend of decreasing seasonal monsoon rainfall has 
been observed over eastern Madhya Pradesh, North India, Central India, some parts 
of Gujarat and Kerala such condition is suitable for post flowering stalk rot which is 
also gaining importance.

Disease can fluctuate according to climate variation and this relationship 
between day to day weather and disease development is used for disease forecast-
ing and managing epidemics [23, 24]. Widespread occurrence of particular disease 
in a particular time is in climax when environmental conditions are conducive for 
disease development resulting in epidemics. However, increase in yield of winter 
maize indicates favorable changes in climate for its growth and suitability of the 
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region for its cultivation. Climate change is likely to lead to increase in water 
scarcity in the coming decades [25, 26]. If changes in atmospheric composition and 
global climate continue in the future as predicted, there may be chances of reloca-
tion of maize crop and relocation with occurrence of new diseases and with impact 
in terms of crop loss. In present scenario, the major disease of maize in Indian 
Subcontinent along with distribution is summarized in Table 1.

3. The effect of climate change on change in disease pattern scenario

Climate change modify characteristics of the pathogen, the environment, and 
the host, which can then drive the emergence of novel, uncommon, or adapted 
pathogen species, as a result there is a major shift in disease pattern during the 
past years as major diseases like Pythium stalk rot and bacterial stalk rots, which 
are gradually becoming diseases of lesser economic importance due to change in 
climate availability and use of sources of resistance in the development of new 
hybrids and varieties. However disease like Turcicum leaf blight used to occur in 
temperate region, now it is very common in tropics where winter maize is popular 
like Bihar, eastern UP, Karnataka etc., where low temperature in cropping season 
is favorable for the fungus. The disease of minor importance became increasingly 
severe and speculated epidemic proportion in coming years. In early 1960s the 
diseases like banded leaf and sheath blight, Polysora rust and pre harvest cob rots 
were considered as a disease of minor importance, however with the passes of time 
and changing weather condition, these diseases being arisen as major diseases not 
only in India but other maize growing countries of Asian region.

4.  Emergence of minor diseases as major diseases due to climate change 
in Indian subcontinent

4.1 Banded leaf and sheath blight

Banded leaf and sheath blight (BLSB, Figure 1) is now become increasingly 
severe and economically important disease of maize during last three decades or so. 
During the past it was reported from Sri Lanka by [27] under the name ‘Sclerotial’ 
disease for the first time.

That time it was considered as disease of minor importance till it emerged in 
an epidemic form in the cooler low hills and foot hills region of Himalayas like 
in the district of Mandi in Himachal Pradesh. In India, this disease was recorded 
from Tarai region of Uttar Pradesh, for the first time in 1960 [28]. The optimum 
temperature for this disease is 28°C and high relative humidity (88–90%) in the 
first week of infection that favors rapid disease progress. However the disease 
development and spread becomes slow when relative humidity goes below 70% 
[29]. Additionally, high crop densities favors disease severity. In changing climate 
scenario the elevated temperature and CO2 concentration are posing higher threat 
perception of BLSB and becoming severe and now it is considered as a major disease 
not only in Indian subcontinent but also in many part of tropical Asia wherever 
maize is grown in warm and humid conditions.

4.2 Polysora rust of maize

Polysora rust (Figure 2) also known as southern rust caused by Puccinia poly-
sora is an important disease in tropical areas. It has been noticed in many parts 
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of the world, and it is observed in recent past from the peninsular India (coastal 
districts of Andhra Pradesh during winter and in Karnataka and Tamil Nadu dur-
ing rainy season) on certain maize cultivars in Mysore district recorded in 1991 
by [30]. The incidence of P. polysora has taken a heavy toll in majority of cultivars 
grown in Karnataka namely Mysore, Mandya, Hassan, Kolar, part of Coorg, 
Shimoga and Chitradurga district [31]. Disease is favored by wet/humid weather 
condition for infection and disease development at 12–27°C [32, 33]. Rain drizzle 
or even heavy dews allow spread of disease [34]. The maximum cardinal tem-
perature for preceding infection period of P. polysora was estimated at 42°C and 

Figure 1. 
Banded leaf and sheath blight.

Figure 2. 
Polysora rust.
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for the infection period the value ranges from 27–32°C [35–37]. In future, milder 
winter in temperate areas will increase diseases. Plant biomass and the concen-
tration of CO2 is positively correlated, however it is regulated by the other factors 
like availability of water and nutrients, competition between weeds, pest and 
pathogens. Development of biotrophic fungi such as rust and other foliar diseases 
on plants, promotes high concentration of carbohydrates in the host tissues. It 
is therefore assumed that the severity of Polysora rust and common rust will be 
increased in the pocket areas where is prevalence of elevated CO2.

4.3 Post flowering stalk rot (PFSR)

The disease was first reported in 1957 from Mount Abu area of Rajasthan in 
India that time the disease was in traces. In recent years the severity of the disease 
has been increased and become an important disease, since then maize workers 
are quite concerned with this disease. The disease (Figure 3) is favored by high 
soil temperature (30°C-42°C) coupled with dry climatic condition. The fungi 
Macrophomina phaseolina, Fusarium verticilloides and Cephalosporium are collec-
tively responsible for this disease. These soil-borne pathogens are favored by early 
spring climatic conditions when dry and slightly hot condition prevails, therefore 
the disease severity increases in Indian subcontinent when temperature start rising 
in dry weather condition. The disease is more common in hot and dry growing 
conditions [38]. The water stress at flowering and high soil temperature increases 
disease severity [39].

4.4 Curvularia leaf spot (CLS)

This is a foliar disease and caused by Curvularia lunata, (Figure 4) also common 
in many plant species in tropical, subtropical as well as sometimes in temperate 
regions. Earlier in 2000, in Indian subcontinent this disease observed in traces from 
most of the places. Now a days this disease (Figure 5) recorded in severe condi-
tion from some pockets of Rajasthan from Uttarakhand (Haridwar, Dehradun and 
Kashipur). Polysora rust and Curvularia leaf spot (CLS) are emerging as a potential 
threat in Karnataka & Rajasthan respectively. Hot and humid climate favor the 
development of disease during flowering to grain filling stage.

Figure 3. 
Field view and symptoms of PFSR.
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5. Declining of major diseases of maize with time due to climate change

5.1 Pythium stalk rots

During the past, in early 1980s Pythium stalk rot (Figure 6) was in severe condi-
tion and use to cause extensive damage to the crop in the lowlands of Indian subcon-
tinent. This disease caused by Pythium aphanidermatum, temperature and relative 
humidity are the main factors to determine severity of the disease. Most favorable 
condition for the disease development is high temperature range 30–35°C with 
relative humidity of 80–100%. In past decades the disease was considered as major 
disease, now over the year passed the incidence/occurrence of the disease reduced 
[40] due to altered precipitation, various changes in this pathogens may occurred 

Figure 4. 
CLS.

Figure 5. 
Disease spectrum of Curvularia leaf spot from year 2005–2014 (source: [40]).
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which in general include coincidence of pathogen lifecycle events with host plant 
stages and/or natural antagonists/synergists. Therefore regional precipitation and 
distribution patterns led to unfavorable condition for development of sporulation 
for secondary infection. However, projected warmer and drier summers may hinder 
most fungal diseases, and finally slow down or completely inhibit disease progress 
of other foliar diseases. As a result the regional distribution patterns of this diseases 
may be modified and stated to infect rabi/winter maize due warming effect.

6.  Potential climate change effects on ear rots and related mycotoxin 
contamination

Mycotoxins contamination in pre and post-harvest maize is most important and 
the attention focused this important disease in terms of their presence and toxicity, 
including variety of toxins viz., aflatoxins, ochratoxins, fumonisins, trichothecenes, 
and zearalenone, are secondary metabolites produced by various fungi. Aspergillus 
flavus and produces aflatoxin, Fusarium verticillioides produces fumonisin, and 
produces deoxynivelanol and zearalenone [41, 42]. Among these toxins, aflatoxin is 
the most important in terms of health risk and high toxicity produced by A. flavus 
and by A. parasiticus, which are most prevalent in tropical and subtropical regions 
where high temperature and drought conditions prevailed. Aflatoxins are highly 
carcinogenic, produced by A. flavus and A. parasiticus [43].

Aflatoxins are a group of 20 related fungal metabolites, the major ones are 
aflatoxin B1 B2 G1 and G2. Among them AFB1 is the most potent naturally occurring 
liver carcinogen [44]. Ingestion of aflatoxins in contaminated food or feed results in 
aflatoxicosis, while long-term exposure of moderate to low concentration of causes 
chronic toxicity and immune system disorders [45, 46]. Aflatoxin contributes to 
significant economic losses in maize which prevents commodities from meeting 
internation al standards governing agricultural trade and food safety. High tempera-
tures and low rainfall favors the production of A. flavus conidia and their dispersal. 

Figure 6. 
Pythium stalk rot.



161

The Impact of Climate Change on Changing Pattern of Maize Diseases in Indian Subcontinent...
DOI: http://dx.doi.org/10.5772/intechopen.101053

Several studies reported that the high soil temperature and drought stress are 
positively correlated with aflatoxin contamination and increased incidence of afla-
toxigenic strains or species [47–49]. The high temperature coupled with dry weather 
conditions favors growth, conidia formation and dispersal of fungi A. flavus. 
These factors are contributing to high concentrations of aflatoxins. Therefore these 
environmental factors has an important role in development of aflatoxin in maize 
[50–55]. High temperatures and low rainfall also favor production of conidia of A. 
flavus and their dispersal. The most important environmental influences on fumoni-
sin risk are insect damage to grain and moisture stress in maize plants [56, 57].

The Indian subcontinent having land of diversity with diversified climatic 
condition. If hot humid weather prevailed at the time of critical stage of maize 
crop like North east, some part of western hills with limited sunshine hours at the 
maturity of the maize crop are predisposed condition to mycotoxin contamination. 
Sometimes due to unpredictable weather condition the rabi and kharif maize crop 
faces the same situation and ultimately spoiled due to mycotoxin contamination. 
Extreme dry condition at the time of flowering is also one of the predisposing 
factors to AFB1 contamination. In Indian subcontinent there is extreme diversity 
in soils and climatic condition and maize is grown in a wide range of environ-
ments, extending from extreme semi-arid to sub-humid and humid regions. Mold 
inoculums that occur naturally throughout the environment in all over the world. 
Although maize is grown mainly in wet, hot climates, it has been said to thrive in 
cold, hot, dry or wet conditions.

Hence, in future there are more chances of mycotoxin contamination due to 
rise in temperature and unpredictable rainfall in Indian subcontinent. Maize crop 
from tropical and/or sub-tropical areas are affected more frequently and severely 
by aflatoxin contamination, but temperate areas could be of increasing importance 
due to climate change. In the near future, there is reason to believe that increased 
climate variability associated with climate change trends may result in higher 
pre-harvest levels of mycotoxins in Indian subcontinent, posing both economic and 
health risks for maize crop and food security. The occurrence of aflatoxin in maize 
is strongly influenced by weather during and after the growing season. Cool, wet 
growing seasons may delay grain maturity in maize, and result in mold contamina-
tion in the field such cobs/grains are prone to develop aflatoxin contamination. 
Climate change is likely to lead to an increase in hot and dry spells; this implies an 
expectation of increased risk of aflatoxin contamination. Insect damage of grain 
and moisture stress in maize favor fumonisin contamination of maize [56, 57]. 
The optimal conditions for fumonisin production are a temperature close to 30°C 
and high water activity [34, 58]. It is therefore important to determine impacts of 
climate change to future food security, in terms of mycotoxin-related economic 
and health risks. If current climate patterns continue in this century, aflatoxin and 
fumonisin concentrations in maize will likely increase, more aggressive isolates of F. 
graminearum occur. The overall effect may likely be increased economic and health 
risks, particularly due to increased aflatoxin concentrations in maize.

7. Critical analysis for future impact

7.1 Effect of CO2 concentration

The concentration of CO2 is positively correlate with plant biomass. However the 
process is regulated by the factors like availability of water and nutrients, competi-
tion between weeds, pest and pathogens. When plant is infected with biotrophic 
fungi such as rust and other foliar diseases, at that time the concentration of 
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carbohydrates in the host tissues is increased. It is therefore can be assumed that the 
high concentration of carbohydrates in the host tissue promotes the development 
of biotrophic fungi such as rust [59]. Hence, there may be chances of increase in 
severity of Turcicum leaf blight, Polysora rust as well as common rust in the pockets 
where elevated CO2 is prevailed.

7.2 Effect of temperature

Changes in temperature may favors the development of dormant pathogens, 
warmer mean air temperatures in India in early springs especially during winter, 
favors post flowering stalk rots in winter maize. However, warmer and drier 
summers may hinder spread of most fungal pathogens, and finally slow down or 
completely inhibit disease progress of foliar diseases like Turcicum leaf blight, 
Maydis leaf blight, banded leaf and sheath blight and downy mildews etc., resulting 
in the regional distribution patterns of these diseases is going to be modified and 
foliar diseases started to infect rabi/winter maize due to warming effect. Pathogens 
also have the capacity to adopt warmer conditions [14, 15] and temperature/humid-
ity dependent on disease resistance of crop cultivars may be altered in the future 
[16, 17]. Therefore TLB prevalent cooler and temperate region, but now common 
in tropical in wither maize. Stalk rot diseases are anticipated to increase in hot and 
dry areas in summer crops as well as in winter crops of Bihar, Rajasthan, Andhra 
Pradesh and Karnataka due to rise in temperature in early springs at the time of 
flowering. Increasing trend in cultivation of rabi/winter maize in various states as 
a result host is available throughout the year round in major maize growing areas 
leads to multiplication of inoculum of soil borne disease which is an important fac-
tor for increasing the extent of crop losses. Therefore, the total number of diseases 
may not change dramatically, but there might be some changes in relocation and 
diversification of maize diseases in future range in India [60] also considered stalk 
rots of maize, particularly related to sweet corn under temperate climatic condi-
tions. The importance of Fusarium/Gibberella stalk rots may increase in sweet corn, 
whereas the future importance of Pythium stalk rot might decrease.

7.3 Impact on ear/cob rots

Ear rots is associated with mycotoxin contamination with negative human and 
animal health consequences truly an alarming issue. The potential risk may be 
expected to increase in a future climate change scenario. If, temperature, drought, 
and insect injury in subtropical and tropical regions would increase, an increase 
the incidence of Aspergillus flavus and F. verticillioides may occur, consequently 
mycotoxin contamination will increase. If hot humid weather prevailed at the time 
of critical silking stage of maize crop in North east, some part of Western hills with 
limited sunshine hours at the maturity of the maize crop are suitable condition to 
mycotoxin contamination. Extreme dry condition at the time of flowering is also 
one of the predisposing factors to AFB1 contamination. Although maize is grown 
mainly in wet, hot climates, it has been said to thrive in cold, hot, dry or wet condi-
tions. Hence, in future there are more chances of mycotoxin contamination due to 
rise in temperature and unpredictable rainfall in Indian subcontinent.

8. Suggestions for new management strategies

In present climate changing scenario, the choice of crop management prac-
tices should be based on the prevailing situation. It is therefore important that 
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weather-based disease monitoring, inoculums monitoring, should be done time to 
time. There is an urgent need to develop maize disease forecast module.

8.1 Rescheduling of crop planting

The changes in global climate changes have direct impact on temperature and 
rainfall pattern may result in shrinking of crop growing seasons with extreme prob-
lems of diversification and relocation of maize diseases. Therefore, the rescheduling 
crop planting dates as per suitability to maize crop in changing environment sce-
nario is needed urgently. Maize disease management strategies needs to be changed 
in accordance with the projected changes in disease incidence and extent of crop 
losses in view of the changing climate.

8.2 Sensitization of farmers/stakeholders

In view of the impacts of future climate change on sustainability and produc-
tivity of maize, there is an urgent need to sensitize the stakeholders, farmers/grow-
ers, extension workers, about the diversification of major diseases at zonal and 
regional level and management strategies to cope with the situation. Sensitization 
of farmers, stakeholders, industries and exporters about the importance of 
mycotoxin/aflatoxin and their management strategies is also needed. This can be 
achieved through organization of awareness campaigns, training and capacity-
building programmes, development of learning material and support guides for 
different risk scenarios.

8.3 Breeding climate-resilient varieties

In order to minimize the impacts of climate and other environmental changes, 
it will be crucial to breed new varieties for improved resistance to abiotic and biotic 
stresses such as resistant to cold and heat stress, as well as for drought and water 
log condition. Considering erratic monsoon late onset and/or shorter duration of 
winter, there is chance of delaying and shortening the growing seasons for certain 
rabi/cold season crops.

8.4 Screening of pesticides with novel mode of actions

There is a need of screening of nano-pesticides ingredient against important 
maize diseases. The application of zinc oxide nano particles against disease powdery 
mildews has antifungal activity [61, 62]. The salicylic acid is associated with plant 
defense responses which enhance plant vigor and abiotic stress tolerance, indepen-
dent of their insecticidal action [63–67]. This gives an insight into investigating role 
of insecticides in enhancing stress tolerance in plants.

9. Conclusion

As the climate continues to warm in response to further greenhouse gas emis-
sions, high temperature extremes will become hotter and cold extremes will become 
less cold. The amount of future global warming is closely related to cumulative CO2 
emissions that weakens our ecosystems and may support pest and disease dispersal 
and incidence. It has impact on plant physiology and structure, as a result vulner-
ability of plants towards pests and diseases may increased. Degrading ecosystems 
and water scarcity can affect food security and livelihoods and contribute to 
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economic crises, forced migration and conflicts, pest and disease risks also. Indian 
subcontinent, being tropical area, is more challenged with impacts of impeding 
changes. Dealing with the climate change which is a tedious task due to its complex-
ity, unpredictability, uncertainty and differential impacts over time period and 
places. However impact of climate change on crop production mediated through 
changes in populations of insect-pests need to be given careful attention for plan-
ning and devising adaptation and mitigation strategies for future pest manage-
ment programmes. There is a need to combine both durable multiple-disease and 
multiple-insect resistance, using gene transfer and genome editing technology 
would greatly help against the pathogens and insect pests where no native resis-
tances are available in elite breeding materials. Also steps to be taken to increase our 
adaptive capacity urgently so that the support to adaptation research, developing 
regionally differentiated contingency plans for temperature and rainfall related 
risks and also seasonal weather forecasts and their applications for reducing risks 
can be taken care. Evolvement of new land use systems, including heat and drought 
tolerant varieties, adapted to climatic variability and climate change. By implement-
ing international standards for phytosanitary measures, may help countries to 
prevent the introduction and spread of harmful pests and to preserve biodiversity. 
Preserving biodiversity may helps to improve plant resilience and mitigate the 
impact of climate change on plant health.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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