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Preface

In the ambit of agricultural innovation and crop science, maize (Zea mays) epitomizes 
the pinnacle of human agricultural development and the evolutionary success facili-
tated by scientific intervention. New Prospects of Maize is an edited compendium that 
collates pioneering research and comprehensive reviews, offering a fresh perspective 
on this globally pivotal cereal crop. This preface provides a concise introduction 
to the breadth of topics and the consortium of expertise encapsulated within this 
volume.

The odyssey into the world of maize begins with an exposition on its vast genetic and 
cultivar diversity in “Exploring the Diversity of Maize.” This section takes the reader 
through the intricate maze of maize’s genetic endowment, which has been expansively 
modified through both natural and anthropogenic selection, revealing the potential 
locked within its genome.

Advancing to the agronomic aspects, “Nutrient Planning and Control of Maize” 
probes into the agronomic practices that determine the nutrient dynamics of maize 
cultivation. It offers a synthesis of current practices and emerging innovations aimed 
at enhancing the nutrient use efficiency of maize, which is crucial for optimizing 
yield and environmental sustainability.

The volume then delves into the realms of agroeconomics and agricultural engineer-
ing with “Scaling Mechanization and Profitability in Maize Cultivation”. Herein, the 
transformative impact of mechanization on the economics of maize production is 
scrutinized, with a focus on how technological advancements can be harmonized 
with agricultural practices to bolster productivity and economic viability.

In “Maize Breeding and Genomics”, the narrative shifts to the molecular vista, 
charting the recent progressions in maize breeding accelerated by genomics and 
biotechnological interventions. The discourse encapsulates the latest methodologies 
and genomic tools that are reshaping the landscape of maize breeding, aiming at 
the development of varieties with enhanced traits such as yield, nutritional quality, 
and stress tolerance.

Concluding the volume is “Modern Ways to Insect Management”, which confronts 
the perpetual battle against insect pests in maize cultivation. This section elucidates 
contemporary strategies in pest management, emphasizing integrated approaches 
that balance effectiveness with ecological and environmental considerations.

Gratitude is owed to all those who contributed to the editorial journey, whose 
meticulous efforts and scholarly insights have honed the precision and depth of the 
volume.



IV

In adherence to the highest scientific and ethical standards, this preface and the 
volume it precedes have been composed with a profound respect for the scientific 
endeavor and its contribution to global food security. It is with profound optimism 
that New Prospects of Maize is presented to the scientific community, in the hope that 
it will serve as a catalyst for further scientific exploration and innovation in maize 
research.

Dr. Prashant Kaushik
Chaudhary Charan Singh Haryana Agricultural University,

Hisar, India
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Chapter 1

Exploring the Diversity of 
Maize (Zea mays L.) in the 
Khangchendzonga Landscapes 
of the Eastern Himalaya
Ghanashyam Sharma and Bharat Kumar Pradhan

Abstract

The Sikkim Himalaya is a distinguished hub of maize biodiversity, housing a wide 
range of genetic resources cultivated at altitudes from 300 to 2500 m elevations. From 
2010 to 2022, a field investigation combined traditional knowledge and scientific 
methods to morphologically characterize maize, supplemented by relevant literature. 
The objective was to evaluate indigenous maize varieties in the region since the 1960s. 
The research classified maize landraces into four groups: primitive landraces, pre-
served traditional popcorn races; advanced or derived landraces, selectively bred for 
desirable traits; recent introductions from other regions; and hybrid maize varieties 
resulting from crossbreeding. About 31 maize landraces were listed, emphasizing the 
urgent need for in-depth genetic characterization. Notably, Murali Makai, Seti Makai, 
Pahenli Makai, Rato Makai, Baiguney Makai, Gadbadey Makai, Tempo-Rinzing, 
and Lachung Makai adapted well to altitudes of 300–2500 m, showing variations in 
agronomic and quality traits, as well as resistance to environmental stresses. Primitive 
maize cultivars in the Northeastern Himalayas of India have generated interest among 
researchers for their high prolificacy and their link to the origin and evolution of 
maize. Prioritization at the species level and within specific geographic regions is 
necessary due to the dynamic demand for germplasm. Conservation of certain maize 
germplasm is crucial for food security, livelihoods, climate resilience, and research. 
The study identified potential risks of germplasm extinction or erosion, emphasizing 
the need for urgent actions to safeguard these genetic resources.

Keywords: Khangchendzonga landscapes, maize landraces, quality traits, genetic 
diversity, eastern Himalaya

1. Introduction

Maize (Zea mays L.) is a significant cereal crop worldwide, widely cultivated and 
highly valued for its diverse uses. In high-income countries, it serves as a primary source of 
feed and industrial products, while in sub-Saharan Africa (SSA), Asia, and Latin America, 
it plays a crucial role in providing food, feed, and nutritional security for some of the 
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world’s poorest regions [1]. Originating from Mexico, maize has extended its presence to 
critical agroecologies in tropical, subtropical, and temperate regions across the globe.

The center of origin for maize has been established as the Mesoamerican region, 
encompassing present-day Mexico and Central America [2]. Maize cultivation was 
introduced to the rest of the world during the sixteenth century [3, 4], and in India, 
it was brought by the Portuguese in the seventeenth century [5–7]. In India, there is 
speculation that maize was initially introduced in the North-West Himalayas by trad-
ers, from where it subsequently spread to the Himalayan region [8]. This includes the 
introduction of primitive forms of maize in the old world, including the Himalayas 
during the pre-Columbian period [9].

The exceptional genetic diversity of maize is evident from well-defined landraces 
found in various countries. Landraces, which serve as a valuable reservoir of useful 
genes and alleles, are the germplasm preserved by farmers over extended periods. 
These landraces were developed and selected to thrive under specific environmental 
conditions and fulfill local food preferences.

India is a significant centre of diversity for maize landraces, with extensive varia-
tions observed in plant, ear, and tassel characteristics in the northeastern and north-
western highlands. However, relatively less varietal diversity is found in the plains of 
India [10]. Anderson [11] was particularly impressed with the diversity of maize in the 
north-eastern Himalayan region and believed that maize had an ancient Asiatic origin. 
Dhawan [12] renamed a productive popcorn variety from Sikkim as ‘Sikkim Primitive’ 
due to its distinctive characteristics. This landrace exhibits unique physiological 
features, such as the absence of apical dominance, prolificacy (5–9 ears), uniformity 
in ear size, erect leaves, a top-bearing habit, and drooping tassels for efficient fertiliza-
tion [13]. The Sikkim Primitive maize is commonly used as fodder for livestock by 
local farmers. The primitive maize strain, also known as the SP strain, comprises 13 
different strains distributed throughout the NEH region, excluding Sikkim [14].

A significant portion of the genetic diversity in maize remains unexplored, partly 
due to the challenge of identifying valuable genetic variations within local varieties 
[15]. This limited utilization of diverse genetic resources can be attributed to the lack of 
understanding of the agronomic performance and genetic makeup of these landraces. 
Prasanna and Sharma [10] addressed this bottleneck by conducting the first comprehen-
sive molecular characterization and population genetic analysis of 17 Indian maize land-
races sourced from diverse agroecologies. The study utilized 27 microsatellite or simple 
sequence repeat (SSR) markers to reveal a higher level of genetic divergence among the 
Northeastern Hill (NEH) landraces when compared to those from other regions.

Maize is a crucial crop in Sikkim, although its current productivity is quite low, 
with an average of 1750 kg/ha [16]. Given this, it is important to develop varieties that 
are well-suited to the region’s unique conditions. To accomplish this, breeders require 
an understanding of character associations and path analysis.

Landraces are a type of germplasm that has been preserved by farmers over the 
course of decades or even centuries. They have been carefully selected to adapt to 
specific environmental conditions and meet local food preferences. While maize 
originally came from Mexico, it is now widely grown across the world, and India 
has a particularly rich array of maize landraces, particularly in the North-Eastern 
Himalayan region [10]. These landraces contain many valuable genes that could be 
used for allele mining and population improvement. In recent years, molecular analy-
sis of maize landraces from the Americas and Europe has led to significant insights 
into their diversity, genetic structure, and global migration routes. It is essential to 
have a comprehensive understanding of the genetic and agronomic characteristics of 
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landraces for effective management and use in breeding programs. In this review, we 
discuss the extensive diversity of maize landraces globally and in India in Sikkim and 
NEH, and explore the potential for harnessing this vast genetic resource.

2. Study area

The study area is situated in the Indian part (26°29′13.56″ to 28°7′51.6″ N and 
87°59′1.32″ to 89°53′42.96″ E) of the Khangchendzonga Landscape (KL) in the eastern 
Himalayas, which is a significant global biodiversity hotspot. KL represents a unique 
blend of biodiversity, bio-cultural richness, and distinctive geo-climatic features. The 
Indian portion of KL covers 14,061.7 sq. km and encompasses the state of Sikkim and 
the northern hill region of West Bengal. It stretches across a wide altitudinal range, 
from 40 to 8586 m (asl).

This region is crucial for sustaining the well-being of its inhabitants, as it provides 
diverse ecosystems and essential ecosystem services. It boasts a rich floral diversity, 
with over 5500 identified species, as well as recorded fauna taxa of more than 1500 
species. The presence of various socio-economic and cultural diversities further 
enhances the significance of the region.

The study area falls under the SECURE Himalaya project, implemented by the 
Forest and Environment Department of the Government of Sikkim (Figure 1). 
Specifically, the project focuses on the Khangchendzonga—Upper Teesta Landscape, 
covering an approximate area of 4000 sq. km. Local communities hold a deep rever-
ence for this landscape due to the legends and traditions associated with it. The land-
scape is characterized by its multi-ethnic composition, including Nepalese, Lepchas, 
Bhutias, and Tibetan Buddhists conserving rich agricultural biodiversity.

Figure 1. 
Study area in the Khanchendzunga landscape based on the secure Himalaya project (https://securehimalaya.org/
sikkim-landscape/).
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3. Genetic diversity of maize in NEH

Singh [17] reported 10 indigenous maize varieties from the northeastern 
Himalayan region, namely Nilip Mekop, Mikir Merakku, Khasi Riewhadem, Silken 
Tipang, Tista Mendi, Maidani Makka (sub-race Ganga), Cachar Gomdhan, Shyam 
Nahom, Asht Samsung (sub-race Tsungrhu), Mayong Sa-ah, Manipuri Chujak, Alok 
Sapa, Arun Tepi, Tirap NagSahypung, and Poorvi Botapa (sub-race Murli).

As per Singh [17], Astha Samsung, a maize variety well adapted to high elevations 
above 1500 m, was commonly found in Sikkim and Nagaland. The name “Asht” refers 
to the presence of eight rows of kernels, a distinctive trait of this particular maize 
race. Samsung, on the other hand, refers to the specific location in Sikkim where this 
maize race was commonly cultivated. Another subrace of maize variety reported from 
Sikkim was Tsungrhu, which was also cultivated above 1500 m. The term “Tsungrhu” 
derives from the regional language of the Lotha Tribe in Nagaland, where it was 
extensively grown and its name signifies “maize” in their language. Similarly, Tista 
Mendi was another indigenous maize variety cultivated in the elevated regions above 
1500 m along the famous River Teesta.

The races mentioned in the preceding paragraphs can be categorized into four 
groups for convenience: Primitive, Advanced or Derived, Recent Introductions, and 
Hybrid varieties. The Primitive group encompasses several races of popcorn that have 
differentiated at various altitudes and under diverse conditions. These races include 
Poorvi Botapa, Murli subrace of Poorvi Botapa, Tirap NagSahypung, Arun Tepi, and 
Alok Sapa [17]. The races belonging to the Primitive group display distinct traits such 
as popping grain morphology, prominent kernel striations, reduced kernel rows, 
smaller ears with higher ear numbers, tassels with fewer branches, shorter internodes, 
narrower leaves, and relatively higher ear placement. These races are widely distrib-
uted across the eastern Himalayan region, specifically in Assam, Nagaland, Manipur, 
Arunachal Pradesh, Sikkim, and Bhutan. They thrive at elevations ranging from 60 to 
above 2000 m, under the conditions of traditional cultivation. One fascinating aspect 
of the Murli subrace of Poorvi Botapa is its remarkable similarity to the reconstructed 
ancestral form of maize, as documented by Mangelsdorf and his collaborators 
[18, 19]. Notably, evidence suggests a significant differentiation in the cytoplasm 
between the primitive subrace of Murli and the evolved types, as evidenced by 
reciprocal variations in various traits observed in Sikkim and Assam [20]. The Tirap 
Nagsahypung race possesses distinctive characteristics concerning leaf size, shape, 
arrangement, and number. Its leaves are erect, small, numerous, and tend to cluster 
toward the tassel.

Singh [17] examined the second group, which included Manipuri Chujak, Mayong 
Sa-ah, Asht Samsung, Tsungrhu subrace of Asht Samsung, Shyam Nahom, Cachar 
Gomdham, Mainani Makka, and its subrace Ganga. These cultivars displayed distinct 
characteristics, such as large flinty grains exhibiting a wide array of endosperm 
colors, including white, cherry, red, purple, and various shades in between. They 
featured a smaller number of but larger ears and exhibited an earlier maturation 
compared to the races found in the primitive group. The leaf structure of these cul-
tivars varied, ranging from semi-erect to flat. The collected varieties from the region 
exhibited limited diversity, predominantly consisting of early-flint types that closely 
resembled Cuban flints and northern flints. Consequently, they were classified within 
the Maidani Makka race and its subrace Ganga.

Singh [17] classified the third group, which includes races such as Tista Mendi 
and Silken Tipang. Tista Mendi, primarily found at higher elevations, demonstrated 
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semi-dent grains in shades of yellow and red, accompanied by fewer but larger ears. 
Singh noted that Tista Mendi was a recent introduction that not only established itself 
as a distinct race but also underwent hybridization with older races, leading to the 
emergence of new hybrid varieties. On the other hand, Silken Tipang exhibited grains 
that exhibited popping characteristics when subjected to heat, along with a reduced 
number of ears. It stood out with its larger ear surfaces and more distinct grain 
characteristics compared to the primitive group. Singh believed that Silken Tipang 
was introduced during the early 1960s from neighboring countries like Burma and is 
currently confined to specific regions in Arunachal Pradesh, bordering Burma.

Singh [17] discussed the fourth group, comprising Khasi Riewhadem, Mikir 
Merakku, and Nilip Mekop. According to Singh’s classification, these races were the 
outcome of hybridization between primitive types and advanced races. Notably, 
certain collections belonging to the Tista Mendi and Tirap Nag-Sahypung races 
exhibited remarkable resistance to the corn borer, Chilo Zonellus, even under natural 
infestation. Furthermore, varieties such as Arun Tepi, Alok Sapa, and all collec-
tions belonging to the Tirap Nag-Sahypung race displayed notable resistance to leaf 
blight caused by Helminthosporium maydis. Furthermore, it is worth noting that all 
entries from the Manipuri Chujak and Mayong Sa-ah races, along with the collections 
forming the Tirap Nag-Sahypung race, exhibited notable resistance to downy mildew, 
which is caused by the pathogen Sclerospora philippinensis. These varieties show great 
potential for cultivation under organic conditions, given their inherent resistance to 
this devastating disease.

The aforementioned discussion highlights the need for in-depth research on the 
genetic characterization of each variety, which remains unexplored in the region. 
Further investigation into the genetic traits, molecular markers, and population 
structure of these maize races is crucial for a comprehensive understanding of their 
genetic composition and diversity. Such research endeavors would contribute signifi-
cantly to the conservation, utilization, and improvement of these indigenous maize 
varieties in the region.

4. Some basic characteristics of maize varieties

In the last 30 years, Sikkim and other Northeastern region have documented 
several fascinating local variations of maize that possess unique traits specific to each 
type of landrace. Some notable examples include Bancharey-makai, which is a high-
altitude maize variety with yellow, flint kernels. Badam-topo stands out as a popcorn 
variety, while Chakhou chujak is known for its aromatic, soft, and sticky properties. 
Chepti-makai is a white, dent-type maize with distinct kernels. Chujak is an aromatic 
popcorn variant, whereas Darikincho is characterized by its small, yellow, hard 
kernels. Fingdong is an aromatic popcorn with a distinctive flavor. Gadbade-makai 
displays white kernels with occasional purple flint kernels, while Kaali-makai is rec-
ognized for its dark purplish-black color. Kholakitti is a sticky variety, while Kuchung 
dari is an orange-colored popcorn with flint kernels. Kuchung takmar exhibits a mix of 
yellow, white, purple, and red kernels with a flint texture. Kukharey-makai is dwarf, 
high-altitude maize, and Kukidolong-makai is a flint variety. Lachung-makai variety 
displays multiple colors and possesses tolerance to cold conditions. Nepali Sappa is 
unique with three cobs per plant, Pahenli-makai features yellow/orange flint kernels, 
and Pahenli-makai is a light dent type. Phensong-makai stands out with its cob length 
of up to 30 cm, while Putali-makai is characterized by its multi-colored appearance. 
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Rato-makai is a dark red maize variant, Sathiya-makai is an early-maturing type, and 
Seti-makai is a white, soft variety. Tanee-makai is a popcorn type, and Tista Mehdi-
makai is a flint variety.

The existence of primitive maize landraces in Sikkim and other Northeastern 
states of India, situated in the Himalayan region, implies a possible alternative origin 
for this crop. The presence of a diverse collection of maize landraces in Sikkim further 
strengthens the notion that the Northeastern states may serve as secondary centres 
of origin for maize. These landraces exhibit significant morphological diversity, as 
documented by Sharma et al. [21]. This observation highlights the importance of 
studying the genetic and morphological characteristics of these landraces to unravel 
their evolutionary history and conservation significance.

In this region, a variety of intriguing local types and landraces with distinct traits 
have been documented. They include:

1. Aromatic and sticky kernels: Fingdong (aromatic popcorn), Chujak (aromatic 
popcorn), Chakhou chujak (aromatic, soft, sticky), Kholakitthi (sticky).

2. Popcorn varieties: Badam topo, Tanee.

3. Flint types: Kukidolong, Kuchung dari, Bacherey, Kuchung tamar, Kukharey (dwarf, 
suitable for high altitudes).

4. Dent kernel varieties: Gadbade, Seti, Chepti makai (soft opaque cap), Pahenli 
(light dent).

Apart from these, sporadic collections of early local types have also been made, 
such as Ambo, Riewhadem (early maturing), Vaimin (3 months), Pahari makai 
(adapted to mid-to-high altitudes and cold-hardy), Nepali Sappa (3 cobs/plant). 
Furthermore, modern cultivars and newly introduced landraces like Mampokmendi, 
Taminlamendi, Maromendi have been documented (Figures 2–5).

A germplasm exploration and collection program conducted in Sikkim has 
revealed the existence of a large number of indigenous maize cultivars suitable 
for different altitudes and purposes. During 2003–2004, approximately 58 local 

Figure 2. 
(a) Paheli makai and (b) Seti makai.
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germplasms were collected by Indian Agricultural Research Institute at Tadong 
Gangtok Sikkim from four districts (now six districts) in Sikkim at different altitudes 
(Figure 6) [22].

The local germplasm collection program in Sikkim has identified a variety of 
indigenous maize cultivars, including white kernel maize known as seti makai, 
yellow kernel maize referred to as pahenli makai, orange to red kernel maize known 
as rato makai, and purple kernel maize named baiguney makai. There are also high-
altitude maize types such as Lachung makai, sehrung, and tempo ringing, as well as 
sano makai which is a type of popcorn. The seti makai has variations and is grouped as 

Figure 3. 
Maize diversity grown in the Sikkim Himalaya.

Figure 4. 
Kali makai, Ribdi, West Sikkim.
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Seti Makai-1 to 4, while Pahenli makai has six sub-types designated as pahenli makai 
1–6. Rato makai has four sub-types named as rato makkai 1–4, and sanu makai has 
three sub-types referred to as Sikkim Popcorn 1–3. Finally, baiguney makai has two 
sub-types: sano baiguney and thulo baiguney. However, there are also many nonde-
script cultivars without specific names [22].

Over the past 30 years, the Sikkim Himalayan regions have documented a mul-
titude of intriguing local variations of maize, each possessing distinct and specific 
traits, including Badam-topo (popcorn variety), Baiguney Makai (purple, soft 
variety), Bancharey-makai (high-altitude maize with yellow, flint kernels), Chakhou 

Figure 6. 
Diversity of different traditional varieties of maize.

Figure 5. 
Tsungrhu a sub-race of Asth Samsung (picture scanned from Singh, [17]).
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chujak (aromatic, soft, and sticky maize), Chepti-makai (white dent-type maize with 
distinct kernels), Chujak (aromatic popcorn variant), Darikincho (small, yellow, 
hard kernels), Fingdong (aromatic popcorn with a distinctive flavor), Gadbade-makai 
(white kernels with occasional purple flint kernels), Kaali-makai (dark purplish-
black colored maize), Kholakitti (sticky variety), Kuchung-dari (orange-colored 
popcorn with flint kernels), Kuchung takmar (mix of yellow, white, purple, and red 
kernels with flint texture), Kukhurey-makai (dwarf, high-altitude maize), Kukidolong-
makai (flint variety), Lachung-makai (variety with multiple colors and tolerance to 
cold conditions), Nepali Sappa (unique with three cobs per plant), Pahenli-makai 
(light dent type), Pahenli-makai (yellow/orange flint kernels), Poorvi Botapa, 
Phensong-makai (cob length of up to 30 cm), Putali-makai (multi-colored appear-
ance), Rato-makai (dark red maize variant), Sathiya-makai (early-maturing type), 
Seti-makai (white, soft variety), Tanee-makai (popcorn type), Tista Mehdi-makai 
(flint variety), Asthra Samsung, Tsungrhu, Sikkim Primitive I, and Sikkim Primitive II. 
These maize variations exemplify the abundant diversity and unique characteristics 
found in the region.

The local germplasm displayed significant variation in cob orientation, cob size, 
kernel color, leaf orientation, silk color, height at which ear arises, cob length, number 
of kernels per row, and kernel yield per plant. ‘Lachung makai’ exhibited para-mutation 
(multi-colored cob) and showed tolerance to cold weather. Some of the seti makai and 
pahenli makai had thick husk coverage and oblong cob orientation, which impart resis-
tance against ear rot in the rainy season. The high-altitude maize tempo ringing matures 
in 85–90 days in mid-hills when other maize did not complete silking, indicating an 
extraordinary early maturity trait in mid and high-altitude maize. Local germplasm 
such as murali makai, tempo ringing, and seti makai are being utilized in the ongoing 
breeding programme at the Indian Council of Agriculture Research (ICAR) Sikkim 
Centre. In a nutshell, the maize genetic resources in Sikkim are rich, which is why the 
Sikkim Himalaya is considered a secondary centre of diversity for maize (Figure 7).

Figure 7. 
(a) Gadbadey makai, (b) Rato makai, (c) Thulo-baiguney makai and (d) Raato makai.
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Lachung makai, characterized by its paramutation trait (multi-colored cob) and 
tolerance to cold weather, stands out among the local varieties. This maize variety is 
grown in a high temperate agroclimatic range between 2200 and 2600 m elevations. 
Additionally, other notable landraces such as Sikkim Primitive, Tirap, Naga Sahyup 
(Arunachal Pradesh), and Tistamehdi (Sikkim) have been previously collected and 
evaluated by other researchers, amounting to over 200 landraces studied (Figure 8) [10].

Murali makai is a crop that grows well in high altitudes (between 1000 and 1800 
meters above sea level) and can withstand moisture-stress conditions, although it has 
slow vegetative growth. It has the potential to contribute adaptability and multiple 
cob-bearing traits to otherwise desirable varieties of maize grown in mid and high 
hills. Unfortunately, this rare genotype is gradually disappearing from cultivation and 
is considered an endangered cultivar (Figure 9).

5. Sikkim primitive maize variety

The economy of North-eastern India relies primarily on rice cultivation; however, 
in Sikkim, maize is the dominant crop. This underscores the crop’s significance, 
although there has been a recent shift toward more profitable crops. Maize originated 
in Mexico, but India harbors considerable genetic diversity. The maize landraces in 
Sikkim can be classified into four groups based on their historical origin: primitive, 
advanced or derived, recent introductions, and hybrid races. The primitive group 

Figure 8. 
(a) Sikkim Primitive 1, Murali makai grown in Dzongu (photo courtesy: Dawa Lhendup Lepcha) and 
(b) Tempo Rinzing, Lachung, North Sikkim (photo courtesy: Hishey Lachungpa).
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comprises several races of popcorn, including Poorvi Botapa, Tirap Nag-Sahypung, 
Arun Tepi, and Alok Sapa, which are distributed in the Eastern Himalayas, including 
Sikkim, at elevations ranging from 600 to 2000 m. The most primitive race, Poorvi 
Botapa, exists in pure form in North Sikkim, where it is known as murali makai. Two 
forms of murali makai are present, with different kernel colors (purple and yellow 
kernel maize), and designated as Sikkim Primitive-1 (purple kernel type) and Sikkim 
Primitive-2 (yellow kernel type). Notable varietal characteristics of murali makai 
include its prolific ear-bearing ability (with 3–5 cobs per plant, a rare trait in com-
mercial maize), the presence of style remnants on the mature kernel, small cob size 
(8 cm long and 6 cm girth), and approximately 100 small kernels per cob. Despite 
the small kernel size, the popping efficiency is high, with a 100 kernel weight of 9.5 g 
(Figures 10 and 11).

Sikkim Primitive maize strains, namely Sikkim Primitive-1 (purple colored), 
and Sikkim Primitive-2 (yellow colored), were found to differ from the primitive 
Mexican races [5, 10]. Some of the local varieties, such as Seti and Pahenli, exhibit a 
thick husk coverage and an oblong cob orientation, which provide resistance against 
ear rot during the rainy season. Extra-earliness, a rare trait in mid and high-altitude 
maize, is observed in the high-altitude maize variety called Tempo Ringing, which 
reaches maturity in 85–90 days in mid-hills, outpacing other maize cultivars in silking 
completion. Fascinating local germplasm with promising traits, such as Murli, Tempo 
Ringing, and Seti, are currently being utilized in an ongoing breeding program at the 
ICAR, Sikkim Centre, Tadong (Figure 12) [22].

Figure 9. 
Murali makai (a) Tinvong, Dzong North Sikkim, and (b) Amba, East Sikkim.
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5.1 Sikkim Primitive: a distinct maize landrace

In a study conducted by Sharma et al. [23], a diverse set of 48 maize landraces/locals 
sourced from various agroecologies across India were selected for analysis. Among 
these, 8 accessions were identified as “Sikkim Primitives”, which were collected from 

Figure 11. 
Murali makai (Sikkim Primitive 2) grown in Sikkim.

Figure 10. 
Sikkim Primitive 1, grown in Dzongu, North Sikkim; Sikkim Primitive 2, grown in Dzongu, North Sikkim.
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different villages in Sikkim in November 2005. The remaining 40 accessions comprised 
21 landraces from Northeastern Hill (NEH) regions (excluding Sikkim Primitives), 4 
from non-NEH tribal hill regions, and 15 from the plains of India. This diverse set of 
landraces provided an opportunity to understand the genetic and phenotypic diversity 
present in maize germplasm in India. This study aimed to characterize maize landraces 
in India using both intensive phenotypic and molecular analyses. Through multilocation 
analyses of selected accessions, the study identified several promising landrace accessions 
that could be potentially useful in breeding programs. The utilization of SSR markers 
analyzed through DNA Sequencer technology by Sharma et al. [23] enabled an effective 
differentiation of accessions. Additionally, the Sikkim Primitives landrace accessions 
were found to be distinct at both the phenotypic and molecular levels when compared to 
other landrace accessions in India. These findings highlight the importance of conducting 
detailed characterization of germplasm collections to fully exploit their genetic potential.

5.2 Novel quantitative trait loci of ‘murali makai’

The maize landrace ‘Sikkim Primitive’ is known for its high productivity, 
 producing five to nine ears per plant. However, the genes responsible for this trait 
had not been identified. Prakash et al. [24] conducted a study on ‘Sikkim Primitive’ 
maize landraces. They found a prolific inbred line called ‘MGUSP101’ which was 
developed and crossed with two non-prolific inbred lines, HKI1128 and UMI1200. 
Two F2:3 populations were evaluated across three locations. The number of ears per 
plant varied from 1.35 to 5.38 in the MGUSP101 × HKI1128 population. Using bulked-
segregant analysis and targeted QTL mapping, a major QTL (bin: 8.05) that explained 
31.7% of phenotypic variation was identified among 145 F2:3 individuals. The QTL 
was validated in 138 F2:3 individuals of MGUSP101 × UMI1200, and it explained 
29.2% of phenotypic variance at the same interval. The novel QTL was designated as 

Figure 12. 
Tempo rinzing maize variety of Lachung, North Sikkim (photo courtesy: Hishey Lachungpa).
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‘qProl-SP-8.05’, and six candidate genes responsible for prolificacy were identified. 
This finding provides an opportunity to use marker-assisted selection to introgress 
the novel QTL for prolificacy in elite maize, and it represents the first report of the 
identification of the locus governing prolificacy in ‘Sikkim Primitive’ (Figure 13).

The local maize variety called murali makai in Sikkim, also known as Sikkim 
Primitive maize, possesses exceptional prolificacy and popping efficiency, making it 
a significant genetic resource. However, its population has suffered a severe decline, 
and its conservation has been overlooked, putting it at risk of extinction. To initiate 
the conservation and revival of this variety, Kapoor et al. [25] conducted a study that 
involved a characterization and documentation process. This involved assessing 31 
morphological traits at different growth stages and conducting molecular character-
ization using simple-sequence repeat (SSR) markers.

5.3 Morphological and molecular characterization of Sikkim maize

‘Sikkim Primitive’ is a unique landrace discovered in the North-Eastern Himalayan 
region of India, particularly in the province of ‘Sikkim’ [24]. This landrace stands 
out due to its distinct ear and fruiting morphology, which closely resembles that of 
maize, setting it apart from teosinte where grains are enclosed in a hard fruit case or 
‘cupule’ [21]. Detailed morphological studies conducted by Sachan and Sarkar [13] 
confirmed the close relationship of ‘Sikkim Primitive’ with maize. The designation of 
this landrace as ‘primitive’ is justified by its remarkable traits, including high prolifi-
cacy, sensitivity to photoperiod, small popcorn-like kernels, and the ability to produce 
abundant pollen. The unique characteristics exhibited by ‘Sikkim Primitive’ make it an 
exceptional variety deserving of further investigation and conservation efforts [24].

The plants of the Sikkim Primitive maize, locally known as murali makai, were 
observed to display remarkable prolificacy with each plant bearing 5–6 cobs. They also 
exhibited excellent popping capacity and several other distinctive traits. The plants 

Figure 13. 
Murali makai stored over the fireplace at Tinvong, Dzongu, North Sikkim.
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were tall, and their stems were thin with loose drooping tassels. The base of the glumes 
and brace roots displayed anthocyanin colouration. The cobs were medium-sized and 
carried small seeds with low test weight, weighing 87.90 g [25].

Molecular characterization using 22 SSR markers demonstrated the amplifica-
tion of unique amplicons, ranging from 100 to 800 bp. Of these markers, bnlg1083, 
umc1353, umc1128, bnlg1017, bnlg2077, umc2298, and umc2373 displayed distinct 
amplification patterns. The characterization of these traits and the molecular markers 
will be beneficial in utilizing Sikkim Primitive maize for genetic improvement and 
maintaining genetic purity [25].

6. Maize-based farming and its significance

In the region encompassing Sikkim and the Darjeeling Himalayas, maize 
 cultivation is of paramount agricultural significance. This area has emerged as an 
optimal location for maize farming due to its favorable climatic conditions and 
suitable soil characteristics. Farmers in this region dedicate substantial land to maize 
cultivation, making a significant contribution to the overall agricultural output. The 
agroclimatic conditions within an elevation range of 200 to 2700 meters are particu-
larly suitable for cultivating a diverse range of maize varieties. This includes as many 
as 26 traditional maize landraces and approximately 15 different hybrid and certified 
maize varieties, showcasing the rich agricultural diversity of the region.

Farmers in Sikkim and the Darjeeling Himalayas employ a blend of traditional 
and modern farming techniques to cultivate maize. They adhere to best agricultural 
practices, encompassing appropriate land preparation, meticulous seed selection, 
precise planting methods, and effective pest management strategies. These practices 
are implemented to maximize yield and maintain the overall health of the crop.

The maize production, productivity and area under cultivation in Sikkim from 
2017 to 2018 to 2021-2022 is given in Figure 14. The area dedicated to maize culti-
vation in this region during 2021–2022 in Sikkim was 38,458 ± 580 hectares. This 
substantial figure underscores the significant role of maize farming in the regional 
agricultural landscape. Additionally, the region boasts an average annual maize 
production of around 67,692 ± 1243 tonnes [27]. This considerable output highlights 
the success and potential of maize cultivation in meeting the food requirements of the 
local population and beyond (Figure 15).

Between the years 1981 and 1990, there was a notable increase in maize cultivation 
in Sikkim, with a 27.6% expansion in acreage. During this period, there was a substan-
tial increase of 174% in total production and 111% in yield per unit. These advance-
ments were primarily attributed to the introduction of high-yielding varieties (HYVs) 
in Sikkim. However, the subsequent decade from 1991 to 2001 saw a decline in the 
growth rate, with only a 31.7% increase in total production and a 22.3% increase in 
yield per unit recorded. Interestingly, despite having more choices of HYVs available 
during the latter period, the sustained growth seen in the previous decade could not 
be maintained [28]. However, according to reports from the Agriculture Department 
of the Government of Sikkim, there has been a significant decrease in the cultivated 
area from 2012 to 2022, with a reduction of 1892 hectares. While productivity and 
production levels have remained relatively stable during this period.

Maize cultivation in the region encompasses contributions beyond economic 
and food security aspects and assumes a pivotal role in supporting the livelihoods of 
farming communities. Its practice generates employment opportunities, facilitates 
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rural development, and strengthens the overall resilience of the agricultural sector. 
Since 2012, a total of 17 high-yielding varieties (HYVs) and hybrid varieties have 
been introduced in Sikkim. Alongside these introductions, hybrid and certified maize 
seeds obtained from external sources, such as Pusa Vivek (QPM 9 (Improved), NAC-
6004 composite, 33 M66, 66 K99, JKMH-1701, have also been adopted in Sikkim [27]. 
Based on the experiences shared by farmers in various regions of Sikkim, it has been 
observed that nine prominent pests have infested the high-yielding varieties (HYVs) 
and hybrid maize varieties. These pests are the stem borer (Chilo partellus), cutworms 
(Agrotis ipsilon), armyworms (Mythimna separata), semi-loopers (Plusia signata), and 
cob borers (Stenchroia elongella). It is noteworthy that the indigenous landraces of 
maize exhibit tolerance to many of these pests [29].

Figure 15. 
A maize production farm at Martam, near Gangtok.

Figure 14. 
Area, production and productivity of maize in Sikkim, India from 2017 to 2022 (data compiled from [16, 26, 27]).
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A very high intensity of post-harvest infestations have been recorded by insects 
such as the maize weevil (Sitophilus zeamais Mostsch.) and grain moth (Sitotroga 
cerealella Oliv.) in the HYVs and hybrid maize varieties, which have been identified 
as major storage insect pests. While pest infestation in the indigenous varieties was 
significantly 80% less as compared to improved varieties.

Continuous efforts are underway to enhance maize production in Sikkim and 
Darjeeling Himalayas. These initiatives encompass the promotion of improved farm-
ing practices, the introduction of high-yielding maize varieties, and the implementa-
tion of sustainable agricultural techniques. These endeavors aim to ensure long-term 
food security, augment farmers’ income, and foster comprehensive agricultural 
development in the region. The maize cultivation in Sikkim has proven to be a vital 
agricultural activity, contributing to food security, bolstering economic growth, and 
enhancing the well-being of local communities (Figure 16).

6.1 Maize inter-cropping

The study compared the productivity of intensified cropping systems to 
traditional maize-fallow systems in the rainfed region of Sikkim Himalayas. The 
results showed that intensified cropping systems, such as maize (green cobs)–
urd bean–buckwheat and maize–rajmah, had significantly higher maize grain 
equivalent yield and system production efficiency compared to the maize-fallow 
system. The maize (green cobs)–urd bean–buckwheat system demonstrated the 
highest relative production efficiency and land use efficiency due to its longer 
crop duration, while the maize-fallow system had the lowest land use efficiency. 
These findings highlight the potential of intensified cropping systems to increase 
agricultural productivity and land use efficiency in the region. The study suggests 
that promoting the adoption of appropriate intensified cropping systems could 
contribute to enhancing food security and farm productivity in the rainfed areas 
of Sikkim Himalayas.

Figure 16. 
Maize varieties stored under the roof.



New Prospects of Maize

20

6.2 Economics of maize inter-cropping

In an economic analysis conducted by Sing et al. [30], it was found that the maize 
(green cobs)–urd bean-buckwheat cropping system had the highest net return of 
303,000 INR per hectare and a benefit-cost ratio of 2:6, which was significantly 
better than the maize–rajmah system. Conversely, the lowest return and benefit-
cost ratio were observed in the maize–fallow cropping system. In terms of relative 
economic efficiency (REE), which is a comparative measure of economic gains over 
the existing system, all the intensified systems had higher economic gains than the 
maize-fallow system. Moreover, the maize (green cobs)-urd bean-buckwheat crop-
ping system had the highest system profitability of 831 INR per hectare per day, while 
the maize–fallow system had the lowest system profitability of 238 INR per hectare 
per day (Figure 17).

Employment generation is a key indicator when assessing the sustainability of 
cropping systems. The data showed that the intensified systems added to the employ-
ment generation and generated more employment than the maize-fallow cropping 
system, which only generated 106 man-days per hectare to harvest the final produce. 
The relative system employment generation efficiency (REGE), which measures 
the additional man-days required for a diversified system compared to the existing 
system, revealed that all the intensified systems had higher employment generation 
ability than the prevailing system in the region [30]. Among the cropping sequences, 
the cultivation of maize (green cobs)-urd bean-buckwheat resulted in the maximum 
REGE of 168%, followed by the maize-rajmah system.

6.3 Post-harvest storage management

Once the corn cobs are harvested and sun-dried, a traditional method of 
 preservation is employed in the mountains of Sikkim Himalaya. To accomplish this, 
four to six cobs are carefully selected and their husks are tied together. In preparation, 
the outer rough and aged husks are removed, while some of the inner husks are torn 

Figure 17. 
Maize intercropping with a variety of other crops.
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without completely separating them from the shank, forming what is known as a husk 
tail. These husk tails are then used to tie together a minimum of four cobs, creating a 
bundle known as “Jhutta.” This bundling technique helps to keep the cobs secure and 
protected from external elements, ensuring their quality and freshness during storage.

Maize farmers in Sikkim employ organic cultivation methods and employ effective 
post-harvest storage techniques, abstaining from the use of chemical pesticides and 
adopting improved seed bins. This sets them apart from farmers in other states of India 
who rely on chemical interventions. Pest management in these regions follows a meticu-
lous decision-making process aimed at controlling pests in a cost-effective manner.

Sun drying has traditionally been the primary method employed for pest man-
agement practices in this region. Additionally, several bio-rational plant products 
have shown superior efficacy in controlling maize weevils. These include Sweet 
flag (Acorus calamus), Neem oil (Azadirachta indica), Neem seed powder, Timur 
(Zanthoxylum armatum), and Titepati (Artimesia vulgaris). These bio-rational 
plant products have proven to be effective alternatives to synthetic pesticides. 
Furthermore, approximately 10% of farmers utilize barriers such as leaves of Pinus 
roxburghii, dalle kuro (Urena lobata), babio (Eulaliopsis binata), as well as red and 
white soil, to prevent rat invasions. These preventive measures contribute to pest 
control and minimize crop damage. By employing organic methods, utilizing 
bio-rational plant products, and implementing physical barriers, maize farmers in 
Sikkim demonstrate their commitment to sustainable pest management practices. 
These approaches not only ensure the production of high-quality maize but also 
contribute to the preservation of the environment and the health of consumers 
(Figure 18).

Following the tying of the corn cobs, the next step in the storage process is 
finding suitable locations in the house. One common method is to store them on 
“Thangro,” which is a structure made of a vertical pole topped with a rooftop. 
Another option is to hang the tied cobs under the eaves in a structure known as 
Bardali. These storage practices ensure that the cobs are kept off the ground, 

Figure 18. 
Storing Pahenli makai in a Thangra.
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preventing moisture absorption and minimizing the risk of pests and rodents. By 
employing the Kunyo or makaiko-haar, the communities in this region can main-
tain the quality and availability of their corn supply throughout the year. These 
storage arrangements provide safe and elevated spaces for the corn cobs, protect-
ing them from moisture, pests, and rodents that can compromise their quality. By 
employing these storage methods, the communities ensure that the stored maize 
remains preserved and readily available for consumption throughout the year 
(Figures 19 and 20).

Figure 19. 
Storing maize in a Thngra.

Figure 20. 
Storing maize in a rope alongside of a house.
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7. Soil fertility and crop management

Soil fertility has been identified as a significant constraint affecting maize pro-
duction throughout all districts of Sikkim. The availability and quality of manure/
compost have been recognized as crucial inputs for sustaining and improving soil 
fertility. Farmers have expressed concerns regarding limited access to an adequate 
supply of manure/compost, primarily due to the scarcity of high-quality fodder for 
their livestock. The quality of compost has shown considerable variation, indicating 
that many farmers have not yet adopted improved compost management practices.

In relatively more accessible areas, farmers have resorted to supplementing 
manure/compost with organic fertilizers provided by the Department of Agriculture. 
However, the use of fertilizers has been predominantly limited, raising concerns 
about potential deficiencies in other essential nutrients, particularly phosphorus. 
The organic inputs commonly used by farmers have been found to be insufficient 
sources of phosphorus. Soil erosion has emerged as a significant challenge, resulting 
in substantial loss of productive topsoil, especially in fields with sloped terrain and 
experiencing intense monsoon rainfall.

Indigenous traditional knowledge and practices associated with soil fertility main-
tenance include in situ farm manuring, mulching, bio-composting, green manuring, 
livestock ranching, cultivation of nitrogen-fixing plants, land fallowing, and litter 
decomposition. These practices can contribute to the improvement and sustainability 
of soil fertility in maize cultivation.

8. Uses and culinary practices

Maize has a long-standing significance as a dietary staple in the hilly regions of 
Sikkim, where it is deeply ingrained in various traditional culinary practices. In these 
practices, the dried maize seeds are commonly utilized as the primary ingredient for the 
preparation of popcorn. The green cobs, carefully harvested at the milk stage, undergo a 
grinding process to produce a versatile food product known as phyaplo. Moreover, these 
green cobs are also employed in the creation of local bread varieties (Figure 21).

Another notable utilization of maize involves the light beating of maize to separate 
the husk and the kernel. The kernels are then soaked in hot water for 24 hours and is 
roasted lightly on fire and the hot kernels are beaten in wooden oklhi—musli to cup 
shape structure referred to as chyadung/chadung. This form adds diversity to the range 
of maize-based food items. Additionally, maize flour, obtained by grinding the maize 
kernels, is transformed into a dough-like consistency, which is then spread evenly 
onto banana leaves. The dough-laden banana leaves are then subjected to the radiant 
heat generated by burning wooden coal in a traditional fireplace called Agenu. This 
process, known as Bhungrey-roti, facilitates the roasting and cooking of the maize 
flour, yielding a unique and culturally significant culinary creation. In a traditional 
culinary practice, freshly harvested maize seeds are subjected to pounding using either 
a Dhiki (a wooden pounding tool) or an Okhli-musli (wooden mortar and pestle). This 
pounding process results in the production of beaten rice, which is a popular food 
item. The beaten rice is commonly consumed with hot milk, creating a nourishing and 
satisfying meal. This method of processing maize seeds into beaten rice demonstrates 
the resourcefulness and utilization of maize as a versatile food source in the region.

The utilization of maize in these scientific cooking techniques showcases the rich 
culinary heritage and cultural importance of maize in the hilly regions of Sikkim. 
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In addition, young green cobs are often consumed after being roasted or boiled. 
Maize grains are partially ground, and a combination of rice with an equal ratio of 
makkaiko chamal (maize grains) and powdered maize grain starch is used to prepare 
makkaiko pitho, and chyakhla (coarse maize rice) or saraulo (fine maize rice). Roasted 
seeds are grinded to powder known as ‘champa’ or ‘Saatu’. Sometimes, champa prepa-
ration includes a blend of wheat or barley. Maize seeds are boiled and a fermented 
product called Makaiko-Jarnd is prepared. Wines are also prepared using fermented 
maize products.

9. Conclusion

Primitive maize cultivars in the Northeastern Himalayas of India have generated 
interest among researchers for their high prolificacy (4 to 8 ears/plant) and their 
link to the origin and evolution of maize [31]. Sachan and Sarkar [14] concluded that 
Sikkim Primitive maize is equivalent to pre-Chapalote, pre-Nal-Tel, and prehistoric 
wild corn of Mangelsdorf. Besides being of interest for origin and evolution, Sikkim 
Primitives serve as a valuable source of prolificacy, pest resistance, and drought toler-
ance, given their resilience against natural challenges.

To enhance farm productivity and food security in the rainfed Eastern Himalayan 
region, it is necessary to intensify the existing maize-fallow system by incorporating 
more crops per unit area. This requires careful crop selection and increased produc-
tivity, especially in rainfed ecosystems. However, intensified production systems also 
demand higher energy and other inputs. Therefore, focusing on sequential cropping 
in mono-cropped areas and crop intensification is crucial for improved agricultural 
production. Vertical growth, by increasing productivity per unit of land, offers an 
alternative to expanding horizontally due to limited space.

Genetic characterization and improvement of local and indigenous maize culti-
vars are pivotal in addressing their limitations. In Sikkim, the rapid introduction of 
high-yielding and hybrid varieties has led to the decline of traditional landraces in 
agroecosystems. Thus, conserving these landraces in the National Bureau of Plant 
Genetic Resources (Indian Council of Agricultural Research) is imperative for future 
research, registration, and protection under the Protection of Plant Varieties and 
Farmers’ Rights Act 2001.

Figure 21. 
(a) Fermented Jarrnd preparation out of maize kernels by Mangar community of Karjee, West Sikkim and 
(b) boiled maize with Indian pumpkin curry, cheese pickle and buttermilk as dinner.
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Diversification and intensification of maize-based systems, through traditional 
crop management practices, can enhance profitability and resource use efficiency in 
both irrigated and rainfed ecosystems of the Sikkim Himalayas. Diversifying mono-
cropped maize areas improves the profitability and productivity of organic agricul-
ture, sustaining the livelihood security of organic growers in Sikkim. This approach 
supports the development of a more sustainable agricultural system, contributing to 
food security and livelihood enhancement.

The Eastern Himalayan region of India is widely recognized as a significant sec-
ondary centre of maize diversity, housing a diverse array of genetic resources. Maize 
cultivation in this region spans altitudes from 300 to 2500 masl. A field investigation 
conducted between 2010 and 2022 employed a combination of traditional knowledge 
and scientific methods to characterize maize morphologically. A comprehensive litera-
ture review documented the diversity of maize cultivation in the Sikkim Himalaya since 
the 1960s. The primary objective was to assess the number of indigenous maize varieties 
cultivated in the Sikkim Himalayan region approximately 60 years ago until 2023.

Categorizing maize landraces provides valuable insights into the diversity and 
classification of maize varieties, contributing to our understanding of maize genetic 
resources. The study also involved the collection of in situ germplasm in farmers’ 
fields to conserve cultivated plant diversity. Prioritization at the species level and in 
specific geographic regions was necessary due to the dynamic demand for germplasm. 
The primary objective was to assess the risk of extinction or erosion of specific maize 
germplasm, crucial for cultural and ecological preservation. The study aimed to safe-
guard valuable genetic resources, ensuring their availability for food security, liveli-
hoods, climate resilience, and research. Furthermore, the study focused on improving 
landraces and increasing access to high-quality germplasm.

During the study, as many as 31 different landraces of maize were identified, high-
lighting the need for comprehensive research on the genetic characterization of each 
variety, which remains unexplored in the region. Notably, Murali Makai, Seti Makai, 
Pahenli Makai, Rato Makai, Baiguney Makai, Gadbadey Makai, Tempo-Rinzing, and 
Lachung Makai exhibited excellent adaptation to local environments ranging from 
300 to 2500 m. These landraces displayed variations in agronomic and quality traits, 
as well as resistance to biotic and abiotic stresses. Their adaptability has resulted from 
natural and artificial selection. Conserving these landraces is crucial for future food 
security and sustainable agricultural practices.

Genetic research on Himalayan maize is critical for unraveling the genetic basis 
of unique traits, including agroclimatic adaptability, disease and pest resistance, 
and abiotic stress tolerance. This knowledge is essential for breeding superior maize 
varieties with enhanced productivity, nutritional value, and resilience. Additionally, 
studying the genetic diversity of Himalayan maize aids in conserving valuable 
landraces and heirloom varieties, which possess traits absent in commercial cultivars, 
thus ensuring long-term food security and farming community resilience. Genetic 
research facilitates the identification and utilization of genes and markers associated 
with desirable traits, enabling the development of molecular breeding techniques like 
marker-assisted selection and genetic engineering for targeted maize improvement. 
Furthermore, understanding the genetic diversity and population structure sheds 
light on maize’s evolutionary history, migration patterns, and contributes to broader 
scientific knowledge of crop domestication and genetic dynamics. This research sup-
ports the formulation of sustainable agricultural policies and strategies by providing 
evidence-based data on crop improvement, seed systems, biodiversity conservation, 
and farmer rights. Ultimately, the genetic research on Himalayan maize is pivotal for 
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advancing our understanding of unique traits, conserving genetic resources, enhanc-
ing breeding programs, and fostering sustainable agricultural practices, thereby 
promoting food security, resilience, and the well-being of farming communities.
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Chapter 2

Teachings of Tatéi Niwetsika: 
Native Maize from Northern 
Mexico
Cyndy Garcia-Weyandt

Abstract

In the spring of 2021, Kalamazoo College students began the project “Tatéi 
Niwetsika: Planting Traditional Knowledge and Flavors,” with the intention of 
learning about traditional agriculture, Native Maize from Mexico, food sovereignty, 
and the connection between Wixárika language and culture in Nayarit. In November 
of 2022, we harvested the first crop of Native Maize, and thus the teachings of Our 
Mother Corn. From a community perspective and active participation in the field of 
research, this chapter discusses the importance and relevance of cultivating Native 
seeds using traditional agriculture. The author shares from multiple perspectives the 
activities that link academic research and community work in Tepic and Kalamazoo. 
This chapter focuses on issues of traditional agriculture, the challenges of planting 
Native seeds of the Gran Nayar, and food sovereignties. Finally, the author grapples 
with the challenges of planting Native Maize in Kalamazoo and the desire to adapt the 
seeds in another environment. This chapter aims to highlight traditional techniques 
of cultivating Maize and the ceremonial aspects. Additionally, this chapter aims 
to define essential research methods and techniques such as community participa-
tion and social justice for more reciprocal research on issues regarding Indigenous 
sovereignties.

Keywords: native maize from Northern Mexico, traditional ecological knowledge, 
Wixárika community, Our Mother Corn, food sovereignty

1. Introduction

Native communities of the highlands of Mexico domesticated Wild Corn or 
Teosinte (Zea mays spp.) between 5500 and 4000 years ago. About 6000 years ago, 
societies across Mesoamerica began consuming Maize as well as other domesticated 
plants such as beans and squash [1]. The domestication of Maize (Zea mays L.) by 
Mesoamerican communities marked the beginning of sedentary life for many groups 
of people. Archeological records indicate that the oldest maize cobs were found in 
Guilá Naquitz Cave dating 6250 years ago [2].

In Wixárika ways of knowing, the oral tradition indicates that Watakame, the 
first farmer, received Yuawima (“Blue Corn Maid”) from Tatéi Takutsi Nakawé 
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(Our Grand Mother Growth). Since their first encounter, the two (Watakame 
and Yuawima) have been part of the same field of relations. Watakame cultivated 
Yuawima and Yuawima grew more seeds in the field in exchange for offerings. In 
this reciprocal relationship, Watakame received a set of instructions, protocols, and 
principles to follow Traditional Ecological Knowledge (TEK) or local understanding 
of the environment and the applicability of this knowledge in daily life [3–5]. Menzies 
argues that “TEK is an embodied practice directly rooted in everyday livelihood 
activities” (88). The oral tradition such as the case of Watakame is more than a 
cultural framework for Wixárika knowledge. This oral tradition contains knowledge 
(a set of protocols and principles to interact with the environment) that people 
developed. In consequence, specific ways of relating with the environment developed 
with daily activities.

According to the oral tradition, Watakame was unable to follow the first instruc-
tions and therefore, Yuawima returned home. Later, Watakame made the commit-
ment to cultivate and harvest Our Mother Corn following the initial instructions.1 
Today, many families continue following those first instructions, the protocols of 
coexistence, and the principles to cultivate and harvest Tatéi Niwetsika (“Our Mother 
Corn”). Families gather to cultivate using only the Kuwa/Wiika (“coa,” “pichuaca,” or 
“Traditional planting stick”), an agricultural tool with a wide and thick blade, some-
times curved, inserted into a wooden handle. In the center of the field, the families 
create small Wixárika microcosmos to deposit offerings. The Teiyari (“Center of the 
field” or “Heart of Our Mother Corn”) contains a sample of the seeds for cultivation. 
In the field, Wixárika families coexist with La Milpa and re-create in every cycle a 
series of embodied practices such as cooking, cultivation, and ceremonies to maintain 
and sustain a reciprocal relationship with Our Mother Corn and the five Corn Maids 
[7]. All the embodied practices (e.g., cultivation, harvest, ritual, and cooking) sur-
rounding the growth of Maize are pieces of ecological knowledge that transmit the 
balance interaction between people and the environment.

In La Sierra Madre Occidental, Wixárika families cultivate five different variants 
of Native Corn (Blue, White, Pink, Yellow, and Multi-color). For example, some 
families from El Roble cultivate Tsinawime (“Multi-color”), Tekuleti (“Blue”), Pipitiyu 
(“White”), Ta + rawime (“Pink”), Taxawime (“Yellow”), Yek + ri tuxa (“Orange”), 
and Tse’ + ri (“Yellow with elongated”) [7]. In Y + rata, families cultivate Yuwima 
(“Blue Corn”) in the South, Tuxame (“White Corn”) in the North, Ta + lawime (“Pink 
Corn”) in the West, Taxawime (“Yellow Corn”) in the East, and Tsayule (“multi-color 
Corn”) in the center. In the work of Victor Antonio Vidal Martínez et al., an expert 
on Corn in the state of Nayarit, the author reports that 13 Native species of Corn come 
from the state of Nayarit. Seven of them are primary species: Tabloncillo, Elotero 
de Sinaloa, Blando de Sonora, Bofo, Elotes Occidentales, Tuxpeño, and Vadendeño. 
Six of them are secondary species: Tabloncillo x Tuxpeño, Tuxpeño x Tabloncillo, 
Elotes Occidentales, Tabloncillo x Olotillo, Tabloncillo x Blando de Sonora, and Elotes 
Occidentales x Elotero de Sinaloa [8].

With the information received in TEK, the Wixárika community maintains a 
reciprocal relationship with Our Mother Corn and conceived Native Corn from El 
Gran Nayar as a relative [7]. Additionally, the community cultivates and harvests 
Our Mother Corn in ways that do not alter the land’s natural processes. This includes 
slash-and-burn and polyculture. Many studies have shown that Indigenous communi-
ties continue ancestral agricultural practices that include following a ceremonial cycle 

1 Personal interview with Lemus and Zing [6].
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for the cultivation of different crops [9–15]. For the cultivation of Native Corn in 
Nayarit, families cultivate after the first rain of the season in July. However, before the 
cultivation, many families gather for ceremonial purposes in four important com-
munity gatherings such as for 1) the selection of seeds, 2) the blessing of the seeds, 3) 
the cleansing of weeds in the field, and 4) the petition for rain. Once the families are 
ready to cultivate, they will go to the Yeturita (“Field for cultivation”). In the summer, 
usually at the end of June or in the beginning of July, the families prepare the seeds 
and the Waxata (“Cornfield”) for cultivation and for the ceremonies involving the 
cycle of Corn. Like the Corn Maids and Watakame, women and men work in the field. 
Women handle the seeds and men work the soil and prepare the Waxata for cultiva-
tion. In ceremonies such as in the Tatéi Niwestsika ‘Etsixa (“Cultivation Ceremony”), 
children perform a series of dances to embody all Corn maids. They dance to the 
sound of the violin and present the offerings to Tatéi Takutsi Nakawé (“Our Mother 
Growth”) and Tatéi Niwetsika. Then, they exchange Corn-based offerings among 
themselves. After the ceremony, women continue the labor of husking, selecting the 
best Our Mother Corn seeds, and planning the next trip to the Yeturita (“Field for 
cultivation”) to begin the season [7].

Traditional agriculture employed in the Milpa allows for the cultivation of mul-
tiple crops. According to Kremen and Miles, the diversification of farming systems 
regenerates the ecosystem by following techniques such as “composting, cover crops, 
crop rotation, absence of synthetic pesticides and fertilizers” [16]. Crops are grown 
together to increase biodiversity, enhance soil health, eliminate fossil fuel fertilizers 
and pesticides, and control erosion [17]. In many Wixárika families, they cultivate 
beans, squash, chilies, herbs, amaranth, medicinal plants, and flowers. Each plant 
companion, like the three sister systems among Anishinaabe [18] and Chakra systems 
in the Andes [19], serves a different role in the support of the ecosystem. For instance, 
Our Mother Corn provides the structure by growing vertically, so that beans can crawl 
to maximize the consumption of light. In exchange, beans maximize the production 
of oxygen and nitrogen in the soil. Squash grows closer to the soil to prevent predators 
and allow the other plants to grow healthier. Finally, wild medicinal plants, insects, 
and pollinators grow in the Milpa, so that people can benefit from their properties 
while consumed. In a field trial, the growth of “fava bean/maize intercrop” showed 
that beans facilitated the growth of maize yields by moving phosphorus that was 
consumed by maize [16].

2. Academic research and community work in Tepic-Kalamazoo

The main purpose of the La Milpa Project in Tepic-Kalamazoo is to contribute 
from all angles to the strengthening of the Native culture and languages of Gran 
Nayar. This project aims to not only facilitate workshops for students or the commu-
nity but to promote actions that make the efforts of the community and their resis-
tance to assimilation visible in Tepic. For this, the Center for International Studies 
(CIP) and Critical Ethnic Studies department at Kalamazoo College joined efforts 
with collectives, teachers, speakers of the language, and members of the research 
community to launch a pilot summer abroad in Tepic, Nayarit. They were invited 
to put together a program that could facilitate actions of community engagement. 
In Kalamazoo, after teaching the course “Plant Communication and Kinship,” the 
students grew El Gran Nayar seeds for the first time. Two students from Kalamazoo 
College took care of the La Milpa project, while the other students traveled to Mexico 
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to learn more about the community and the work to revitalize the Native languages 
of Greater Nayar. The seeds from La Milpa in our Hoop House Garden were a gift 
that reached Kalamazoo College with my migration and movement from Mexico to 
the USA between the years of 2019 and 2020. Since those seeds arrived at our school, 
we have documented how a community of students and teachers have learned the 
essentials about the care of Native Corn seeds. Together with teacher Felipa Rivera 
Lemus and her family from Y + rata, a Wixárika community in Tepic, the group of 
students from Kalamazoo has been advised and guided in the cultivation, care, and 
fair distribution of the seeds.

In the Fall of 2022, the Y + rata Elders arrived in Kalamazoo for a harvest festival. 
During their stay, they shared the way in which we all can relate to Our Mother Corn, 
for example, by providing food that they use as traditional offerings during a good 
harvest. These offerings gave Nuestra Madre Maíz (“Our Mother Corn”) the neces-
sary elements to close the cycle of Corn. Students learned the importance of having 
relationships with more-than-human persons. During the visit, we hosted a panel 
on the sustainable agriculture and food sovereignty to discuss the responsibility of 
all people in caring for the environment. This visit was significant because while the 
Elders taught us about Native seeds, we questioned our responsibility in caring for 
Native seeds in Mexico and the United States.

3. Methodology

La Milpa project follows the research methodology of Community-Based 
Participatory Action Research (CBPAR) [20]. According to the authors like Atalay 
and McCleary, “CBPAR is best understood as a decolonizing methodology intended 
to improve the ethics and practices of research by striving for the mutual benefit of 
those most affected by a particular research project through equitable, collaborative 
partnerships at all stages of research between researchers and community members” 
([20]: 5). In the La Milpa Project, we know that the inclusion of community method-
ologies and epistemologies is important to be able to implement projects related to 
plants as relatives. The methodologies of the La Milpa Project since the beginning of 
the work have been about social change and social justice. Along with the cultivation 
of Our Mother Corn in agricultural practices, we acknowledge the importance of 
collaborating with the community on topics related to culture and language revital-
ization. Additionally, we follow decolonial epistemologies in the project. Decolonial 
practices help us understand the central role of land as our teachers. We listen to the 
teachings of more-than-human beings [21].

The work of linguistic revitalization is relevant to Indigenous peoples who live 
in the diaspora. When in connection with Traditional Ecological knowledge, we 
learn about the relationship between people and land. Additionally, language is a key 
component in understanding worldview. Understanding different ways of knowing 
the world helps us to demystify the relationship between body and land. For this, La 
Milpa Project works in collaboration with collectives such as the Proyecto Taniuki (Our 
Language Project) and Yuri’Ikú (Cultural and Gastronomic Center) to teach about 
the inclusion of the Wixárika community and the approach to a linguistic policy that 
prioritizes Indigenous pedagogies including agricultural practice.

Language in connection with agricultural practices has been a vehicle for the 
revitalization and strengthening of Indigenous identity. Although the workshops 
with Proyecto Taniuki are small initiatives, they have an impact on the community. 
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An example is the ethnolinguistic landscape project in Lomas Bonitas that culminated 
in 2022. After extensive fieldwork with the community and consultation with the 
community assembly, community Elders, and the general population, Kalamazoo 
students conducted ethnographic fieldwork to collect names for spaces and places 
relevant to the community. Within these spaces were public and community spaces, 
and topographies (mountains and hills). These spaces have meaning and social and 
cultural value. The members of the project included people from the community, 
teachers, students, and the children of the community. Together they organized 
namespaces in Wixárika and in Spanish. In this intergenerational work, the names, 
meanings, and spaces to be named were established by consensus. Thus, students 
from the community and outside communities conceptualize the importance of land 
and territory from the community’s perspective.

3.1 Study area: Tepic and Kalamazoo

In the work of growing La Milpa in Tepic and Kalamazoo, methodologies and 
practices are carried out following community protocols and principles for the 
interaction and coexistence of people with Native seeds. In planting, we include 
consent practices such as the cultivation and planting ceremony to consult with the 
Elders about their opinion of the growth of the Milpa. The Elders consult, following 
their tradition, the ancestors to know how to proceed with the milpa. In Tepic, we 
cultivate with Wixárika families living in urban centers but with connections with 
rural communities in La Sierra. Tepic is in the state of Nayarit, Mexico. Most of the 
population is mestizo (mixed heritage) but many Indigenous communities continue 
living or migrating to the city. In Kalamazoo, we cultivate in the Hoop House one of 
the growing gardens at Kalamazoo College. Kalamazoo is in southwest Michigan.

The cultivation of the Milpa has been a school for learning not only about seeds 
(how to adapt to other climates) but also about ontological relationships with more-
than-human beings. With the ceremonies and small practices that are made as an 
offering to the crop, we learn what it is like to be in a community with more than 
humans. The Milpa has become a university of the earth where with our bodily labors 
we enter communion with the seeds. It is also a project that connects us with the 
communities of Mexico and the USA. We estimated that the seeds will be shared with 
the community in Kalamazoo to be able to grow Milpas in various neighborhoods of 
Spanish-speaking peoples and some Indigenous communities in Michigan. This proj-
ect will help migrants from Mexico and Central America to reconnect with ancestral 
seeds and ancestral practices.

4. The diversity of La Milpa

Native Corn offers a framework to understand human and more-than-human 
interactions by instructing us about how plants are teachers in a human’s life. Settler 
colonialism and its effects disrupt the ways in which Native communities related to 
nonhumans. In Mexico, the commodification of Native species of Corn and other 
plants for human consumption and use in the pharmaceutical industry disrupted 
the “kincentric” relationship between humans and plants [22]. This kincentric 
relationship maintains Our Mother Corn as central to the life of families for not only 
ceremonial purposes but in the daily life of families to provide a framework to live life 
in wellness. Since 2021, students at Kalamazoo College have been cultivating Native 
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Corn seeds in the Hoop House. This action has been performed to maintain and 
sustain the livelihood of Native Corn from Mexico in the USA. However, cultivating 
Corn without a community contradicts the notions of kinship. For this, students at 
Kalamazoo College every year make a commitment to continue learning from Native 
seeds. In the summer of 2023, students from K learn from Our Mother Corn the 
multiple ways of growing in a different environment. Building on the work of the 
previous years, during the cultivation and the harvest, students measure and record 
the growth of the plants to assess how the local environment can help or support the 
growth of Our Mother Corn. The objective of the project is to predict how can we 
better adapt Native seeds from Mexico in Michigan. Furthermore, this project aims to 
understand the different changes in climate that can benefit or impact the growth of 
Corn. Students conduct research on soil, rain patterns, and temperatures to compare 
the results with the environment in Mexico. Finally, students will share with the com-
munity, their findings, and results to continue growing native seeds from Mexico.

In a study, Woznicki et al. [23] examine the effects of climate change on the 
cultivation of Maize and soybeans to understand the demands of irrigation in the 
Kalamazoo River Watershed of Michigan. The authors demonstrate that “there will 
likely be less water available during the growing season in the future, or evapotrans-
piration will be hindered due to temperatures stress in peak developments of corn” 
([23], p. 252). This study suggests many adaptations to agricultural practices con-
cerning irrigation to foresee future climate changes. Like this study, in the La Milpa 
Project we aim to predict some of the adaptations to maize in a new climate. Although 
Woznicki et al. do not discuss the type that maize cultivated; their conclusions are 
important to La Milpa Project. Due to the change in rain patterns in Kalamazoo, the 
project interns use an irrigation system in the garden. Another study by Schlüter et al. 
[24] discusses the different stress adaptions of maize such as low temperature, low 
nitrogen (n), and low phosphorus (P) stress. Like the study by Schlüter et al., the 
different types of stress that plants undergo in the Hoop House have an impact on 
the growth and the plant biomass [24]. However, many studies suggest that corn can 
be adapted to other climates using different agricultural strategies [25, 26]. Moradi 
et al. suggest to “consider the early maturing cultivars of maize in agro-ecosystems” 
([26], p. 1236). In their study of maize adaptation in Iran, the authors selected “eight 
cultivars of maize with three growing stages periods” (1233: 2014). This selection 
allows for the collection of data and demonstrates the importance of early cultivation. 
On the other hand, Lorant et al. suggest that maize is genetically diverse and “world-
wide consists of locally adapted open-pollinated populations (landraces) as well as 
modern inbred lines, derived from landraces, that are used in hybrid production for 
modern breeding” ([25], p. 676). All these studies take into consideration the differ-
ent strategies for maize adaptation. The main goal of our study is to understand Maize 
adaptation to climate change.

4.1 Data collection

The first season was on May 10th, 2022. We cultivated five colors of Native Corn 
from Northern Mexico. We began the cultivation following traditional protocols and 
cultivated inside the Hoop House and outside in the rain garden. We started some 
seeds in planters to maximize germination. After five days, on May 15th, the seeds 
germinated and began the Naika (“sprout”) stage, and we repotted them outside 
on May 29th and June 2nd. In the rain garden, we repotted the plants following the 
Wixárika arrangement of the Cornfield: in the front row, three plants of White Corn 
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in the direction of the North, in the back two plants of Blue Corn in the direction of 
the south, to the right three Pink Corn in the direction of the West, to the left two 
Yellow Corn in the direction of the East, and two multi-color plants in the center. 
By June 23rd, our plants were in the vegetative stage or first leaf Y + ra (“Growing 
Greener”). The decision to cultivate the five variants of Our Mother Corn came as a 
community agreement. When I consulted with Felipa Rivera, she advised me to culti-
vate all the colors to have them together in the field. Along with Our Mother Corn, we 
cultivated flowers and other companion plants including tomatoes and kale inside the 
Hoop House, and milkweed and calendula in the rain garden. We used organic fertil-
izers, such as kelp fertilizer, to add extra potassium to the soil, and chicken manure 
for nitrogen, sulfur, and potassium. On July 12th, the plants reached a length of seven 
feet long inside the Hoop House and three feet long in the rain garden. On August 
16th, the plants began the stage of tassel or Tsakuluma, M + ayama, Tukima (“To 
Tassel” or “VT Tassel”), and on August 27th, silking or K + paima. On August 30th, 
Yellow Corn was tasseled and on September 6th, the rest of the plants were tasseled. 
All the stages of Our Mother Corn corresponded with a Wixárika’s personal names 
that connect human persons with plant persons [7].

Given the size of the growing garden, initially, Amy Newday (Mellon Fellow for 
Experiential Learning at Kalamazoo College) and myself were concerned with how 
close the population of plants was growing. With this, we began asking questions 
about cross-pollination. For many families in Tepic, cross-pollination is not really 
a concern. Families cultivate different variants of seeds and expect that some ears 
come with genetic modifications in color. Many families utilize this diverse Corn for 
corn-based drinks. In our first harvest, we were able to harvest a mature yellow ear 
of Our Mother Corn from the rain garden. In the Hoop House, there is an irrigation 
system and outside plants were watered with a water hose and rain. Inside the Hoop 
House, the plants grew over 2 m in length and matured very late in the season. On 
September 23rd of 2022, Nora Blanchard (Hoop House intern and K student) began 
hand-pollinating the plants. This was done with the hope of capturing pollen to help 
the plants in the process of pollination. This technique was useful because inside 
the Hoop House with the absence of wind, the pollen could not travel far. Due to the 
long days in Michigan, the plants were exposed to sunlight for about 12 h a day. Some 
plants released pollen early in the morning and some others released pollen in the 
afternoon (Data collected from personal conversations with Amy Newday and Nora 
Blanchard, Summer 2022).

On October 7th, the plants began the process of milking (Saulima or Sutuli stages). 
We prepared everything for the offerings during the harvest festival on campus. 
Some of the research questions we attempted to answer that summer were as follows: 
1) What can we learn from genetics and cross-pollination? 2) How can the selection 
of seeds help to maximize the growth of plants in the next season? 3) Is it possible to 
cultivate multiple colors in a small population of plants? 4) How can we improve the 
fertility of plants? And 5) What can the roots teach us about Our Mother Corn?

The second cycle of Our Mother Corn began on May 20th of 2023. This time we 
decided to cultivate only yellow corn since based on the observations of the previous 
year these plants were more successful than the other colors. The seeds came from a 
selection of two batches (1) the seeds from Mexico and (2) the seeds from the fully 
mature ear of Corn from the previous year. Also, Zoe Reyes, the 2023 Hoop House 
intern, reported that the companion plants cultivated included: beans, squash, peas, 
amaranth, mullein, catnip, evening primrose, black-eyed Susan, daisy fleabane, and 
marigolds. The total number of Our Mother Corn plants cultivated was 48 plants in 
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12 mounts outside in the rain garden. We directly planted the seeds into the soil 
during our cultivation ceremony after the blessing of the seeds on May 23rd. In the 
following days, we visited Cornfield again for 5 days to follow the protocols of the 
Wixárika community and made some offerings. We did not see any seeds sprouting. A 
week after the cultivation on May 30th, some seeds sprouted. Also, Amy noticed that 
some seeds were missing, and others were not fully grown. The outside garden is the 
house of many other animals, insects, and plants. To avoid predators, Amy planted 
more seeds in pots inside the Hoop House and she transplanted those plants. On June 
8th, some plants were transplanted. On June 13th, another batch of seeds was planted. 
Those seeds sprouted on June 22nd and then transplanted on June 27, 2023. The total 
population of plants was 45. Our research questions this season were: 1) how do the 
different seeding dates (May 23rd, June 7th, and June 13th) affect the flowering dates? 
2) How can we improve the fertility of plants? What can we learn from our plants 
this season? 3) How is it growing in this environment affected by the soil, water, rain, 
and sun?

5. Challenges of planting native maize in Kalamazoo

Native Corn seeds are essential actors in the sustainable diet of many families in 
Mexico and Central America. The commitment and devotion of Wixárika families 
to Tatéi Niwetsika (“Our Mother Corn”) and Yuri’Ikú (“True Corn”) are essential for 
the survival of families and their genealogies, not only of human beings but beyond 
humans in El Gran Nayar. However, with the increase in families migrating to stra-
tegic points and other latitudes, families have been forced to find alternative ways to 
gain access to sustainable food in all geographies. In 2020, Mexico developed new laws 
that currently dictate the future of native seeds. Politicians approved a bill that gave 
farmers the right to grow landrace corn without the fear of growing near Genetically 
Modified Organism (GMO) fields. Corporations such as Monsanto have lost their 
power over the types of seeds to grow in Mexico. This development represents a giant 
leap in Mexican food forms, sovereignty, and agricultural sustainability. This favors 
native seeds since it is guaranteed that their growth outside of isolated communities 
can grow without being cross-pollinated and genetically damaged by hybrid seeds. 
According to Frabotta [27] and Peikes [28] Mexican President Andrés Manuel López 
Obrador (AMLO) decreed that by 2024, Mexico would eliminate the use of transgenic 
corn. This will positively influence the production and consumption of seeds. Soon, 
many Mexican farmers will be in need to change their paradigm and return to the 
traditional cultivation of seeds. To have transgenic-free agriculture means to adopt 
the traditional ways of planting crops to assure food security in the future.

Many Mexican citizens have realized the impact of GMOs and the consumption 
of GMOs in corn tortillas on the health of people and ecosystems. This helps families 
to make the decision of consuming Native seeds in a more conscious and responsible 
way. Although Maize was domesticated in Mesoamerica around 5500 years ago, today 
more than ever, both Indigenous and non-Indigenous communities advocate for the 
diversity of Native Maize in Mexico. This advocacy leads us to take up social and 
community commitment outside the context of local Native communities. Seeds, as 
well as people, also travel and seek other environments to germinate. Some seeds out 
of fear of people have lived in museum basements and out of the sunlight. Other seeds 
live guarded by the Elders with the fear of sowing and losing the last family seeds and 
their ancestral genealogy. Project on La Milpa in other latitudes helps us understand 
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how seeds can be sown responsibly, ethically, and with awareness of social justice to 
grow plants that have crossed colonial borders. Thus, in this way, decolonize our diet 
and way of seeing corn as just another plant.

The contradictions and controversies about the La Milpa project have been vari-
ous. During a recent panel presentation in El Gran Nayar, we had a dialog with the 
community in the audience. Some Elders shared their suggestions to cultivate earlier 
to avoid the cold from the north. Others expressed their concerns about the purpose 
of the project. A question that leaves us thinking and reflecting on the project is an 
ethical and moral question. The seeds of La Milpa Project in Tepic-Kalamazoo project 
belong to the Indigenous peoples of El Gran Nayar and they depend on the ceremony 
and ritual of many families. Within the Indigenous peoples, each family is clear 
about the role of each one in the care and distribution of the seeds. For example, in 
Y + rata, seeds are only given to those with spiritual responsibilities and community 
roles [7]. It is necessary to emphasize that many families feed themselves and support 
their families in many areas that include the cultural and ceremonial aspects of these 
seeds. Also, some families within the Wixárika community do not have enough space 
to plant each year and their seeds are saved for fear of losing them. In the La Milpa 
Project, we are very aware of the goals of the project. We aim to understand how 
Native Maize from Northern Mexico adapt to other climates with the hope of bridging 
communities together.

6. Conclusions

This chapter highlights the traditional techniques of cultivating Maize from 
ceremonial spaces to the Cornfield, with the intention of outlining the importance 
of community participation in the academic investigation. The author discusses the 
challenges of adapting to Native seeds in Michigan and the different perspectives of 
communities in Tepic and Kalamazoo in relationship to the growth of Our Mother 
Corn. The chapter emphasizes the importance of cultivating Native seeds employing 
traditional agriculture to maintain the agency of plants and learn from the seeds sus-
tainable and reciprocal ways to relate with the land. The Milpa becomes a school that 
teaches us about diversity, responsibility, sacrifice, and physical and spiritual labor. 
The seeds teach us as agents of change the importance of sharing with other people 
and having responsibilities. The relationship is reciprocal since if people do not take 
care of the seeds, the seeds will give us fruits. Undoubtedly, people learn about caring 
for a sentient being, with agency, and effect on humans. In La Milpa Project, students 
learn that seeds are another type of being with the will and intention to germinate, 
grow, and bear fruit. When a plant does not grow, it does not have the will to teach us 
or learn from the new environment. They are simply not interested in growing, even 
if they are given care for their growth.

A key question in the work of food sovereignty is the question of whom the seeds 
belong to, specifically who owns or oversees the dispensation of the Native Corn 
seeds. In the La Milpa project, we acknowledge that the Indigenous peoples of Gran 
Nayar have developed scientific methods to guarantee a reciprocal relationship with 
Maize. For good germination, growth, and development of plants, specifically Native 
Corn seeds, a community or a group of people must follow an ontological relationship 
with seeds. When that relationship is lost, the way we see other beings is also lost. 
The ontological relationship between people and the land are key concepts in the 
philosophy of Indigenous peoples. Handmade tortillas made with Native Corn still 
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preserve the reciprocal relationship between people and plants. People make tortillas 
and other Corn-based foods as offerings during cultivation. With a change in ideol-
ogy, the commodification of Corn-based foods began in Mexico and abroad. In the La 
Milpa project, we acknowledge the importance of the connection between seeds and 
community, specifically speakers of the Wixárika language. For students, they learn 
about specific methodologies and epistemologies to conceive plants like Our Mother 
Corn as kin. The different components of the project are necessary for social change, 
not only to reverse colonial ideas to conceive food but to decolonize our diet and find 
ways to secure food in times of climate change and food scarcity.
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Chapter 3

Nutrient Management of Maize
Maryam Batool

Abstract

This chapter presents a comprehensive overview of nutrient management practices 
tailored for optimizing maize production. It covers critical aspects, including soil 
testing protocols, advanced fertilizer application methods, organic and inorganic 
amendments, precision nutrient management approaches, integrated strategies, 
and conservation agriculture-based practices. Recognizing maize’s significance for 
global food security and economic prosperity, the chapter emphasizes efficient and 
sustainable nutrient management to achieve high yields. Precision technologies 
enable targeted fertilizer applications, while organic and inorganic amendments 
enhance soil fertility and nutrient cycling. Integrated nutrient management reduces 
environmental risks and improves long-term soil fertility. Conservation agriculture-
based practices, such as reduced tillage and cover cropping, positively influence 
maize yield and sustainability by enhancing nutrient retention and water manage-
ment. Overall, adopting appropriate nutrient management practices is crucial for 
maximizing maize production while ensuring food security and environmental 
well-being.

Keywords: maize, nutrient management, soil testing, fertilizers, organic amendments, 
micronutrients, balanced nutrition, yield, environment

1. Introduction

Maize (Zea mays L.) is an important cereal crop globally, with a production of 
over 1.1 billion metric tons in 2020 [1]. Maize is not only a staple food for humans 
but also an essential feed for livestock. In addition, it is widely used for the produc-
tion of biofuels and industrial products. Therefore, increasing maize productivity is 
crucial for food and nutritional security, as well as for economic growth. Nutrient 
management is one of the critical factors that can significantly affect maize yield 
and quality. Proper nutrient management not only ensures an adequate supply of 
essential nutrients but also improves soil health and reduces environmental pollution. 
The nutrient management practices for maize production can vary depending on soil 
fertility, climatic conditions, crop management practices, and other factors. In recent 
years, several studies have focused on improving nutrient management practices for 
maize production. These studies have explored various approaches such as balanced 
fertilization, precision nutrient management, integrated nutrient management, and 
the use of organic and inorganic amendments to improve soil fertility and nutri-
ent use efficiency [2–5]. Studies have shown that conservation agriculture-based 
practices such as zero-till flatbed (ZTFB) and permanent beds (PNB) can produce 
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greater maize grain-equivalent yield (MGEY) compared to conventional tillage (CT). 
Similarly, nutrient expert-based application (NE) and recommended fertilization 
(RDF) have been found to increase MGEY compared to farmers’ fertilizer practices 
(FFP). Furthermore, these practices have been shown to enhance soil properties, 
including bulk density and microbial biomass carbon. Integrated nutrient manage-
ment involves customizing nutrient use by considering contributions through residue 
retention, atmospheric nitrogen fixation, and residual nutrients. This approach has 
been shown to enhance maize yield, nutrient uptake, and economic returns, com-
pared to using only organic or inorganic fertilizers. These approaches have shown 
promising results in enhancing maize yield, reducing input costs, and promoting 
sustainable agricultural practices [6–10]. This chapter aims to review the latest 
findings on nutrient management practices for maize production and their implica-
tions for sustainable agriculture. The chapter will cover various aspects of nutrient 
management, including soil testing, fertilizer application methods, timing, and rates, 
as well as the use of organic and inorganic amendments. The chapter will also discuss 
the challenges and opportunities for improving nutrient management practices in 
maize production. Overall, this chapter intends to provide insights into how nutri-
ent management practices can contribute to sustainable maize production and food 
security.

2. The importance of maize production

Maize, also known as corn (Zea mays L.), is a highly versatile crop with a long 
history of domestication dating back 9000 years ago. Its global production has been 
increasing rapidly over the past few decades due to technological advancements, yield 
improvements, and area expansion driven by rising demand. Maize has become the 
most widely grown and traded crop and is currently the leading cereal in terms of 
production volume [11]. Maize plays a crucial role in global agri-food systems as a 
multi-purpose crop. It is primarily used as a feed for livestock, but it is also an impor-
tant food crop, especially in sub-Saharan Africa and Latin America, where it serves as 
a staple food for millions of people [12]. Additionally, maize is used in many non-food 
products such as biofuels, starches, and sweeteners [13]. Maize production has the 
potential to address several pressing global challenges, including food and nutritional 
security, water scarcity, and climate change. In sub-Saharan Africa, maize is an essen-
tial crop for smallholder farmers and provides a vital source of income and food. It is 
estimated that maize is cultivated on over 33 million hectares of land in sub-Saharan 
Africa, with over 300 million people relying on it as a source of food and income 
[14]. Maize is also a crop with wide adaptability under different ecological scenarios, 
making it an essential crop for sustainable agriculture. In India, the conventional 
rice-wheat cropping system (RWCS) has been the dominant production system in 
the Indo-Gangetic Plains (IGPs). However, this cropping system has faced several 
sustainability challenges due to the high water requirement, soil fertility degradation, 
and inefficient input usage [15]. To address these challenges, conservation agriculture 
(CA) practices based on maize production have been introduced to enhance resource 
use efficiency, restore soil fertility, and improve crop yields. Maize production is 
critical for global food and nutritional security, with its versatile uses making it a vital 
component of the agri-food system. Maize also has the potential to address sustain-
ability challenges, such as water scarcity and climate change, making it a crucial crop 
for sustainable agriculture.
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2.1 Nutrient management basics

Nutrient management involves managing the amount, source, placement, form, 
and timing of the application of plant nutrients and soil amendments to optimize 
plant growth and yield while minimizing environmental impact. Integrated nutrient 
management (INM) is a recommended practice that involves using both organic and 
inorganic fertilizers to improve soil productivity and crop productivity. This approach, 
along with the integrated use of major plant nutrients (nitrogen, phosphorus, and pot-
ash), organic carbon sources (animal manures and plant residues), and bio-fertilizers 
(beneficial microbes), has been shown to significantly enhance maize growth, yield, 
and yield components, as well as grower’s income. Conservation agriculture (CA) prac-
tices, including zero-till flatbed (ZTFB), permanent beds (PNB), and conventional 
systems (CT), have also been found to increase farm profits and improve soil proper-
ties. Nutrient expert-based application (NE), recommended fertilization (RDF), and 
farmers’ fertilizer practice (FFP) are recommended CA-based nutrient management 
practices that can further enhance productivity and profitability [2, 6, 16]. Maize 
production heavily relies on adequate nutrient management, with nitrogen, phospho-
rus, and potassium being the most critical nutrients. Nitrogen is vital for vegetative 
growth and grain yield, but its mismanagement can cause environmental problems 
such as nitrate leaching and greenhouse gas emissions. Various nitrogen management 
practices, including split applications during planting and vegetative stages, have 
been found effective in improving maize yields and nitrogen use efficiency. Similarly, 
phosphorus plays a critical role in root growth, flowering, and grain filling, and its 
deficiency can result in poor crop quality and reduced yield [17–19]. Phosphorus 
management practices, such as soil testing and banding phosphorus fertilizers, have 
been found to enhance phosphorus availability in the soil and improve maize produc-
tivity. Additionally, potassium is essential for osmoregulation, enzyme activation, and 
photosynthesis, and its deficiency can lead to reduced yield and increased susceptibil-
ity to biotic and abiotic stresses. Effective potassium management practices include soil 
testing, potassium fertilizer application, and applying potassium fertilizer at planting 
and during the vegetative stage. Research has shown that these practices can improve 
maize yield and potassium use efficiency [4, 20, 21]. Understanding the nutrient 
requirements of maize, as well as the nutrient content of the soil, is essential to develop 
a nutrient management plan that balances these needs with available resources.

2.2 Soil testing for maize production

Soil testing holds a pivotal role in optimizing nutrient management specifically 
tailored for maize production. By analyzing soil samples, farmers gain invaluable 
insights into the soil’s nutrient content and pH levels, enabling them to make well-
informed decisions regarding fertilizer application. Recent research papers have 
extensively highlighted the profound significance of soil testing in this context. In 
a notable study conducted between 2015 and 2016, the focus was on bridging the 
maize yield gap and enhancing soil properties in coastal saline soil. The researchers 
explored the efficacy of a combined application of flue gas desulfurization gypsum 
and furfural residue (known as CA). Intriguingly, the post-harvest CA treat-
ment exhibited remarkable outcomes, with notable increases observed in calcium 
(Ca2+) and soil organic carbon (SOC) contents, while simultaneously reducing 
sodium (Na+) content and pH levels in the upper soil layer. Consequently, maize 
crops experienced significant enhancements in nitrogen, phosphorus, potassium, 
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calcium, and magnesium accumulations, alongside a decrease in Na accumulation 
when compared to the control group [22]. Another noteworthy study delved into the 
dynamics of global maize production, consumption, and trade, aiming to decipher 
evolving trends over the past 25 years and their consequential impact on research and 
development (R&D), with a particular focus on the Global South. The study empha-
sized the pressing need for augmented investments in R&D endeavors to fortify 
maize’s pivotal role in ensuring food security, sustaining livelihoods and effectively 
intensifying production, all while adhering to the constraints imposed by planetary 
boundaries [23]. These research findings substantiate the indispensability of soil 
testing in the realm of maize production. Moreover, they underscore the necessity 
for further exploration to develop innovative and more potent methodologies aimed 
at improving soil properties and elevating maize yields. As such, these insights 
reinforce the critical role that soil testing plays in optimizing nutrient management 
strategies, customizing fertilizer application practices, and addressing the overarch-
ing global challenges associated with maize cultivation. Soil testing occupies a central 
position in the intricate web of nutrient management for maize production. Recent 
research profoundly accentuates its significance in fine-tuning fertilizer application, 
ameliorating soil characteristics, and ultimately bolstering maize yields. By diligently 
incorporating soil testing into their agricultural practices, farmers can aptly discern 
the most optimal courses of action, thereby maximizing nutrient utilization, mitigat-
ing environmental repercussions, and fostering sustainable and prosperous maize 
farming [24–27].

2.3 Fertilizer types and application methods

Nutrient management plays a vital role in optimizing maize production and 
selecting appropriate fertilizer types and application methods is crucial for achieving 
optimal crop yields [28]. Maize requires specific nutrients, including nitrogen (N), 
phosphorus (P), and potassium (K), as well as secondary and micronutrients, to 
support its growth and development. Nitrogen fertilizers, such as urea, ammonium 
nitrate, and ammonium sulfate, are commonly used to supply the essential nutrient 
nitrogen to maize. Nitrogen application should be split into multiple doses to match 
the crop’s demand throughout the growing season [29]. Phosphorus fertilizers, such 
as diammonium phosphate (DAP) and triple superphosphate (TSP), are beneficial for 
root development and overall plant growth. These fertilizers are typically applied at 
planting time, either broadcast or as a band near the seed, to ensure efficient uptake 
by the developing root system. Potassium fertilizers, such as potassium chloride (KCl) 
and potassium sulfate (K2SO4), are crucial for enhancing maize yield and improving 
drought tolerance [30]. The application of potassium can be incorporated into the 
soil before planting or applied as a side dress during the early stages of crop growth. 
Additionally, secondary nutrients like calcium (Ca), magnesium (Mg), and sulfur 
(S), along with micronutrients like zinc (Zn), copper (Cu), iron (Fe), manganese 
(Mn), and boron (B), and molybdenum (Mo), play significant roles in maize produc-
tion [31]. These nutrients can be supplied through soil amendments or foliar applica-
tions, based on soil test results and crop nutrient requirements. Appropriate fertilizer 
application methods, such as broadcasting, banding, side-dressing, and foliar spray-
ing, should be employed to ensure efficient nutrient uptake and minimize losses. By 
following recommended nutrient management practices, including split applications 
and considering the specific nutrient requirements of maize, farmers can achieve 
higher yields and sustainable crop production [31–33].
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2.4 Timing and rates of fertilizer application

Timing and rates of fertilizer application are crucial factors in optimizing maize 
production and ensuring efficient nutrient uptake. Nitrogen (N) is a key nutrient for 
maize, and it should be applied in multiple doses to meet the crop’s demand throughout 
the growing season [33]. The first application of nitrogen can be done at planting 
time, with subsequent doses applied during the early vegetative stage and at the onset 
of the rapid growth phase [34]. Phosphorus (P) is essential for root development and 
overall plant growth. It is recommended to apply phosphorus-based fertilizers, such 
as diammonium phosphate (DAP) or triple superphosphate (TSP), at planting time 
either as a broadcast or band application near the seed [35]. The application of potas-
sium (K) is beneficial for enhancing maize yield and improving drought tolerance. 
Potassium fertilizers like potassium chloride (KCl) or potassium sulfate (K2SO4) can 
be incorporated into the soil before planting or applied as a side-dress during the early 
growth stages [32]. Additionally, secondary nutrients such as calcium (Ca), magnesium 
(Mg), and sulfur (S), along with micronutrients including zinc (Zn), copper (Cu), iron 
(Fe), manganese (Mn), boron (B), and molybdenum (Mo), are important for maize 
production. The application rates of these nutrients depend on soil test results and crop 
nutrient requirements [36]. Generally, it is recommended to follow regional fertilizer 
recommendation guidelines to determine the appropriate rates of nutrient application 
for maize [37]. By carefully timing and applying fertilizers at the right rates, farmers 
can ensure an adequate nutrient supply for maize and maximize crop productivity.

2.5 Organic and inorganic amendments

In maize nutrient management, the use of organic and inorganic amendments 
plays a crucial role in improving soil fertility and providing essential nutrients for 
optimal crop growth [33]. Organic amendments, such as farmyard manure (FYM), 
compost, and green manure, are valuable sources of organic matter and nutrients 
[38]. These amendments enhance soil structure, water-holding capacity, and nutri-
ent availability, thereby promoting maize growth and productivity. Incorporating 
organic amendments into the soil before planting or as a top dressing during the 
growing season can effectively supply nutrients like nitrogen, phosphorus, and 
potassium [39]. In addition to organic amendments, inorganic fertilizers are widely 
used to supplement nutrient requirements in maize production. Nitrogen-based 
fertilizers, such as urea, ammonium nitrate, and ammonium sulfate, provide readily 
available nitrogen for optimal plant growth [40–42]. Phosphorus fertilizers, such as 
diammonium phosphate (DAP) and triple superphosphate (TSP), are important for 
promoting root development and enhancing yield potential. Potassium fertilizers, 
including potassium chloride (KCl) and potassium sulfate (K2SO4), are essential for 
improving maize yield and stress tolerance [43]. Applying inorganic fertilizers in a 
targeted manner, such as banding or side-dressing, can maximize nutrient uptake and 
minimize losses. The combination of organic and inorganic amendments in maize 
nutrient management can optimize nutrient availability, improve soil fertility, and 
support sustainable crop production [44]. It is important to consider the nutrient 
requirements of maize, soil nutrient levels, and local agricultural practices when 
determining the appropriate application rates and timing of organic and inorganic 
amendments. By implementing effective nutrient management strategies using a 
combination of organic and inorganic amendments, farmers can enhance maize 
productivity while minimizing environmental impacts [45].
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2.6 Precision nutrient management

Precision nutrient management for maize plays a pivotal role in optimizing crop 
productivity while minimizing environmental impacts associated with excessive fer-
tilizer use. Precision nutrient management refers to the precise application of fertil-
izers based on the specific nutrient needs of the crop, considering factors such as soil 
variability, crop growth stage, and yield potential [46]. This approach involves utiliz-
ing advanced technologies such as remote sensing, geographic information systems 
(GIS), and variable rate application (VRA) systems to spatially and temporally tailor 
nutrient application rates. Precision nutrient management helps to optimize fertilizer 
use efficiency and reduce nutrient losses through targeted application, thus improv-
ing crop performance and minimizing environmental risks [47]. Remote sensing 
technologies, including satellite imagery and aerial drones, provide valuable informa-
tion about crop health and nutrient status. These technologies enable the identifica-
tion of nutrient deficiencies or excesses in specific areas of the field, allowing farmers 
to apply fertilizers precisely where they are needed [48]. GIS-based soil mapping and 
soil nutrient testing further assist in identifying nutrient variability across the field, 
enabling site-specific nutrient recommendations. Variable rate application systems 
enable farmers to apply fertilizers at different rates within a field, based on site-
specific recommendations. By adjusting fertilizer rates based on the variability of soil 
nutrient levels, farmers can ensure that nutrients are provided in optimal quantities, 
maximizing crop uptake and minimizing losses. This approach also helps to avoid the 
over-application of nutrients in areas where they are not needed, reducing the risk 
of nutrient runoff into water bodies. Generally, precision nutrient management for 
maize offers a sustainable and efficient approach to fertilizer application. By utilizing 
advanced technologies and tailoring nutrient application rates to the specific needs of 
the crop and field, farmers can achieve higher yields, reduce fertilizer costs, and mini-
mize environmental impacts associated with nutrient losses. Implementing precision 
nutrient management practices can contribute to the long-term sustainability and 
profitability of maize production systems [20, 49, 50].

2.7 Integrated nutrient management

Integrated nutrient management (INM) plays a crucial role in optimizing maize 
production by adopting a holistic approach to meet crop nutrient requirements 
efficiently [2, 3]. INM involves the integration of various nutrient sources, including 
organic manures, inorganic fertilizers, biofertilizers, and crop residues, to enhance 
soil fertility and promote sustainable crop growth. Organic manures, such as farm-
yard manure (FYM) and compost, are valuable sources of macro and micronutrients, 
as well as organic matter, which improve soil structure and nutrient availability. 
Incorporating organic manures into the soil at recommended rates not only supplies 
essential nutrients but also enhances soil health and microbial activity. Inorganic 
fertilizers, such as nitrogen, phosphorus, and potassium fertilizers, are often used in 
combination with organic manures to supplement nutrient deficiencies and achieve 
balanced nutrition. Biofertilizers, including nitrogen-fixing bacteria, phosphate-
solubilizing bacteria, and mycorrhizal fungi, can be applied either as seed inoculants 
or through soil application to enhance nutrient uptake and improve soil nutrient 
cycling [51]. Additionally, incorporating crop residues into the soil as green manure 
helps enhance soil organic matter content and nutrient availability. INM practices also 
include precision nutrient management based on soil testing to determine nutrient 
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deficiencies and adjust fertilizer application rates accordingly. Adopting balanced 
fertilization practices through INM not only ensures optimal nutrient supply to maize 
but also promotes environmental sustainability by minimizing nutrient losses and 
reducing the risk of pollution [5, 38, 42]. By integrating organic manures, inorganic 
fertilizers, biofertilizers, and crop residues, along with precision nutrient manage-
ment, farmers can achieve improved maize productivity and maintain soil fertility 
in a sustainable manner. While SSNM (site-specific nutrient management) is able to 
be tailored to the requirements of a site or field, for a broader purpose, INM provides 
better nutrient management [52].

2.8 Conservation agriculture-based practices

Conservation agriculture (CA) is an approach that promotes sustainable and 
environmentally friendly maize production while enhancing soil health and crop 
resilience [7, 15]. Several CA-based practices have proven effective in maize cultiva-
tion. One key practice is minimum soil disturbance, which involves reducing or 
eliminating conventional tillage to preserve soil structure and prevent erosion [53]. 
Zero tillage, where seeds are directly planted into untilled soil, has shown positive 
effects on maize yields by improving water infiltration and conserving soil moisture 
[6, 7]. Another important practice is residue management, where crop residues are left 
on the soil surface instead of being removed or burned. This practice enhances organic 
matter content, improves soil fertility, and reduces weed pressure [15]. Cover crop-
ping is also integral to CA in maize systems, where non-commercial crops are grown 
during fallow periods to protect the soil from erosion, suppress weeds, and improve 
nutrient cycling [54]. Additionally, crop rotation is a key component of CA, as it 
breaks disease and pest cycles, improves soil structure, and enhances nutrient avail-
ability [55]. Intercropping, the simultaneous cultivation of two or more crops in close 
proximity, is another beneficial CA practice that optimizes resource use and diversifies 
farm income [56]. Precision nutrient management, including site-specific fertilization 
based on soil testing and variable rate application, helps optimize nutrient use effi-
ciency while minimizing environmental impacts. Effective weed management through 
integrated approaches, such as using cover crops, mechanical methods, and targeted 
herbicide application, is essential in CA maize production to reduce weed competi-
tion. By adopting these CA-based practices, maize producers can achieve sustainable 
crop production, improve soil health, and mitigate environmental risks [57, 58].

2.9 Best practices for nutrient management in maize production

Implementing best practices for nutrient management is crucial for optimizing 
maize production and ensuring sustainable crop yields. Firstly, conducting regular soil 
testing is essential to assess nutrient levels and pH, providing valuable information 
for fertilizer recommendations [5, 6]. Splitting nitrogen (N) applications through-
out the growing season based on crop demand is highly recommended to improve 
nitrogen use efficiency [25]. For phosphorus (P) fertilization, applying diammonium 
phosphate (DAP) or triple superphosphate (TSP) at planting time, either broadcast 
or as a band near the seed, promotes root development and overall plant growth [20]. 
Potassium (K) fertilizers should be applied either as a pre-plant incorporation or as 
a side-dress during early crop stages to enhance maize yield and improve drought 
tolerance. In addition to N, P, and K, secondary nutrients (calcium, magnesium, and 
sulfur) and micronutrients (zinc, copper, iron, manganese, boron, and molybdenum) 
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play vital roles in maize production. Soil amendments or foliar applications can be uti-
lized to address deficiencies based on soil test results and crop nutrient requirements 
[49]. Employing appropriate fertilizer application methods such as broadcasting, 
banding, side-dressing, or foliar spraying ensures efficient nutrient uptake and mini-
mizes losses [38]. Moreover, adopting conservation practices such as cover cropping, 
crop rotation, and precision farming techniques can improve nutrient cycling, reduce 
nutrient runoff, and enhance soil fertility. Multiple studies have linked the impact of 
biochar on crop productivity to various factors, including enhanced cation exchange 
capacity (CEC) and the subsequent retention of nutrients, elevated pH levels and 
increased base saturation, augmented availability of phosphorus, and improved water 
accessibility for plants [59]. Regular monitoring of crop health and adjusting fertil-
izer applications based on visual symptoms or plant tissue analysis is crucial to avoid 
over or under-application of nutrients. By adhering to these best practices, farmers 
can optimize nutrient management in maize production, leading to increased yields, 
improved resource use efficiency, and environmental sustainability [60].

2.10 Challenges and opportunities for improving nutrient management practices

Effective nutrient management is essential for sustainable agriculture and 
 maximizing crop productivity, but it faces several challenges and offers opportunities 
for improvement. One major challenge is the improper use of fertilizers, resulting 
in nutrient imbalances, environmental pollution, and economic losses [61]. Over-
application of fertilizers can lead to nutrient runoff, causing water pollution and 
eutrophication [62]. On the other hand, insufficient fertilizer application can result in 
nutrient deficiencies, limiting crop yields. Another challenge is the lack of soil testing 
and nutrient analysis, which hinders precise fertilizer recommendations based on the 
specific nutrient requirements of crops. Inadequate knowledge and awareness among 
farmers regarding nutrient management practices further contribute to suboptimal 
fertilizer use [16, 31, 39]. However, there are opportunities for enhancing nutrient 
management practices. The development and promotion of precision agriculture 
technologies enable site-specific nutrient application, optimizing fertilizer use 
efficiency [63]. Integration of organic farming practices, such as cover cropping, crop 
rotation, and the use of organic amendments, can enhance soil fertility and reduce 
the reliance on synthetic fertilizers [64]. Additionally, implementing conservation 
practices like conservation tillage and nutrient management planning can minimize 
nutrient losses and improve nutrient use efficiency [50]. Education and extension 
programs play a crucial role in increasing farmers’ understanding of nutrient man-
agement principles and practices, encouraging adoption of sustainable approaches. 
Furthermore, research efforts are focused on developing advanced fertilizers with 
slow-release mechanisms and improved nutrient uptake efficiency. By addressing 
these challenges and embracing the opportunities, sustainable nutrient management 
practices can be achieved, promoting environmentally friendly agriculture and ensur-
ing long-term food security [65, 66].

3. Conclusion

In conclusion, effective management of fertilizer types and application methods 
is crucial for maximizing maize productivity. Nitrogen, phosphorus, potassium, 
secondary nutrients, and micronutrients play vital roles in supporting the growth and 
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development of maize plants. Splitting nitrogen applications throughout the growing 
season to match crop demand and using fertilizers like urea, ammonium nitrate, and 
ammonium sulfate can ensure optimal nitrogen supply. Phosphorus fertilizers such 
as diammonium phosphate and triple superphosphate are beneficial for root develop-
ment and should be applied at planting time either through broadcasting or banding 
near the seed. Potassium fertilizers like potassium chloride and potassium sulfate can 
enhance maize yield and improve drought tolerance and should be applied before 
planting or as a side-dress during early crop growth. Additionally, the application of 
secondary nutrients and micronutrients, based on soil test results and crop require-
ments, can significantly contribute to maize production. It is important to consider 
appropriate fertilizer application methods such as broadcasting, banding, side-
dressing, and foliar spraying to ensure efficient nutrient uptake and minimize losses. 
Farmers should follow recommended nutrient management practices and tailor their 
fertilization strategies to meet the specific needs of their maize crops, as this will lead 
to higher yields and sustainable crop production. Regular soil testing and monitoring 
can provide valuable insights for adjusting fertilizer types and application methods to 
optimize maize nutrient management and improve overall productivity.

Nomenclature

N nitrogen
P phosphorus
K potassium
Ca calcium
Mg magnesium
S sulfur
Fe iron
Mn manganese
Zn zinc
Cu copper
B boron
Mo molybdenum
pH soil pH level
OM organic matter
EC electrical conductivity
ANR annual nutrient requirement
TSP triple superphosphate
DAP di-ammonium phosphate
MAP mono-ammonium phosphate
NPK nitrogen-phosphorus-potassium
CAN calcium ammonium nitrate
UAN urea ammonium nitrate solution
FYM farmyard manure
DCT deep placement of fertilizer
SSNM site-specific nutrient management
FFD full fertilizer dose
LCC leaf color chart
CF crop factor
ICM integrated crop management
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Abstract

Maize is a versatile crop that serves as a staple food for millions of people and 
provides various raw materials. Its adaptability to different climates and potential 
makes it economically valuable. However, the ongoing emissions of greenhouse gases 
pose significant challenges to sustain maize production. Sustainable agricultural prac-
tices are crucial to mitigate greenhouse gas emissions and reduce carbon footprints. 
Conservation tillage practices based on no-till promote carbon sequestration, and 
reduce carbon footprints compared to conventional tillage. These practices potentially 
improve soil health and water productivity. This chapter explores various aspects 
to sustain maize production, with a focus on conventional and conservation tillage 
systems, engineering technologies, carbon footprint reduction. It discusses also the 
challenges and perspectives in achieving sustainable maize production. It begins with 
an overview of conventional maize farming, highlighting its practices and challenges. 
The second section explores the advantages of conservation tillage in maize produc-
tion. The third part focuses on engineering technologies and precision agriculture 
tools, as well as remote sensing. In the fourth section, strategies for reducing carbon 
emissions and adopting clean energy in maize farming are considered. The final part 
addresses the challenges and perspectives for sustaining maize production, discussing 
barriers, opportunities, and potential solutions.

Keywords: maize, tillage, no-tillage, water, carbon, footprint

1. Introduction

Maize (Zea mays L.) holds immense importance as a major cereal crop, serving 
as a staple food for over 900 million people in developing countries. Maize earns its 
esteemed title as the “Queen of Cereals” due to its remarkable demand and impres-
sive adaptability. Maize holds the distinction of being the most abundantly produced 
cereal worldwide, with a staggering production of 1148 million metric tons. Not 
only does maize boast the highest average productivity of 5.9 tons per hectare, but its 
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growth rate is also among the most rapid in comparison to other crops [1]. It holds the 
distinction of being the most significant cereal crop globally in terms of both acreage 
and production [2]. Additionally, it serves as a valuable raw material for the produc-
tion of food sweeteners, protein, oil, starch, and even as a fuel source. This versatility 
is supported by its ability to thrive and adapt to a wide range of climatic conditions 
worldwide [3]. It is not only a vital food crop but also a significant source of income 
for many farmers, particularly in developing countries.

Its unique characteristic of being able to be cultivated twice in a year further 
enhances its economic value. In regions with favorable climatic conditions and appro-
priate agricultural practices, farmers can harness the potential of double cropping, 
allowing them to maximize their yields and income from maize cultivation [4].

According to the most recent assessment report by the Intergovernmental Panel 
on Climate Change, the ongoing emission of greenhouse gases is projected to result 
in continuous warming and persistent alterations in all aspects of the climate system. 
This, in turn, increases the probability of experiencing severe, widespread, and 
irreversible impacts on both human societies and ecosystems. The report highlights 
the urgent need to address greenhouse gas emissions to mitigate the potential con-
sequences of climate change. Thus, in light of the projected severe and irreversible 
impacts of climate change, there is an urgent and critical need for sustainable food 
production systems. Agricultural practices, in conjunction with the combustion of 
fossil fuels within domestic settings, exert a significant influence on the global carbon 
(C) and nitrogen (N) cycles. This combined impact has been identified as a potential 
contributor to the observed global temperature rise [5].

There is a strong recommendation for crop producers to implement efficient 
management practices in order to reduce GHG emissions and minimize the carbon 
footprints associated with agricultural products at the farm level [6, 7]. Research has 
consistently shown that implementing improved agronomic practices can contribute 
significantly to reducing GHG emissions associated with crop production. These 
practices not only enhance crop yield but also result in higher inputs of carbon-rich 
residues, which can contribute to increased carbon storage in the soil [6]. Examples 
of these effective practices include the use of high-yielding crop varieties, timely 
management of crop diseases, crop rotation with species that allocate more carbon 
below ground, and careful nutrient management [7].

Conservation tillage, which encompasses practices such as no-till or reduced till-
age along with residue retention, has been widely implemented to enhance soil quality 
and promote sustainable agriculture. The adoption of no-till (NT) and subsoiling 
(ST) practices has been proposed as a means to decrease soil organic carbon (SOC) 
mineralization and promote the accumulation of SOC. These practices involve 
minimal soil disturbance, leading to enhanced SOC sequestration and reduced carbon 
dioxide (CO2) emissions, consequently lowering carbon footprints (CFs). In contrast, 
conventional tillage methods contribute to higher CO2 emissions through increased 
diesel consumption, whereas NT practices result in reduced carbon emissions due to 
decreased diesel usage. Furthermore, tillage practices influence soil physicochemical 
properties and have implications for grain and biological yields [8].

There have been very limited studies exploring the C footprint of maize pro-
duction under variable agronomic practices such as conventional and no-tillage 
farming systems, especially in the context of Morocco. In this literature review, our 
objective is to examine maize production within two farming systems: conventional 
and no-till. We will analyze and compare the carbon footprints associated with 
these two approaches and aim to draw conclusions regarding the potential carbon 
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footprint reduction achievable through the adoption of no-till farming. By assessing 
the available literature and research on these farming systems, we will explore the 
environmental implications of each method and evaluate the carbon footprint gains 
that can be achieved by transitioning from conventional to no-till maize production. 
Ultimately, our review aims to provide insights and recommendations on how adopt-
ing no-till practices can contribute to sustainable maize production with reduced 
carbon footprints.

2. Conventional maize production and drawbacks

The overuse of synthetic fertilizers and pesticides leads to soil degradation, 
nutrient runoff and greenhouse gas emissions. It also disrupts ecosystems, fosters 
resistance, and poses health and environmental risks. Unsustainable irrigation 
depletes water resources, causes salinization, and contributes to energy consumption. 
Solutions include integrated nutrient management, integrated pest management, 
efficient irrigation techniques, education, policy support, and research.

Tillage plays a crucial role in creating favorable conditions for seedling emergence, 
development, and root growth by preparing an ideal seedbed. It is considered a criti-
cal component of soil management systems. However, it is important to select appro-
priate tillage practices to ensure optimal crop growth and yield. Inappropriate tillage 
practices can have detrimental effects on crop performance. Tillage management, as 
well as the application of chemicals and manure, are important factors that have a sig-
nificant impact on soil physical properties. Tillage is a practice used to loosen the soil 
and create a suitable seedbed for plant growth. It plays a crucial role in crop produc-
tion, contributing up to 20% of the overall factors influencing crop performance [9].

The choice of tillage method has implications for the sustainable utilization of 
soil resources, as it directly influences soil properties. Deep tillage, in particular, has 
several benefits. It helps break up compacted soil layers, facilitating improved water 
infiltration and movement within the soil. This enhanced water penetration allows 
for better root growth and development, ultimately increasing the potential for crop 
production [10]. Studies have shown that deep tillage practices, reaching depths of up 
to 90 cm, have led to increased corn yield [11].

In his study case, Memon et al. [9] compared the effects of different tillage prac-
tices, Deep Tillage (DT), Conventional Tillage (CT), and Zero Tillage (ZT), on maize 
production at the experimental site of National Agriculture Research Center (NARC), 
Islamabad, Pakistan. The study revealed significant differences among the tillage 
treatments in terms of seedling emergence, plant height, number of leaves per plant, 
and grain and dry matter yields. Deep Tillage (DT) exhibited notable advantages over 
the other treatments. It resulted in a higher seedling emergence percentage, taller 
plants with more leaves, and the highest grain and dry matter yields. Conventional 
Tillage (CT) followed suit, demonstrating favorable outcomes in terms of seedling 
emergence, plant height, leaf number, and yield. Considering the specific soil (loamy 
soil) and weather conditions (spring season) of the experiment, the findings indicate 
that Deep Tillage (DT) proved to be the most effective tillage practice for maize 
production.

Zero Tillage (ZT), although offering potential benefits in certain contexts, was less 
favorable in this study. These results emphasize the importance of selecting appro-
priate tillage practices based on specific conditions to optimize maize production 
outcomes. It is important to note that balancing the benefits and potential drawbacks 



New Prospects of Maize

62

of tillage management and chemical/manure applications is crucial. While tillage 
can improve soil conditions and crop productivity, it may also lead to increased soil 
erosion and loss of organic matter. Likewise, the use of chemicals should be carefully 
managed to minimize environmental impacts and promote sustainable agricultural 
practices.

In another study conducted by Orfanou et al. [12] in USA Georgia, they found 
that Conventional tillage had slightly better yield results but was not statistically 
different from conservation-tilled plots that lead to the conclusion that conservation 
tillage could be a good solution for farmers, not only for preserving water but also for 
achieving acceptable yield results.

Conventional tillage in maize production, while commonly practiced, comes with 
several drawbacks. It demands significant time, fuel, labor, and water resources, 
leading to higher production costs. These increased costs can ultimately reduce profits 
for farmers. Additionally, conventional tillage methods may contribute to higher 
greenhouse gas emissions compared to alternative options [13]. The constraints and 
nonsustainability issues mentioned earlier have specific implications. Maize farming 
often involves intensive tillage practices, which can lead to soil erosion, reduced soil 
organic matter content, and soil compaction, ultimately impacting the long-term pro-
ductivity of the land. Additionally, the removal of crop residues and the practice of 
monocropping in maize cultivation further contribute to the nonsustainable aspects 
of conventional agricultural systems [14]. To ensure sustainable maize production, it 
is crucial to address these challenges and adopt alternative farming practices such as 
conservation tillage.

In a study conducted in South Korea under intensive conventional cultivation, [15] 
concluded that the carbon footprint (CF) of maize production is largely influenced 
by nitrogen (N) in chemical fertilizers and the use of organic fertilizers. Both types of 
fertilizers significantly contribute to CF and carbon efficiency. Sustainable practices 
that prioritize high yields and low GHG emissions are associated with greater sustain-
ability. South Korea’s maize production demonstrates relatively low CF and GHG 
emissions on a global scale. The study highlights the positive correlation between 
nitrogen use, chemical and organic fertilizers, and the carbon footprint of agriculture 
(CFA) and carbon footprint intensity (CFI). This emphasizes the importance of 
proper management and selecting suitable land management systems, especially in 
the context of climate change. By implementing effective strategies and informed 
decision-making, it is possible to reduce GHG emissions and promote sustainable 
development in maize farming.

3. Maize-based conservation tillage and benefits

Conservation tillage plays a significant role in sustainable maize production by 
promoting soil health, reducing erosion, improving water retention, and minimizing 
the environmental impact of farming practices.

Maize cultivation can be achieved without the need for primary tillage through a 
practice known as no-till farming. This approach offers several advantages, including 
reduced cultivation costs and improved efficiency in resource utilization. To ensure 
successful crop establishment, it is essential to maintain optimal soil moisture during 
sowing. Additionally, the proper placement of seeds and fertilizers in bands using 
a zero-till seed-cum-fertilizer planter with a suitable furrow opener, taking into 
account the soil texture and field conditions, is crucial [2].
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A study conducted in Zimbabwe in a semi-arid climate examined the impact of 
conservation tillage on maize production. The objective of the study was to assess the 
maize yield advantage associated with conservation tillage compared to conventional 
tillage, which represented the farmers’ practice in the region. The researchers aimed 
to provide insights into the potential benefits of introducing conservation tillage as a 
technology for maize production in the semi-arid conditions of Zimbabwe and com-
pare the efficacy of conventional tillage and conservation tillage methods in terms 
of maize yield. When comparing the performance of various tillage methods, it is 
important to acknowledge that for any alternative system to be considered viable, its 
yield should be equal to or higher than that of conventional tillage in the short term. 
Additionally, it is crucial to consider the resource constraints faced by smallholder 
farmers during the adoption of alternative tillage practices. They evaluated eight 
tillage experiments conducted between 1984 and 2008. Nyakudya et al. [16] found 
results that showed Conservation tillage methods demonstrated slight but noteworthy 
yield advantages in regions with less than 500 mm of rainfall. In cases where grain 
yields reached 2.5 tons per hectare and the rainfall was below 500 mm, the adoption 
of 1.0 m tied ridging resulted in an additional 144 kg per hectare, while mulch ripping 
contributed an extra 344 kg per hectare compared to conventional tillage practices. 
These findings highlight the potential of conservation tillage methods to enhance 
maize yields in areas with limited rainfall, albeit with modest improvements.

In another research in Western Colorado Research Center in USA, Keshavarz 
et Dekamin 2022 evaluated the sustainability of maize production by comparing 
four different tillage systems: conventional tillage with moldboard plow (MP), 
conventional tillage with chisel plow (CP), strip-tillage (ST), and no-till (NT). The 
assessment was conducted using life cycle assessment (LCA) and Material Flow 
Cost Accounting (MFCA) methods. By considering the entire production process, 
including energy and material wastage, a more comprehensive understanding of the 
hidden costs of production was obtained. The results showed that the total annual 
energy input varied among the tillage systems, with NT having the lowest energy 
demand. NT also exhibited improved energy efficiency and yield increase. The 
economic analysis revealed that eliminating negative products in corn production 
could significantly increase farmers’ net benefit. Environmental impact assessments 
indicated that NT and MP performed better than CP and ST in most categories, with 
NT showing the best performance in terms of global warming potential, acidification, 
and eutrophication. Overall, NT proved to be the most sustainable option for corn 
production, followed by the MP system, considering energy, economic, and environ-
mental indicators.

4.  Practices and engineering technologies for sustainable maize 
production

Sustainable maize production is of utmost importance in ensuring food secu-
rity, environmental preservation, and the well-being of farming communities. To 
achieve sustainability, it is crucial to adopt the best practices and technologies that 
optimize resource utilization, reduce environmental impact, and enhance the resil-
ience of maize farming systems. During the last decades, several farming innova-
tions have been tested on cereal crops to improve water and energy use efficiencies 
and increase yields of biomass and grains. Dokyi et al. [17] stated that the adoption 
of Improved Seed and Management Technologies (ISMT) has a significant positive 
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impact on technical efficiency. The ISMT adoption resulted in a notable increase 
of the efficiency to show an actual improvement of 16%. Consequently, the maize 
productivity showed a substantial boost, rising by 33.8% as a result of ISMT adop-
tion. This study recommends the widespread dissemination of improved maize 
seeds to farmers. The transformation of corn farming over the past two decades has 
been fueled by the rapid adoption of new technologies and advancements in seed 
breeding. A comprehensive analysis (ARMS survey conducted from 1996 to 2016) 
reveals the significant impact of these innovations on yield changes in intensive 
corn production.

Otherwise, the advancements in genetically engineered seeds allowed farm-
ers to optimize their practices and achieve higher yields. With the ability to plant 
corn seeds more densely and at an earlier stage in the growing season, farmers 
maximized the crop’s growth potential. Additionally, the improved pest resistance 
and drought tolerance provided by genetically engineered seeds opened up profit-
able production opportunities in different pedo-climatic contexts. These changes 
were not limited to planting practices alone, as the increased adoption of drought-
tolerant and insect-resistant seeds prompted adjustments in irrigation and chemical 
applications. Over the course of two decades, the percentage of corn acres planted 
with single-pest-resistant varieties containing proteins from Bacillus thuringiensis 
(Bt) increased from 2% in 1996 to 78% by 2016. Similarly, herbicide-tolerant 
varieties, enabling efficient weed management, saw a remarkable area increase 
from 3% in 1996 to 84% in 2016 [18]. However, adoption of genetically engineered 
seed varieties improved substantially productivity of conventional farming but the 
sustainability of this production system cannot maintained as different problems of 
soil health, soil physic, pest resistance; herbicide tolerance and chemical pollution 
kept unsolved in a sustainable way.

4.1 Practices for better maize crop establishment under no-till

Several practices were proved to improve maize crop establishment for more sustain-
ability under no-till cropping system. For a successful introduction of no-till farming 
method, farmers cannot sense an initial benefit without starting by fixing problem 
of soil compaction as a common issue of intensive agriculture. Compaction can be 
attributed to various field operations related to soil-machine interactions due to use of 
heavy machinery and equipment and to animal trampling. These activities can result 
in damage to the soil structure, which is crucial for the soil’s ability to retain and drain 
water, nutrients, and air necessary for plant root functions. Compacted soil restricts 
root growth and can lead to reduced water infiltration, poor nutrient availability, and 
inadequate oxygen levels for plant roots. Several researches showed that compaction 
constitutes a systematic problem of irrigated cropping systems due to difficulty of 
traffic management with reference to soil practicability and soil plasticity. Olubanjo 
et al. [12] conducted a study in Nigeria to show the response of maize crop to compacted 
soil under relatively stable environmental conditions. They find that high soil strength 
resulting from compaction lead to reduced yield production. However, the negative 
impact of compaction on yield seems to be mitigated when there is an abundant water 
supply, although certain treatments with lower soil strengths experienced further 
reduction in yield due to water stress. Additionally, increased soil compaction was found 
to have a negative influence on plant nutrient uptake. According to this study, maize 
plants should not be cultivated in soils with a penetration resistance more than 2.0 MPa.
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Methods of chiseling and tillage of deep soil layers are of great importance to break 
hardpans and to alleviate soil compaction prior to cultivation of maize under con-
ventional tillage. Such methods are also primordial for a successful start of producing 
maize under conservation tillage. In fact, it is essential to address soil compaction 
through proper management practices such as chiseling before no-tillage and use of 
adapted no-till seeders for a better maize crop establishment. The conservative best 
practices help farmers to guarantee a sustainable maize production when the maize 
crop establishment is good to show consistent biomass and grains yields during the 
start years of the conservative practices (Figure 1).

To enhance maize crop productivity and improve farmers’ profitability, there is a 
significant focus on implementing alternative methods and technologies to promote 
conservative practices. These efforts aim to mitigate the negative impact of traditional 
cropping systems and have resulted in the development of various resource conserva-
tion technologies. Considering the importance of conserving natural resources, it is 
crucial to prioritize the widespread adoption of cost-effective and environmentally 
friendly crop management practices. These include techniques such as ridge and fur-
row, conventional flatbed, and raised-bed planting [20].

The ridge and furrow planting method involves creation of raised ridges and 
sunken furrows for a better crop establishment. This method offers several benefits 
for crop growth. The ridges provide better drainage and aeration for the plants, reduc-
ing the risk of waterlogging. The furrows help to channel water and prevent excessive 
runoff, improving water distribution and conservation.

The conventional flatbed planting method can be prepared by leveling the soil 
surface to create a flat and even bed for planting. In this method, the entire field is 
tilled and smoothed to achieve a uniform surface for easier planting, cultivation, and 
harvesting operations.

Figure 1. 
Factors affecting no-till production system sustainability [19].
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The zero tillage raised-bed planting method involves creation of elevated planting 
beds above the ground level. The raised beds are typically formed by mounding soil or 
using specialized equipment to shape them.

Saad et al. [21] conducted a study in India to find that energy use in tillage is 
influenced by different tillage and crop establishment methods, as well as residue 
management practices. The zero tillage with raised-bed establishment (ZTB) con-
sumed approximately 8% less energy compared to conventional tillage based on 
flatbed planting (CTF) in a maize-wheat cropping system. This reduction in energy 
consumption in ZTB was due to energy savings in land preparation, sowing, and 
irrigation activities.

Pooja et al. [20] also examined the impact of different planting methods on weed 
population, yield improvement, water management, and weed control in maize pro-
duction. The results indicate that raised beds have lower weed populations and offer 
advantages such as better water management and higher yields compared to flat beds. 
Stale seedbed practices also prove effective in reducing weed density. Bed planting 
methods, particularly raised beds, demonstrate higher soil microbial biomass carbon 
and have a significant positive effect on crop growth and yields. Studies conducted 
by Jat et al. and Singh et al. show that raised-bed systems outperform conventional 
and zero tillage systems in terms of maize yield. Overall, the research suggests that 
raised-bed planting is the most effective method for minimizing weed population and 
enhancing crop performance [20].

4.2 Digital monitoring of crop performance for sustainable maize production

There are several technologies that contribute to sustainable maize production. 
For example, Soil–Plant Analysis Development (SPAD) meter technology. It has 
emerged as a valuable tool in the field of agriculture. This technology has gained 
significant attention, particularly in the context of optimizing nitrogen fertilizer 
applications in corn (Zea mays L.) production. The SPAD meter is a handheld device 
that measures the chlorophyll content of plant leaves, providing an indication of their 
nitrogen status. The use of SPAD meter technology offers several advantages for corn 
producers. By providing a quick and nondestructive assessment of leaf chlorophyll 
levels, it enables farmers to monitor the nitrogen status of their crops in real-time. 
This information is crucial for making informed decisions about nitrogen fertilizer 
applications, ensuring that the crops receive adequate nutrients for optimal growth 
and yield.

Farmers often opt for high nitrogen (N) rates to maximize corn yield, highlighting 
the need to determine optimal N quantities for promoting efficient farming practices 
that increase yield and crop profitability while minimizing resource wastage. Striking 
the right balance is crucial, as excessive N application poses a challenge for both 
farmers and environmentalists in safeguarding groundwater against nitrate con-
tamination. By adopting appropriate N management strategies, farmers can mitigate 
the potential negative impacts of excessive N use, reduce environmental risks, and 
contribute to sustainable maize production.

Rhezali et al. [22] conducted a study in 2014 and 2015 to show that it is possible 
to explore the relationship between absolute SPAD values and leaf nitrogen concen-
tration, focusing on early corn growth stages such as V6, V8, V10, and V12. Three 
experiments were conducted to examine the effects of six nitrogen (N) treatments 
applied at early growth stages of corn. The results indicated a significant linear 
relationship between corn leaf N concentrations and absolute SPAD values, with an 
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R2 value of 0.80 (p < 0.05). Interestingly, the average optimal corn leaf N concentra-
tion decreased as the corn progressed through its growth stages.

Ensuring accessibility of the absolute SPAD method is crucial for its practical 
application by farmers. The absolute SPAD method, which has shown a significant 
linear relationship between corn leaf nitrogen concentrations and SPAD values, 
holds promise for aiding farmers in making informed decisions about nitrogen 
applications.

Otherwise, satellite imagery and remote sensing techniques have revolutionized 
the monitoring of maize crops, providing indispensable tools for farmers. Through 
the development of innovative algorithms and models, researchers have harnessed 
satellite data to extract valuable information for crop management. These insights 
include crop yield prediction, disease detection, and analysis of nutrient deficiencies 
[15, 23]. By leveraging satellite-based monitoring systems, farmers can make data-
driven decisions to enhance their crop management practices. Furthermore, satellite 
and drone technologies have also facilitated the implementation of variable rate appli-
cation of inputs in maize production. By mapping field variability, these technologies 
optimize the application of fertilizers, herbicides, and pesticides, resulting in reduced 
costs and environmental impacts while maximizing yields. The implementation of 
variable rate application ensures efficient resource utilization and promotes sustain-
able maize production [24, 25].

Satellite and drone have also been used for crop imaging to provide farmers with 
detailed information on the health and vigor of their maize crops. By employing 
multispectral and thermal sensors, farmers can assess crop stress, monitor water 
use efficiency, detect nutrient deficiencies, and quantify vegetation indices such as 
NDVI (Normalized Difference Vegetation Index). These assessments enable farmers 
to take proactive measures to mitigate potential risks and optimize maize production 
[26, 27].

In addition to satellites, drones equipped with sensors and cameras have emerged 
as valuable tools for precise data collection in maize fields. Drones capture high-reso-
lution images that enable the measurement of plant height, identification of nutrient 
deficiencies, and detection of pests and diseases. These images also contribute to the 
creation of yield maps, providing farmers with detailed information for optimizing 
fertilization, irrigation, and pest control strategies [28, 29]. The integration of these 
data-driven insights empowers farmers to make informed decisions, resulting in 
improved maize production.

The combination of satellite and drone data with crop modeling and decision 
support systems has further enhanced the accuracy of maize growth prediction and 
management. Researchers are actively developing models that incorporate climatic 
data, satellite imagery, soil characteristics, and management practices. These inte-
grated systems optimize irrigation scheduling, planting dates, and fertilizer applica-
tion, ultimately enabling farmers to achieve better yields [30–32]. By leveraging these 
tools, farmers can confidently make decisions based on accurate predictions and 
optimize their maize production.

Sharifi [33] implemented a model using Near-Infrared Reflectance (NIR) and 
Red-edge bands in vegetation indices to precisely predict maize nitrogen uptake in 
three different sites and various conditions. He stated that maize growers can have 
a good opportunity to map nitrogen uptake for improving nitrogen use efficiency 
in their field. Use of spectral information of Sentinel-2 satellite data for estimating 
maize nitrogen uptake served as an efficient tool to optimize fertilizer management in 
irrigation-based intensive cropping systems.
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4.3  Contribution of precision irrigation technologies for sustainable maize 
production

Smart Irrigation and Internet of Things (IoT) technologies consistently contrib-
uted to improve water and maize crop productivity. The power of the Internet of 
Things (IoT) can be used with sensors to monitor various factors like soil moisture 
levels, weather conditions, and plant water requirements. By collecting real-time 
data, smart irrigation systems can optimize water use during the cropping system to 
ensure precise irrigation schedules for more water use efficiency and productivity 
[34, 35]. Several approaches integrating use of IoT and sensor network have been 
implemented to efficiently collect and analyze data for promoting more sustain-
ability in the irrigated cropping systems. Use of processed data at the edge server and 
transferred to the main IoT server is a real-time process of great utility to continu-
ously manage the crops water requirements using only an Android smartphone 
application [36–38]. By implementing precise irrigation based on soil moisture 
sensors and IoT, maize producers can achieve higher yields while optimizing the use 
of resources such as fertilizers, water, and seeds [39, 40]. The comparison between 
precise irrigation using sensors and traditional flood irrigation showed that it is pos-
sible to conserve water by 50% and increase crop yield by 35% [41]. Integration of 
IoT technology is also of great importance to adapt for monitoring irrigation data for 
diverse crops. Singh et al. [26] evaluated an automated irrigation system for Maize, 
Paddy and Wheat crops to monitor soil moisture and soil temperature and transmit 
data to a cloud system for digital control of pump to efficiently satisfy the irrigation 
requirements. By considering Maize as the most important cereal crop worldwide 
[42], emerging sensors technologies can be of great importance to implement power-
ful tools helping for more sustainability in producing maize silage and grains. It helps 
farmers to implement decisional tools based on real-time data [43]. Sharifnasab et al. 
[44] tested smart irrigation for producing maize grain to show possibility of using 
only 40% of the farm’s moisture discharge capacity. Compared to conventional prac-
tice of using meteorological data to guide irrigation decisions, the implementation 
of a smart irrigation system resulted in accelerated plant growth, earlier harvesting, 
and reduced water use (from 8839.5 to 5675.67 m3/ha) for more grain yield and water 
productivity [44]. Kumar et al. [45] evaluated an irrigation method based on IoT to 
monitor soil moisture monitoring with reference to use of evapotranspiration-based 
strategy to manage sweet corn irrigation. The first IoT-based method implemented 
for two irrigation regimes of 43.5% and 34.8% of the soil field capacity (FC) is 
compared to the evapotranspiration method (ETc 100%) with 80% of FC. They find 
that the IoT method based on regime of 43.5% resulted in an increase yield of 12% 
and water savings of 11% compared to the ETc 100% irrigation method. Asiimwe  
et al. [46] compared and evaluated sweet corn yield, biomass, water productiv-
ity, and other morphometric characteristics based on irrigation scheduling using 
the irrigation amounts estimated from ET (60%, 90%, and 120% of ETc) and SM 
irrigation regimes (25%, 30%, and 35% of soil moisture) on sweet corn. The results 
showed that the average soil moisture levels using both treatments soil moisture 
(SM35%) and evapotranspiration (ET120%) were identic to show that irrigation can 
be reduced by 8% for the same grain yield and the highest irrigation level can result 
in an increase of fresh cob weight by 27%. Such smart irrigation innovations can help 
to elevate productivity levels while also ensuring sustainable agricultural practices 
[47]. Considered as a key component of precision farming, this advanced technology 
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is becoming affordable to be adopted by small-irrigated farms to optimize water 
productivity and enhance crop yield through implementation of irrigation best 
practices (Figure 2) [48].

4.4 Crop growth modeling for sustainable maize production

Maize crop as other crops is subjected to effect of the current meteorological 
conditions of climate change. Which affect negatively the yield of the crop. For this, 
growth simulation models are used to simulate different scenarios under the actual 
climate change [49, 50]. The most affected regions by climate change could be China, 
Africa, European Union and India, with a maximum decrease in maize yield of 86%, 
201%, 71% and 45%, respectively [49]. The major factor affecting the rise in maize 
yield under climate change is the temperature [50]. The use of models to simulate 
and forecast the response of maize crop to different environmental conditions are 
used in several regions as an alternative tool to analyze the response to climate change 
conditions [49]. However, the simulation models are observed to give mixed results 
depending on the region and the crop. The parametrization, calibration and valida-
tion were found to be the source of uncertainties in model predictions [50]. Different 
situations could be simulated: those related to optimal conditions with restricted 
effect of climate conditions (T°, radiation and CO2), those related to resource avail-
ability (water and nutrient), and finally, those related to the reel conditions including 
all environmental, biological and management variables [49].

Actually, the complexity of the biophysical agricultural system is mathematically 
formulated by models helped to understand them [49]. The models used to simulate 
maize production are different in terms of information required, and the end user 
interface [49]. Climate, plant, soil and crop management are the input data needed 
by mechanistic models, such as AquaCrop, APSIM, DSSAT-CERES, CropSyst and 
EPIC [49–51]. Most of the studies revealed that corn yield decreases under climate 

Figure 2. 
Smart irrigation system structures (From www.flaticon.com).
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change projections, due to temperature increase which reduces vegetative period 
and dry matter production in some regions, while, there are other regions where 
the conditions of corn crop growth will be favorable (temperate regions) [49]. 
The use of experiment data is needed to calibrate and validate each model [51]. The 
calibration of DSSAT-CERES is made for each genotype of maize and estimate the 
genetic coefficient. In WOFOST model, the calibration is carried out in the different 
phenological stages [49].

Otherwise, AquaCrop is used as water-driven crop model under varying irrigation 
and nitrogen level in [51–54]. Model efficiency (E), coefficient of determination (R2), 
Root Mean Square error (RMSE) and Mean Absolute Error (MAE) Nash–Sutcliffe 
Efficiency (NSE) were used to test the model performance [51–54]. Appropriate levels 
of irrigation for maize crop were investigated by using AquaCrop model [51, 53, 55]. 
The prediction error of the model varied from 2.35 to 27.5% for different levels of 
irrigation and nitrogen [51]. Some extreme conditions may limit the performance of 
the model mainly, water stress, excess water and high evaporative demand conditions 
[52], and the accuracy of the model need more evaluation under field conditions of 
maize crop. AquaCrop model give good accuracy for field-measured trait for instance 
soil water, canopy cover, grain yield and total biomass [52, 53, 55]. The methods of 
field assessment to assessing maize crop yield are expensive, laborious and inaccurate. 
To overcome this, considerable efforts were made in the development and application 
of maize crop yield models for yield estimation. Such as the development of the use of 
models with remote sensing tools [56].

5.  Potential of reducing carbon and water footprints for sustainable maize 
production

5.1 Maize production and carbon footprint

Maize cultivation has traditionally relied on conventional tillage methods 
involving plowing. However, due to factors such as cost, natural conditions, and 
environmental concerns, there is an increasing adoption of noninversion systems 
in modern maize production. These noninversion systems typically involve reduced 
tillage, where no-till seeders are used for substituting plowing and contributing to 
sequester more soil carbon. By promoting adoption of the no-tillage system, the 
seeders put seeds directly into uncultivated soil for low disturbance and high reduc-
tion of GHG [57].

In order to protect the soil and the environment, the use of noninversion tillage 
techniques and the retention of a minimum of 30% of plant residues on the field, 
known as conservation tillage, are of particular importance. These practices help 
preserve soil structure and reduce erosion while promoting the conservation of 
organic matter.

Enhancing the management of soil cultivation practices to promote the sequestra-
tion of organic carbon in the soil is crucial for mitigating greenhouse gas (GHG) 
emissions in agriculture. Recent research conducted by Holka et Bienkowski [57] in 
Wielkopolska in Poland, has highlighted that the adoption of no-tillage methods com-
bined with substantial crop residue retention can effectively reduce GHG emissions 
in maize production. Irrespective of the specific tillage system utilized, the process of 
mineral fertilization emerged as the key contributor to GHG emissions. Developing 
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low-emission technologies necessitates careful consideration of the associated risks, 
particularly related to nitrogen fertilizer usage. To minimize emissions from agricul-
tural fields and simultaneously reduce raw material consumption in fertilizer produc-
tion, optimizing fertilization practices becomes essential, taking into account natural 
constraints and soil conditions, as well as the desired crop productivity levels.

By considering the sequestration of organic carbon (C) in the calculation of green-
house gas (GHG) emissions, the net carbon footprint (CF net) of grain maize produc-
tion was found to be significantly reduced. Compared to the baseline CF value, the CF 
net values were lowered by 42.9% in the conventional tillage (CT) system, 72.1% in 
the reduced tillage (RT) system, and 78.3% in the no-tillage (NT) system. When GHG 
emissions were analyzed per ton of maize produced, the inclusion of C sequestration 
showed the most substantial impact in reducing total GHG emissions in the NT and 
RT systems, with reductions of 78.3% and 72.1%, respectively. Effective management 
of maize crop residues, such as leaving larger amounts of residues in the field, played 
a significant role in preventing C losses promoting its sequestration, and reducing the 
carbon footprint in maize production.

5.2 Maize production and water footprint

Water footprint (WF) is an indicator that plays a vital role in promoting sustain-
able maize production by addressing both water consumption and pollution. Maize 
is a major global crop, and understanding its water footprint is crucial for ensuring 
responsible water management practices. It provides a new approach for assessing 
water resource utilization in agriculture.

The WF of crop production serves as a comprehensive indicator that encompasses 
the various types of water consumption, quantities utilized, and environmental 
impacts throughout the entire crop growth period [58]. It provides a holistic under-
standing of water consumption and its associated implications during the process of 
crop cultivation. The WF takes into account not only the direct water usage by the 
crops but also the indirect water footprint related to the production and use of inputs 
such as fertilizers and pesticides.

The WF considers both the blue water footprint (water from surface or groundwa-
ter sources) and the green water footprint (rainwater stored in the soil). Additionally, 
it accounts for the gray water footprint, which refers to the volume of water that is 
required to assimilate polluted water [59]. In a study conducted by Sun et al. [58] in 
Beijing, they found that WF had decreasing trends because of the reduced green WF 
due to the change in climate and the rising temperature and water scarcity, while the 
gray WF increased because of chemical fertilizers and pesticides. They concluded 
that the gray WF should be controlled to achieve a sustainable maize production. In 
another study conducted in Italy by Borsato et al. [60], they affirm that soil conserva-
tion tillage systems can reduce the gray WF by 10%. The study focuses on soil tillage 
systems and variable rate application as means to reduce the gray WF. It emphasizes 
that the interaction between soil tillage systems and soil management plays a signifi-
cant role in reducing the gray WF. They found that minimum Tillage with Precision 
Farming shows lower gray WF values, both in terms of water usage per ton and per 
hectare. Soil tillage systems combined with variable rate application exhibit a higher 
reduction in gray WF. To reduce water pollution, prioritizing the reduction of insec-
ticides and herbicides, using chemicals with a lower gray WF, and implementing 
sustainable soil management practices are recommended.
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6. Challenges and perspectives

Maize yields depend on a range of interconnected factors: genetics influence 
potential productivity, climate affects growth conditions, agronomy practices impact 
crop health, policies shape resource access, and political stability enables long-term 
planning. These elements interact to create a complex impact on yields. Improved 
genetics can enhance resilience, while effective agronomy optimizes potential.

Challenges in sustainable maize production encompass a range of interconnected 
factors that need to be addressed collectively. These challenges arise from various 
dimensions, including environmental, social, economic, and technological aspects. 
A holistic approach is necessary to tackle these challenges effectively and achieve 
sustainable maize production. According to [61], the sustainability level of maize 
farming systems is influenced by various socioeconomic characteristics of farmers 
and their observed climate change adaptations. Factors such as farmers contact with 
extension services, membership in agricultural organizations, access to credit, farm 
size, and their adoption of climate change adaptation measures such as on-farm diver-
sification and land use changes were identified as significant driving forces shaping 
the sustainability of maize farming systems.

One of the primary challenges is the limited adoption of sustainable practices by 
farmers. Barriers such as lack of awareness, limited access to resources and informa-
tion, and resistance to change hinder the widespread implementation of sustainable 
techniques. Overcoming these barriers requires a multifaceted approach that involves 
promoting awareness through farmer training programs, providing technical support 
and guidance.

In a paper review conducted by Cairns et al. [62], they concluded that enhancing 
the nutritional density of maize within farmers’ fields is a critical goal. Achieving 
this requires not only increasing yield but also optimizing the nutritional content 
of the harvested crop. Another challenge involves promoting the wider adoption of 
new maize varieties and expediting the replacement of older ones. While the use 
of increased fertilizers holds the potential to elevate maize yields, recent evidence 
suggests that the low and fluctuating returns on investment can hinder the uptake of 
this approach. Moreover, the adoption of novel agricultural technologies is marked 
by uneven patterns, with female farmers exhibiting lower rates of adoption. Ignoring 
gender-specific barriers to technology adoption undermines the potential impacts of 
these advancements. To address these issues, it is imperative to implement strategies 
that encompass an integrative approach, considering the interconnected nature of the 
challenges.

Climate change poses another significant challenge to maize production. The 
impacts of climate change, such as increased frequency and intensity of droughts, 
floods, and heatwaves, affect the productivity and resilience of maize crops. Adapting 
maize cultivation to changing climatic conditions and developing resilient maize vari-
eties that can withstand extreme weather events are essential strategies. Furthermore, 
implementing climate-smart practices like conservation agriculture, water manage-
ment techniques and newer technologies can help mitigate the adverse effects of 
climate change on maize production.

Therefore, it is imperative to develop strategies for effectively addressing the chal-
lenges posed by climate change and mitigating the detrimental impact of water stress 
on maize production. Several viable approaches exist for adapting to water stress 
conditions. The initial approach involves harnessing the diverse genetic pool and 
identifying sources of drought resistance to develop and release new maize cultivars. 
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The second approach centers on leveraging biotechnology advancements, utilizing 
molecular markers and gene transfer techniques to enhance water stress tolerance in 
maize plants. The third approach emphasizes the refinement of agricultural practices 
through the integration of meteorological data, ensuring the alignment of farming 
techniques with prevailing climate conditions. Additionally, adopting appropriate 
fertigation programs becomes crucial to counteract the adverse consequences of water 
stress on maize crops [63].

Soil health and nutrient management present ongoing challenges for sustainable 
maize production. Issues such as soil erosion, nutrient depletion, and imbalanced 
fertilizer use can degrade soil fertility and reduce crop productivity. Implementing 
soil conservation practices, including cover cropping, crop rotation, and precision 
nutrient management, can help address these challenges and improve soil health over 
the long term. Efficient water management is crucial for sustainable maize produc-
tion, especially in regions facing water scarcity such as Morocco in the last decades. 
Challenges arise from inefficient irrigation practices, water competition, and limited 
access to water resources. Adopting precision irrigation techniques, promoting water-
saving technologies, and implementing sustainable water management practices can 
optimize water use efficiency and mitigate the risks associated with water scarcity.

It requires collaborative efforts to address these multifaceted challenges that should 
involve farmers, researchers, policymakers, and other stakeholders. Enhancing knowl-
edge and capacity building is a key component in promoting sustainable maize pro-
duction. Providing training programs, farmer field schools, and knowledge-sharing 
platforms can help farmers, extension services, and stakeholders stay updated on best 
practices, technological innovations, and sustainable farming techniques.

Policy support from governments and policymakers is crucial for creating an 
enabling environment for sustainable maize production. This can include providing 
financial incentives, subsidies for sustainable inputs, and creating market opportuni-
ties for sustainably produced maize. Policy interventions can play a significant role in 
driving the adoption of sustainable practices at a larger scale.

Continued investment in research and innovation is essential to advance sustain-
able maize production. For example, developing improved maize varieties with traits 
like drought tolerance, disease resistance, and high nutritional value, researchers can 
enhance productivity and sustainability. Promoting research on sustainable farm-
ing techniques, precision agriculture, and climate-smart practices can unlock new 
approaches and technologies that contribute to sustainable maize production.

Partnerships and collaboration among various stakeholders are vital for driving 
sustainable maize production. Collaboration among farmers, researchers, govern-
ment agencies and private sector actors fosters knowledge exchange, technology 
transfer, and collective action. Working together, stakeholders can address shared 
challenges, promote sustainable practices, and achieve the common goal of sustain-
able maize production.

According to the benefits of implementing smart irrigation and IoT technology, 
certain challenges have been evoqued for promoting a cost-effective digitalization to 
improve sustainability of irrigated maize cropping systems:

Inefficient fertilizer practices and the demand for irrigation water contribute to 
environmental impacts, such as increased greenhouse gas (GHG) emissions and poor 
water quality, which result in business risks in corn production. Efforts are needed 
to limit GHGs and manage environmental threats by promoting environmentally 
friendly technologies, practices, and production products, and by encouraging invest-
ments in green technologies. Field screening and monitoring are necessary to quickly 
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identify any issues, such as plant emergence problems, nitrogen shortages, insect 
infestations, epidemics, weed problems, and the effects of water stress.

Utilization of wireless data collection holds promises in enabling farmers to opti-
mize water usage. However, implementing these components underground presents 
challenges. One such challenge arises when burying antennas that transmit sensor 
data in soil, as their performance characteristics undergo significant variations based 
on the moisture content of the soil.

It is also important to consider that farmers typically operate on narrow profit 
margins, making IoT systems potentially unaffordable for them. Consequently, in 
order for these systems to have a viable commercial future, there should be a decreas-
ing trend in the cost of IoT devices and overall system implementation.

© 2023 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), 
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Chapter 5

Scaling Mechanization and
Profitability in Maize Cultivation
through Innovative Maize Planters
along with Agroforestry Approach:
Sustainable and Climate Smart
Approach to Diversify Rice Based
Cereal Systems in Various Regions
Rupinder Chandel, Mahesh Kumar Narang and
Surinder Singh Thakur

Abstract

Keeping in view declining water tables in India and across the world, low
greenhouse gas (GHG) emission and global warming potential (GWP) for maize as
compared to rice a study was done on maize planters along with agro forestry concept.
The yield for inclined and vertical plate mechanism ranged between 4.96–7.71 t.ha�1

and 6.75–8.61 t.ha�1, respectively. The increase in maize yield in raised bed planters
varied between 0.48–2.57 t.ha�1. The maximum yield was recorded from pneumatic
raised bed planter with bed of 150 mm height and 711 mm top width (2 rows on each
bed). The saving of irrigation water ranged between 9.68–23.69% for raised bed
planting (150–290 mm) as compared to flat planting. The specific energy was found
minimum for pneumatic raised bed and flat planter as 7.02 and 7.38 MJ.kg�1. The
energy productivity was found maximum for pneumatic raised and flat planter as 0.14
Kg.MJ�1 (cost $12.60 per ha and $9.33 per ha ) followed by raised bed inclined plate
planter as 0.13 Kg.MJ�1 and were found economical as compared with ridger+manual
sowing method (cost $77.62 per ha).

Keywords: energy, maize crop planter, water savings, raised bed, pneumatic,
maize yield

1. Introduction

Maize due to its various uses in feed (61%), industry (22%) and food sectors (17%),
is considered as an internationally important commodity driving world agriculture.
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Globally, it is grown in 193.7 million hectare across 170 countries (Figure 1), with total
production of 1147.7 million metric tonne and average productivity of 5.75 t ha�1. 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 [1, 2]. It has emerged as the most cultivated
grain in the world, surpassing rice and wheat in 1996 and 1997, respectively [3].
Largest grain crop in India, after rice and wheat is Maize (Zea mays L.). It is cultivated
in an area of 9.09 million hectares (M ha), with an annual production of 24.26 million
metric tonnes (MMT), and an average national productivity of 2.56 metric tonnes per
ha (t ha�1) [4]. In US and China are the leading producer accounting for about 38%
and 23% respectively and India contributes around 2% of this production chart (26
million MT) in 2016–2017. In the Indian context it generates employment for more
than 650 million person-days at farming and the businesses related to it. States such as
Karnataka, Rajasthan, Andhra Pradesh and Madhya Pradesh, Bihar contribute towards
almost 2/3rd of the national maize production [5]. It is grown in India during rainy
(kharif), winter (rabi) and spring seasons, but major production is in the rainy season
[6]. Area under Rabi Maize (>400 thousand ha) is larger than that under Kharifmaize
(>230 thousand ha) in Bihar due to low infestation of insect, pest and diseases as well
as slow growth of weeds [7]. The abiotic and biotic stresses listed in descending order
of importance are: caterpillars, water stress, stem borers, weevils, zinc deficiency, rust,
seed/seedling blight, cutworm, leaf blight and technological parameters. A potential
solution for organic maize is to apply the biological control agent Trichogramma strips
at around 10 and 17 days crop (100–125 no ha�1; size 5 � 1.50 cm). A study revealed
that that by application of Trichogramma pretiosum, 79.2% of egg masses were
parasited and maize yield increased by (701 kg ha�1) 19.4% [8].

Water stress during the growing season can decrease grain yields [9]. The FIRB
technique save the resources like water, nutrients and labour and also facilitates the
greater diversification of the rice-wheat cropping systems and improve the physical
properties of soil [10]. The raised-bed planting may enhance maize productivity in
part by increasing availability of essential crop nutrients by stimulating microbial
activity. Raised-bed planting yielded mean saccharase, urease, protease and phospha-
tase activities across sampling times in 2006 of 2.3 mg glucose g�1 h�1, 0.8 mg NH3�N
g�1 h�1, 10.5 mg glycine kg�1 h�1, and 0.4 mg nitrophenol g�1 h�1, 6, 18, 34, and
31% higher than those in flat planting, respectively [11]. It was reported that wide
(180 cm) beds produced higher wheat (15%) and maize (26%) yields whereas narrow
(65 cm) and medium (130 cm) width beds produced higher maize yields (10%) while
wheat yields were only marginally (<5%) higher than the basin treatment. The nar-
row beds used 3–7% while the medium and wide beds used 16–17% and 18–22% less
water than the basins [12]. A 3–4 inch bed height is necessary for maintaining

Figure 1.
Worldwide distribution of Major crops.
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maximum yield for both corn and soybeans [13]. There was water saving of about
20.4% for wheat crop (for wide beds (107 cm furrow centre gap) and about 16.5% for
narrow beds (37 cm furrow centre gap) with grain yield increase of about 13.5% (5.13
and 4.44 t ha�1) and 11.8% (4.33 and 3.82 t ha�1) for maize crop with precision land
leveling and raised bed planting compared to traditional land leveling with flat beds
planting [14]. Increasing the compost from 5 to 10 ton ha�1 increased the yield,
protein and K contents in maize crop. The interaction between compost manure (10
ton ha�1) and nano-potassium (500 cm3 ha�1) or humic acid (10 ton ha�1) recorded
the highest mean values for all parameters during both harvest seasons [15]. A study
was done for maize (PMH-1) grain in the moisture range of 10–18% wet basis (w.b.),
the length of wetted grain increased from 10.01 to 10.65 mm, width increased from
8.57 to 8.70 mm, thickness ranged from 4.63 to 4.97 mm and the angle of repose
varied from 23.36° to 28.55° [16] and hue angle (z%) decreased from 14.59 to 14.06
[17]. Maize sown on ridges resulted in greater seed emergence of 89%, plant height of
155.1 cm, and greater grain yield of 6.35 t ha�1 [18]. The manual punch planter
recorded 61–64% singles, 17–19% multiples, 17–22% missing for speed ranging
between 0.5–0.7 km h�1 and for soil with 69% clay, 16% silt and 15% sand [19]. A
punch planter for corn was evaluated for no-till conditions at the vertical position with
2.5 kPa of vacuum and at a 22° incline with 4.0 kPa of vacuum. Only small changes
occurred in the seed meter performance when speed varied from 1 to 3 m s�1 [20].
The best seed spacing uniformity and seed emergence ratio were obtained with the
no-till planter, and the best seed depth uniformity was obtained with the precision
vacuum planter. As forward speed increased, mean emergence time decreased (p <
0.05) [21]. The time required to plant one hectare of farmland with manual planter
was determined as 3.7 hours [22]. A small maize planter with an independent driving
wheel and stationary firming wheels was specially designed and was found suitable as
compared to ordinary seeders for complex terrain and heavy soil surface condition
[23]. The data showed that planter performance in terms of emergence and plant
spacing coefficient of variation (CV) was comparable for most of the meter speeds
(17.4–33.5 rpm) among the two seed meters (variable depth and variable seed rate)
utilized in the study [24]. For common grain drills, a CV of 20% is an acceptable
accuracy achieved by mechanical and pneumatic machines when they are performing
well [25]. Panning et al. [26] evaluated a vacuum metering general purpose planter
designed for shallow planting of small seeds for sugar beet crop. The most uniform
seed spacing occurred at the lowest speed of 3.2 km h�1 and decreased as the forward
speed increased from 3.2 to 8.0 km h�1. The seed spacing uniformity was not affected
by planter forward speed between 4.8 and 11.2 km h�1 [27]. A population of 90,000
plants ha�1 had the highest grain yields than lower populations for adequate nutrients
and water supply. When density/population of plants increases, stalk lodging will
increase due to smaller stalk diameter and a slight gain in grain test weight was
observed [28–30]. It was reported that as plant population increased, the yield and
kernel numbers increased but weight of kernels decreased [9, 31]. Yield reductions
from uneven plant distributions ranged from 0 to 31% and averaged 10% [32]. The
part of sowing depth real-time control included the module of collect pressure infor-
mation and the module of sowing depth adjustment and the part of precise control of
the sowing spacing included the module of speed acquisition and sowing motor
control in a developed intelligent detection and control system for corn precision
planter [33].

In a tillage study soil conditions induced fall moldboard plow, spring disk, and no-
till were measured and the effects of tillage-induced soil conditions on planting depth,
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seedling emergence, and early growth of four maize hybrids grown continuously were
evaluated on a poorly drained, moderately permeable soils. Surface residue cover
averaged 10, 39, and 68% for the moldboard-plow, spring-disk, and no-till tillage
systems, respectively. The study revealed that the residue from the previous maize
crop remaining on the soil surface had a greater effect on plant growth than did the
other soil physical properties measured. Seed placement was shallower and more
variable on tillage systems with greater surface residue cover and early growth was
delayed by systems with a large percentage of surface residue cover. Tillage systems
with the best early growth tended to have the greatest yield, however, yields of
hybrids were not always correlated with early growth The increase in seed depth with
increasing amounts of tillage may result from decreasing soil strength or from
decreasing surface residue cover. The final emerged plant population was least for the
no-till system. Populations were similar in the spring disk and fall moldboard plow
systems. Populations may have been reduced in the no-till system because of seed
decay before germination or because seed was planted near residue pressed into the
soil by the planter. Residue near the seed could reduce soil-seed contact and produce
an allelopathic effect that can stunt or prevent early seedling growth [34, 35]. Com-
pared with strip-rotating maize no-tillage planter, the maize no-till planter could not
only seed and fertilize at the suitable depths, but also decrease soil disturbance and
fuel consumption by 69.7% and 19.3%, respectively [36].

Field test shows that the planter has a good performance of trafficability with the
ratio of sheering off corn stubble 85% and anti-blocking capacity, thus to finish wheat
and maize no-till planting. The variation coefficient of seed depth was 19.4% and
23.4% for wheat and maize, respectively [37]. A rotary drum-type anti-blocking
mechanism was developed and mounted in front of each opener shank of the maize
planter and the drum was rotated driven by ground wheel at a certain speed. The
result showed that the speed ratio was the most significant factor that affecting anti-
blocking performance. Based on the results of simulation, the speed ratio of 1.24, the
drum diameter of 150mm and 5 bars were the optimum parameters [38]. Ultra high
precision placement of seed was also established. Mechanisms that ensure that the
seeds planted has zero ground velocity [39].

Apart from planting/sowing technique, the crop selection and rotation, tillage
practices have a significant effect on GHG emissions and resource conservation. The
24.8% of global greenhouse gases (GHGs) are emitted by “Agriculture, Forestry and
Other Land Use (AFOLU)”, including 0.5 Gt carbon dioxide equivalents (CO2e) yr

�1

from enteric fermentation and 1.2 Gt CO2e yr
�1 from agricultural soils [40]. The

principal emissions from agricultural practices consist of (1) methane (CH4) from
enteric fermentation, (2) carbon dioxide (CO2) from decomposition of soil organic
carbon (SOC), and (3) nitrous oxide (N2O) from synthetic fertilizer and manure [40].
The global warming potential (GWP) of each gas differs, however, with CO2e values
of 34, 3.7, and 298 for CH4, SOC, and N2O, respectively [41] (Intergovernmental
Panel on Climate Change).

Results show that the GWP of CH4 and N2O emissions from rice (3757 kg CO2 eq
ha�1 season�1) was higher than wheat (662 kg CO2 eq ha�1 season�1) and maize (1399
kg CO2 eq ha�1 season�1). The yield-scaled GWP of rice was about four times higher
(657 kg CO2 eq Mg�1) than wheat (166 kg CO2 eq Mg�1) and maize (185 kg CO2 eq
Mg�1), suggesting greater mitigation opportunities for rice systems [42]. Intermittent
irrigation in rice reduced methane emissions by 40% whereas application of farmyard
manure in rice increased the GWP by 41% [43]. However, practice of mid-season
drainage has reduced green house gases equivalent to 270 million tonnes of carbon
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dioxide and increased the release of nitrous oxide, by about 20,000 tonnes for the
same period [44]. It was estimated that CH4 emissions from global rice fields varied
from 18.3�0.1TgCH4/yr (Avg. �1 SD) under intermittent irrigation to 38.8 � 1.0Tg
CH4/yr under continuous flooding [45]. Around 30% and 11% of global agricultural
CH4 and N2O, respectively, emitted from rice fields and A recent study based on the
database from different states in India documented national CH4 budget estimate of
4.09 � 1.19 Tg year�1 [46]. Open-burning of straw residues also contributes to global
warming through emissions of greenhouse gases (GHGs) such as carbon dioxide
(CO2), methane (CH4), and nitrous oxide (N2O) [41, 47, 48]. The carbon (C) and
nitrogen (N) in the burned straw are emitted as CO2dC (57–81%), COdC (5–9%),
CH4dC (0.43–0.90%), and N2OdN (1.16–1.50%) [49]. The global warming poten-
tial for CO2 is 1 (100 years period), CH4 is 27–30 (12 years in atmosphere), N20 is 273
(109 years). Another potent green house gas carbon monoxide reacts with hydroxyl
(OH) radicals in the atmosphere, reducing their abundance. As OH radicals help to
reduce the lifetimes of strong greenhouse gases, like methane, carbon monoxide
indirectly increases the global warming potential of these gases [50]. This means that a
methane emission is projected to have 28 times the impact on temperature of a carbon
dioxide emissions of the same mass over the following 100 years assuming no change
in the rates of carbon sequestration. More than half of the South Asian population’s
livelihood capabilities are at risk due to rising temperature, droughts, erratic and
isolated rainfalls, floods resulting in decline of crop yield, water logging/water scar-
city, reduced farm income and migration [51]. Growing rice in rotation with soybean
and planting hybrid cultivars, drainage twice may result in reduced CH4 emissions.
However, mineral-soil dressing on peat could have a significant impact on suppression
of CH4 emissions from beneath the peat reservoir [52, 53]. The study suggests that
adoption of rice-rice-rape (Brassica napus L.) cropping system would be beneficial for
greenhouse gas emission mitigation and as good cropping pattern in double rice
cropped regions [54]. The monoculture in any cropping system causes more insect-
pest attack, depletion of soil organic carbon, underground water, more use of fertil-
izers etc. Therefore crops should be grown in rotation specially with legumes to
maintain soil health, reduce use of fertilizers, break insect-pest cycle thereby reducing
use of chemicals, pesticides etc. A study revealed that crop residue return might be
most effective in increasing crop yields and WUE in corn crops with a tillage depth
> 20 cm, for cold conditions (<10°C), moderate nitrogen fertilization (0–150 kg ha�1),
growth of a single crop per year and high soil organic matter content (>15 g kg�1) [55].
By assuming, the crops which had C:N ratio more than the threshold C:N ratio (50) and
plant biomass higher than the threshold biomass (25 g/plant) were considered as having
higher carbon sequestration potential. Based on these, the carbon sequestration poten-
tial of maize, sorghum and pearl millet was higher as compared to rice, finger millet and
soybean [56]. Croplands worldwide and specially in intensively cultivated regions such
as North America, Europe, India and intensively cultivated areas in Africa, such as
Ethiopia could sequester between 0.90 and 1.85 Pg C/yr, i.e. 26–53% of the target of the
“4p1000 Initiative: Soils for Food Security and Climate”. Soil carbon sequestration and
the conservation of existing soil carbon stocks is an important mitigation pathway to
achieve the less than 2°C global target of the Paris Climate Agreement [57]. The
crop water productivity for maize (1.80 kg m�3) is higher as compared to wheat
(1.09 kg m�3), rice (1.09 kg m�3), cottonseed (0.65 kg m

�3), cottonlint (0.23 kg m
�3)

[58]. The carbon dioxide sequestration potential of corn is 20 tonne ha�1. Depending
upon location and the specific management practices implemented, the Climate
Exchange bases Michigan carbon payments on approximately 1.0–1.5 tons of carbon
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dioxide equivalent per ha per year [59]. Soil biota includes earthworms, nematodes,
protozoa, fungi, bacteria and different arthropods. Detritus (plant leaves, roots, stubble
mulch etc.) resulting from plant senescence (final stage of plant growth) is the major
source of soil carbon and above micro organisms decomposes these materials to help
maintain nutrient cycling and organic carbon in soil. The organic matter content, espe-
cially the more stable humus, increases the capacity to store water and store (sequester)
C from the atmosphere. The fastest way to gain soil carbon is to convert to long term no
till, adding high carbon crops (corn and wheat) and adding cover crop mixture high in
carbon (grasses primarily but also legumes to stabilize soil carbon). Along with GHG
emissions, the depletion of ground water table under the existing ‘Rice-Wheat’ rotation
in the erstwhile food bowl (Indo-Gangetic Plains) of the country has also alerted the
state governments to diversify the cropping system and maize is a promising substitute.
The wheat and paddy requires respectively 3–4, 30–35 irrigations per crop cycle where
as maize crop requires 8–15 irrigations (depending upon rainfall) per crop cycle (each
irrigation 50 mm). However, national productivity of maize is considerably lower than
the global standards and there lies immense scope for improvement in farming technol-
ogies. Thus planters especially raised bed planters play a crucial role in achieving opti-
mum maize crop stand, plant spacing, planting depth and higher yields in a sustainable
way. Therefore, the feasible low cost flat and raised bed row crop precision planters
were evaluated for sowing of maize crop and yield, energetic, irrigations aspects were
studied.

2. Material and methods

2.1 Experimental site and maize variety description

The two raised bed planters with inclined and vertical metering plate
mechanism, manual planter, flat inclined plate planter and pneumatic raised bed/flat
planters were used for this study and the manual sowing on ridges was taken as
control plot. The various field and crop parameters are shown in Table 1. The
experiments were conducted at Department Farm Machinery and Power

Parameters Detail/Value

Soil type Sandy loam (2014–2017)

Soil type Arid brown soil (2017–2020)

Longitude 75°49″09.082″ E, 75.4216702° E
Latitude 30°54039.286″ N, 31.1797347° N

Mean monthly rainfall, mm 130.88

Mean maize seed characteristics L, B, T, mm 9.0, 7.8, 5.6

Degree of sphericity 0.0670452846592

1000 seed weight, g 286.0

Angle of repose 27.64

Table 1.
Soil type and location, mean rainfall for experimental areas and maize seed parameters.
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Engineering Research Farm and farmer’s fields during 2014–2020. The field was
prepared with mould board plough, two operations of disc harrow followed by
two operations of cultivator and one operation of planker and laser leveler to get the
best sowing uniformity, the most uniform sowing depth, and maximum emergence
percentage with various planters [60]. The various specifications of planters used for
this study are shown in Tables 2 and 3. The maize crop was sown with various
planters during 2014–2020 and sowing was done in East-West direction and North
South directions. The seed rate was kept as 20 kg ha�1 and 275 kg ha�1 urea and 137.5
kg ha�1 DAP (N, P & K as 125, 60, 30 kg ha�1), 50 kg ha�1 muriate of potash was
applied. The weeds were controlled by chemical attrazine which was applied for
weeds control (within 10 days of sowing) @2000 g ha�1 in 500 l water and mechan-
ically by tractor operated 3-row sweep type weeder when crop height was 300 mm
and during further stages of growth. Urea was applied in three splits 1/3 rd at sowing,
1/3 rd at 300 mm height and rest at silking stage. For fall armyworm insect control
1.0 ml corazen 18.5 S.C. per litre was applied for 20 days crop in 300 l water and later
on according to stage of maize crop water upto 500 l was used (per ha area).

Parameters Raised bed
inclined plate
planter Prbip

Raised bed
vertical plate

planter
(Prbvp)

Flat Inclined
plate planter

Pfip

Pneumatic
raised bed
Pprbvp/flat

planter Ppfvp

Ridger +
manual
sowing
Rms

Required tractor
power, KW

33.60 33.60 26.11 29.84
(dual clutch)

33.60 + 0.60H.
E.*

Size of machine, L �
B � H, mm

1670 � 3040
� 1250

1460 � 2050
� 1220

1350 � 2470
� 1065

2032 � 1524
� 1219

1000 � 2000
� 1200

Number of rows 4 4 4 4 2

Furrow opener type Reversible
shovel type

Reversible
shovel type

Reversible
shovel type

full runner type Ø

Bed maker Plough type Plough type Ø Plough type Plough type

Bed/ridge height/
top width, mm

230/350 150/350 Ø 150/711 290/Ø

Row spacing, mm 675 675 675 675 675, 600

Metering plate(mp)
material

Aluminum Mild steel Mild steel SS-304 Ø

Metering plate
diameter, mm

160 180 160 215 Ø

Seed metering
mechanism

Inclined plate
with cells on
periphery

Vertical plate
with spoons
on periphery

Inclined plate
with cells on
periphery

Vertical plate
with holes on
periphery

Manual

No. of cells/spoon
on each plate

8 12 24 26 (5mm hole) Ø

Adjacent cell/spoon
spacing, mm

55 50 12 — Ø

mp inclination with
horizontal

45° 90° 45° 90° Ø

Height of seed drop,
mm

740 970 940 100 Ø
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2.2 Meteorological data

The average minimum and maximum temperatures were 17.59°C and 29.67°C,
respectively, whereas the mean temperature was 23.53°C based on meteorological
data. The average annual rainfall was 653.84 mm. The mean sunshine duration was
7.43 h, mean number of rainy days recorded was 1.91 and mean wind speed was
3.53 km h�1 (Figure 2).

2.3 Planter dimensions, specifications and material description

The specifications of various planters are shown in Table 2. The inclined plate with
cells and vertical plate with spoons/holes were used as metering mechanisms for seed
metering. The furrow openers of planters were made of steel alloy hard. The power
transmission to metering plate was given through bevel gear for raised bed inclined
plate and flat plate planter and was through chain for raised bed vertical plate planter.
In case of raised bed vertical plate planter the hopper size was 140 � 300 mm (l � b)
and horizontal distance between inner side of plate to outer side of spoon/spoon
length/diameter were 35/15/Φ11 respectively. The hopper size for flat plate planter
was 100 � 110 mm (1 hole Φ30mm).

Parameters Raised bed
inclined plate
planter Prbip

Raised bed
vertical plate

planter
(Prbvp)

Flat Inclined
plate planter

Pfip

Pneumatic
raised bed
Pprbvp/flat

planter Ppfvp

Ridger +
manual
sowing
Rms

Ground wheel (gw)
diameter, mm

508 400 420 356 Ø

Speed ratio gw:mp
and mode of power
transmission to
metering plate

1.25:1 chain
sprocket and
bevel gear

1.25:1 chain
sprocket

1.25:1 Chain
sprocket and
bevel gear

Chain and
sprocket

Ø

Weight, kg 515 315 250 300 175

Seed covering
device

Mild steel
Strips

Cast Iron
Roller

No device Fiber plastic
wheels/zero
pressure

pneumatic press
wheel

Manual

*H.E.—human energy, KW [61].

Table 2.
Specifications of machines used for raised bed planting of maize crop and their operational parameters.

Particulars Unit Energy equivalent MJ unit�1 References

Human labor h 1.96 [62, 63]

Machinery h 62.70 [63]

Diesel fuel L 56.31 [62, 64]

Table 3.
Various energy equivalents for input operations and sources.
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Runner type opener was used as the fields were well prepared, comprising of sand
to loam soils and free from weeds and residue etc. The front section of the opener is
‘V’-shaped (in transverse cross section) and extends below the wider rear portion
(Figure 3). Runner openers are not used in soils with high clay content as the sliding
action of the opener causes ‘smearing’ along the base and walls of the furrow which
severely restrict subsequent root development. Similarly reversible shovel type furrow
openers causes less disturbance in soil, requires less draft and are easy in construction,
cheaper and easily repairable. The seed covering device like mild steel strip (light
weight), cast iron roller (for seed covering and bed shaping), zero pressure pneumatic
press wheel were used. Zero pressure pneumatic press wheels are continual flexing
which makes them self cleaning. The function of covering device in planter is to place
the seed in contact with the moist soil, cover them to the proper depth, press the soil
firmly around the seeds and leave the soil directly above the row loose enough to
minimize crusting and promoting easy emergence. Agitator & sliding orifice type
metering mechanism was used for fertilizer metering. Material used for ground wheel,
bed former and fertilizer metering mechanism was mild steel. The material used for
Pneumatic raised bed/flat planter was mostly Aluminum to make it light weight and
cause less compaction of soil. The germination data were recorded for the different
rows planted by planters/method and were analyzed for quality, missing, multiples
and precision indices. The data was also analyzed statistically. Similarly maize yield
and water requirements were also recorded during these experiments. The raised bed
inclined plate (Figure 4) planter (4-row), raised bed vertical plate planter (2-row)
(Figure 5) were designed to sow one line of maize on each bed. The mean maize grain
length, width and thickness were 9.0, 7.80 and 5.60 mm, respectively. Therefore, cell
radius in planter plate was kept as 10 mm and thickness as 8 mm. The angle of repose
was 27.64° [16]. Therefore, plate was inclined at 45° i.e. more than angle of repose for
free fall of maize seed during field operation. The flat inclined plate planter (Figure 6)
and pneumatic planter were able to sow 4 rows of maize at a spacing of 675 mm. The
ridger was used to make ridges at 600 mm and 675 mm distance and manual plating of
maize was done at plant to plant spacing of 200 mm. In case of manual planting
around 160 man-h ha�1 were involved in sowing operation.

Figure 2.
Mean annual meteorological data from 2012 to 2016.

91

Scaling Mechanization and Profitability in Maize Cultivation through Innovative Maize…
DOI: http://dx.doi.org/10.5772/intechopen.111766



The manual planter (Figure 7) is cheap, suitable for hilly/plain regions or for land
with undulating topography. One persons pulls this machine from front with the help
of a rope and other person pushes it from ergonomically designed handle for uniform
movement of metering plate and placement of maize seed in soil at proper depth. The
physical power output of a male agricultural worker is approximately 75 W and for
female worker is 60 W sustained for an 8–10 hours work per day [61]. A furrow
opener is provided for opening of soil in manual planter (Mvp) and ground wheel is
provided for easy movement of planter. The metering plate is driven by it through

Figure 3.
(a) A view of reversible shovel furrow opener in inclined plate planter, (b) metering plate and full runner opener
for pneumatic planter, (c) bed former for pneumatic raised bed planter and (d) ridger.

Figure 4.
Line diagram for metering plate of raised plate planter.
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Figure 5.
Raised bed vertical plate planter and bed inclined spoon type vertical metering plate.

Figure 6.
Flat inclined plate planter with U shaped inclined plate planter.

Figure 7.
Manual planter with spoon type vertical metering plate.
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chain sprocket transmission. In this planter the metering system used is vertical plate
with spoons system. The approximate weight of manual maize planter is 20 kg and
mean depth of seed placement was 22.35 mm. The view of chain transmission system
to metering plate, press wheels, bed former for pneumatic raised bed planter are
shown in Figures 8 and 9.

Indices for planter performance analysis—All the row crop planters were calibrated
in lab for desired seed rate and plant to plant spacing and variation in field was
compared with theoretical spacing.

Various indices were used to calculate accuracy of planting of various planters, the
description of each index is given below.

2.3.1 Multiple index

Multiple index (D) is the percentage of spacing that are less than or equal to half of
the theoretical spacing. D, is an indicator of more than one seed dropped within a
desired spacing:

D ¼ N=n1 (1)

where N = total number of observations and n1 = number of spacing’s in the region
less than or equal to 0.5 times of the theoretical spacing.

Figure 8.
View of chain transmission system, press wheel and bed maker for low cost Pneumatic precision planter.

Figure 9.
Chain and sprocket mechanism for varying plant to plant spacing.
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2.3.2 Quality of feed index

It is the percentage of spacing that are more than half, but not more than 1.5 times
the theoretical spacing. Quality of feed index, A, is the measure of how often the seed
spacing were close to the theoretical spacing [65]. The quality of feed index is math-
ematically expressed as follows:

A ¼ N=n2 (2)

where N = total number of observations and n2 = number of spacing’s between 0.5
times the theoretical spacing and 1.5 times of the theoretical spacing.

2.3.3 Miss index

It is the percentage of more than 1.5 times the theoretical spacing. Miss index, M, is
an indicator of how often a seed skips the desired spacing and expressed as:

M ¼ N=n3 (3)

where N = total number of observations and n3 = number of spacing in the region
more than 1.5 times of the theoretical spacing.

2.3.4 Precision Index

Precision Index, C, is a measure of the variability in spacing after accounting for
variability due to both multiples and skips. The degree of variation is the coefficient of
variation of the spacing that are classified as singles, and expressed as:

C ¼ ref X=S2 (4)

where, S2 = sample standard deviation of the n2 observations and Xref =
Theoretical spacing.

Energy input calculations—The various energy equivalents are shown in Table 3
and energy indices were calculated using following formulae.

• Fuel energy consumptionMJ ha�1 ¼ fuel consumption ð1 h�1Þ � fuel energy
equivalents ðMJ l�1Þ=effective field capacity ðha h�1Þ (5)

• Human energy consumptionMJ ha�1 ¼ no: of human labour used� time ðhÞ�
human energy equivalent ðMJ h�1Þ=area covered ðhaÞ (6)

• Energy embodied in machinery MJ ha�1 ¼ weight of specific machine ðkgÞ�
energy equivalent of machinery ðMJ kg�1Þ=wear out life of machine ðhÞ�
effective field capacity ðha h�1Þ (7)

The energy involved in various planters, mechanical weeders, field preparation,
combine harvester, biocides, fertilizer, electricity was considered for energy calcula-
tions. The various forms of direct and indirect energy were also calculated for row
crop planters and other sowing methods.
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2.4 Analysis and economics

Analysis of maize crop yield was done for various planters. The saving in irrigation
water, CO2 emissions were recorded and compared for all the planters. The economics
was calculated for all planters using fixed and variable costs for each planter and
energy calculations were also done.

3. Results and discussions

The sowing of maize was done with various planters (Figures 10–12) and tech-
niques. The operational parameters were recorded for various planters and shown in
Table 4. The fuel consumption and field capacity for raised bed inclined plate planter
were 7.92 l ha�1 and 0.60 ha h�1. The mean standard deviation in spacing was 0.92 cm
for raised bed inclined plate planter whereas it was 1.67 cm (+0.75 cm) for raised bed
vertical plate planter.

The view of ridge formation for manual sowing is shown in Figure 12. The field
operational parameters of the various row crop planters/methods are shown in Table 4.

The maize sowing with pneumatic raised bed planter and pneumatic flat planter is
shown in Figures 13 and 14 respectively. The emergence of maize crop sown with raised
bed inclined plate planter and pneumatic raised bed planter is shown in Figure 15.

The field observations revealed that higher missing index was either due to higher
speed or the ‘U’shaped design of metering plate which lead to stucking of two seeds in
one cell. Thus this planter design requires human intervention and more human energy
for planting accuracy. The design of plate of raised bed inclined plate planter was like
‘open loop’ (Figure 10) which encountered no stucking of seeds in the field operation.

The various parameters recorded at germination stage are shown in Table 5 and
represented in Figure 16.

Standard deviation remains a widely used standard of measure for within-row plant
spatial variation, and targets the mechanics of the planter as causative for non-uniformity.
The grain yields appeared to increase 110 kg ha�1 for every 1 cm decrease in standard
deviation and change in yield per 1 cm improvement in plant spacing uniformity ranged
from 27 to 152 kg ha�1; respective to location [66]. The correct seed metering unit setup is
very critical to obtain expected performance from planting technology [24]. The planters
were operated between speed range of 1.87–3.79 km h�1. The low speed of planter
minimizes the Intra-row spacing by reducing the creation of skips and multiple-plant hills
that cause, more so the latter, barren stalks and reduced grain weight per ear [66, 67]. The
lowest standard deviation in spacing was achieved by raised bed inclined plate planter
design (0.92 cm), which shall lead to higher yield returns. However quality of feed index

Figure 10.
Maize sowing with raised bed inclined plate planter and view of metering plate.
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Figure 12.
Ridge formation with ridger for manual sowing.

Figure 11.
Maize sowing with raised bed vertical plate planter.

Operational
parameters

Raised bed
inclined
plate

planter

Raised bed
vertical
plate

planter

Flat
inclined
plate

planter

Pneumatic
raised bed
planter

Manual
flat

planter

Ridger +
manual
sowing

Pneumatic
flat

planter

FC, l ha
�1/human

energy KW
7.92 10.10 9.27 7.50 0.15

KW*
8.03 6.25

S, km h�1 3.24 2.64 3.79 1.87 0.46 2.21(R)
+0.11
(MS)
1.16″

2.22

Ce, ha h
�1 0.60 0.49 0.48 0.50 0.23 0.0061 0.60

d, mm 40.26 40.10 33.63 35.16 23.33 23.45 35.25

Fc, fuel consumption; S, forward speed; Ce, effective field capacity; d, depth of seed placement.
*[61]—“Mean speed of ridger + manual sowing technique”.

Table 4.
Field operational parameters for various row crop planters.
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Figure 13.
Maize sowing with pneumatic raised bed planter.

Figure 14.
Maize sowing with pneumatic flat planter during 2017.

Figure 15.
Emergence of maize crop sown with raised bed inclined plate planter (left, 1-row/bed) and pneumatic raised bed
planter (right, 2-rows/bed).
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was higher for pneumatic raised bed planter (87.99%) and pneumatic flat planter
(85.25%). The lowest missing index (7.64%) was recorded for pneumatic raised bed
planter and lowest multiple (3.79%) index was observed for pneumatic flat planter. The
precision indices for raised bed inclined plate planter, pneumatic raised bed and flat
planters were 4.63%, 6.35%, 7.74% respectively. The intra-row spacing for pneumatic
raised bed and flat planter were 1.27 cm and 1.55 cm which resulted in higher grain yield.
The Intra-row spacing of raised bed vertical plate planter, inclined plate planter were
1.67 cm, 0.92 cm and that of flat planter was 1.35 cm. The forward speed for vertical plate
planter was 2.64 km h�1 and intra-row spacing was observed as 1.67 cm. The forward
speed for raised bed inclined plate planter was 3.24 km h�1 and Intra-row spacing was
observed as 0.92 cm. The SD increased at faster planting speeds but variation of intra-row
spacing with change in forward speed of planter was low in case of inclined plate as
compared to vertical plate. Thus sowing with different mechanical planters certainly
affected plant population, stand uniformity withmean standard deviation (SD) of within-
row plant spacing and consequently maize yield [68]. A view of mechanical weeding
operation in raised bed maize crop with sweep type weeder and crop at growing stage are
shown in Figures 17 and 18 respectively. After maturity, maize harvesting was done and
yield data was recorded which is shown in Figures 19 and 20 and represented in Table 6.

The yield for ridger + manual sowing method was found more for 60.0 cm spacing
(5.38 t ha�1) and lower for 67.5 cm spacing (4.56 t ha�1). The optimum bed design,
exposed bed area to sunlight is necessary for better root formation, canopy formation,
irrigation water productivity and water drainage.

The maximum cob grain weight of 0.117204 kg (at 10% m.c., w.b.), grain yield of
8.61 t ha�1 was observed for pneumatic raised bed planter with number of grains per
cob as 410, plant population as 84,095 [9, 69] and 1000 grain weight as 285.86 (at
10% m.c., w.b.), owing to highest QFI as 87.99%, appropriate seeding depth of 35.16
mm and wider row spacing of 67.5 cm appropriate spacing between plants (row
spacing and plant to plant spacing) resulted into non overlapping of inter row maize
canopies, uniform exposure for all plants to sunlight, higher grain filling and grain
weight. The higher yield for pneumatic raised bed planter with 2-rows of maize per
bed revealed that 2-rows per bed for 150 mm bed height to be optimum for better crop
growth and yield. The difference between QFI for pneumatic raised bed and flat

Figure 16.
Graphical representation of various performance parameters for maize planters based on field germination data of
maize crop.
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planter was found as 2.74% and corresponding yield increase for pneumatic raised bed
planter was 3.14% .

The flat inclined plate planter had lower yield of 4.98 t ha�1 owing to high missing
index and multiple index and low QFI as 41.09%. Due to more multiples, 1000 grain
weight per cob was low as 267.40 g because of more competition among plants for
nutrients [70]. The grain yield and QFI for raised bed vertical plate planter was
6.75 t ha�1, 48.04% and for manual flat planter was 7.42 t ha�1, 76.85% respectively.
In mechanical vertical plate mechanism a slight jerk in field resulted in skip of seeds
at various points and more multiples/missings at other points [22]. The difference in
QFI for raised bed inclined plate planter and flat inclined plate planter was 26.35% and
yield increase for raised bed inclined plate planter was 35.41%. The manual flat planter

Figure 18.
A view of maize crop at growing bed maize crop stage.

Figure 17.
Mechanical weeding operation in raised with 3-row sweep type weeder.
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is economical, easy to operate and suitable for maize planting by small and hilly area
farmers [22].

The raised bed inclined plate planter had plant population as 63,623 and cob grain
weight as 0.010109 kg. But due to highest precision index 4.63% and more accurate
plant to plant spacing 19.35 cm, seed placement at appropriate depth of 40.26 mm, the
maize plants sown with this planter recorded maximum 1000 grain weight as 286.57 g
and higher grain yield as 7.71 t ha�1 [9]. Due to lower missing index, better crop stand
and canopy formation it lead to more sunlight exposure and healthy grains with a
recorded more maize yield [25, 71].

In case of manual and raised bed vertical plate planter the QFI was higher
(76.85%) for manual planter and missings, multiples were higher in raised bed
vertical plate planter as 17.52%, 34.33% respectively. The missings may be attributed
to higher speed in case of raised bed vertical plate planter (2.64 km h�1) as compared
to manual planter (0.46 km h�1). The difference in QFI for manual flat planter and

Figure 19.
A view of maize crop at maturity stage.

Figure 20.
A view of maize grain samples from various trials.
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raised bed vertical plate planter was 28.81% and yield increase for manual planter
was 9.03%.

The more height of bed (290 mm) and low depth of sowing in manual method
(23.45 mm) lead to lower germination/plant population and lower yield (4.56–5.38 t
ha�1). It may be attributed to fact that seed was placed close to soil crust and in low
moisture, rapid drying zone and root formation was not appropriate. The difference in
maize yield between manual flat planter and manual sowing method (2.04–2.86 t
ha�1) also shows the importance of initial soil tillage. However seed metering mecha-
nism in planter is most crucial to obtain optimum plant population, crop stand,
growth and yield [24, 72]. The seeding depth for full runner type furrow opener and
reversible shovel type furrow opener were 35.16 mm and between 23.33 and 40.26
mm respectively and corresponding plant emergence ranged between 79,065–84,095
and 63,623–73,154 respectively due to low soil resistance. The full runner type furrow
opener and reversible shovel type furrow opener were found suitable for sandy
loam soil [73, 74]. The depth of seed placement can be attributed to furrow opener type,
depth setting, downforce (applied due to weight of planter), pull force, weight of
machine, bed maker attachments. The bed maker attachments facilitates tillage in front
of furrow opener by cutting, breaking and moving of soil and facilitated deeper place-
ment of seed [34] due to friable condition of soil, which ultimately resulted in maxi-
mum plant emergence. The plant population among various planters also showed the
benefits of light weight covering device like M.S. strips and zero pressure pneumatic
wheels behind the seeding line. The light weight covering device enables furrow closure
and seed soil contact for maximum germination and minimal compaction of seeds [75]
as low weight covering device leaves the soil in crumbly condition which enables
germinated seed to emerge from soil crust with lowest force. The effect of various
planting mechanisms (metering, furrow opener and soil covering device), planter speed
was found significant on SD value, precision index and maize yield (p <0.05).

The saving in water with raised bed inclined plate planter, raised bed vertical
plate planter, ridge planting, pneumatic raised bed planting was 31.25 cm, 15.87,
18.62, 38.85 cm ha�1, respectively as compared to flat planting (Table 7). The saving
of irrigation water ranged between 9.68 and 23.69% for raised bed planting as
compared to flat planting [14]. The CO2 emissions in kg ha�1 for raised bed inclined
plate planter, raised bed vertical plate planter, ridge planting and flat planting were
found to be 20.91, 26.66, 24.73 and 21.20, respectively and for pneumatic raised bed
planter was 19.80 kg ha�1. The maize yield increase were found to be 3.98, 3.39 and
1.33 t ha�1 for raised bed inclined plate planter, raised bed vertical plate planter,
ridge planting as compared to flat planting. The data collected from sub-
mountainous rainfed area revealed that under rainfed conditions (rainfall between
150–950 mm, yearly 944.87 mm, Kharif 770.21 mm June-October, Rabi 186.89 mm
October To February) the maize crop yield lied in between 3.5 and 4.0 t ha�1 during
Kharif season.

It is clear from the graphical representation that the highest irrigation water
requirement (656 mm/acre) was for flood irrigation (Figure 21). The prediction
equation for irrigation water (cm/ha) as a function of height of bed (cm) was obtained
as:

y ¼ 0:091x2–3:339xþ 164:3 (8)

The prediction equation for maize yield (t ha�1) as a function of height of bed
(cm) and planter design was obtained as:
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y ¼ �0:011x2 þ 0:263xþ 6:819 (9)

The graphical relation between maize yield and quality of feed index and precision
index is shown in Figure 22. The prediction equation between quality of feed index
(%) and maize yield (t ha�1) was obtained as

y ¼ 1:687x2–10:70xþ 67:78 (10)

The prediction equation between precision index (%) and maize yield (t ha�1) was
obtained as

y ¼ �0:275x2 þ 2:952xþ 2:891 (11)

Figure 22.
Maize yield attributed to planter height, parameters like quality of feed index and precision index.

Figure 21.
Maize yield attributed to planter parameters, bed applied irrigation water for various sowing methods.
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The irrigation water was certainly affected by height of bed and plant population
which was related to type of planter used. From all the planters under experiment the
pneumatic raised bed (125.15 cm ha�1) and raised bed inclined plate planter (132.75
cm ha�1) recorded minimum water requirement. Thus bed height ranging between
150 and 230 mm (6″–9″) was optimum for irrigation water saving and optimum yield.
The highest irrigation water requirement (164.00 cm ha�1) was observed for flood
irrigation under flat planting system and lowest yield was recorded for flat planting
system (4.98 t ha�1). Raised bed vertical plate planter observed higher irrigation water
(148.13 cm ha�1) and lower yield (6.75 t ha�1) than raised bed inclined plate planter
practice (132.75 cm ha�1and 7.71 t ha�1). The ridge planting method had water
requirement of 145.38 cm ha�1 and lower yield. Generally it was found that that more
applied irrigation water has inverse relation on maize yield i.e. water at root zone must
be not more than sufficient for optimum crop establishment, growth and higher yield.
Along with this alternate irrigation ensures more soil aeration and better root growth
and underground water saving. Groundwater accounts for 99% of all liquid freshwa-
ter on Earth and is present beneath Earth’s surface in rock and soil pore spaces and in
the fractures of rock formations. Therefore it is very important to make smarter use of
the potential of still sparsely developed groundwater resources, and protecting them
from pollution and overexploitation and it is essential to meet the fundamental needs
of an ever-increasing global population, to address the global climate and energy
crises”. To achieve the Sustainable Development Goals (SDGs) by 2030 we have to
improve the ways for using and managing groundwater efficiently with minimum
waste and pollution [76]. Among many contributors to the Polar motion (PM) excita-
tion trend, groundwater storage changes are estimated to be the second largest (4.36
cm/yr) toward 64.16°E [77]. The unregulated anthropogenic activities (like munici-
pal, industrialization, pollution, deforestation, urbanization, building dams, improper
landfill practices improper chemical, product, fuel storage causing leaks in soil, agri-
cultural, marine dumping, oil leaks and spills, radioactive waste, global warming
killing water animals and thus water pollution, etc.) have drastically increased
groundwater depletion and resultant pollution. Groundwater quality monitoring
should be done, especially by industries to measure groundwater parameters like Ph,
TSS, water level, flow rate, etc. through a telemetry system and if any problem is
observed, prompt action should be taken. Climate change will further exacerbate
groundwater challenges by affecting aquifers both quantitatively and qualitatively.
Geogenic factors such as salinity, fluoride, arsenic and iron in groundwater affect the
resource and cause significant long-lasting, intergenerational health detriment. Metals
such as cobalt (Co), copper (Cu), iron (Fe), molybdenum (Mo), manganese (Mn) and
zinc (Zn) are critical for plant growth and are classified as essential micro nutrients.
Other metals that are commonly found as contaminants, and are non-essential for
plants, include arsenic (As), cadmium (Cd), chromium (Cr), mercury (Hg), nickel
(Ni), lead (Pb), selenium (Se), uranium (U), vanadium (V), Wolfram (W). Metals
can have toxic effect on plants even at low concentration. The pollution and depletion
of groundwater notoriously violate the right to access water and, in turn, the right to
life, recognized as a human right by numerous judicial pronouncements. Water pol-
lution laws must create sufficient legal safeguards against groundwater pollution. The
water crises, draught are becoming more common place around the world as billions
of people (approx. 6.04 bn) continue to suffer from a lack of access to clean water,
sanitation and hygiene in the event of natural water resources scenario in world
disasters and increasing global water withdrawals due to growing demand. Projected
global water consumption by 2040 is 1.72 trm3 and highest water consuming sector
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worldwide by 2050 will be irrigation to agricultural crops. Maize being a C4 plants,
has a competitive edge over C3 plants. C4 plants use 3-fold less water, allowing them
to grow in conditions of drought, high temperature, and carbon dioxide limitation.
Along with this the resource conservation techniques like raised bed planting of crops
on raised bed, drip/sprinkler irrigation systems, underground pipeline system (to save
evaporation, seepage losses as compared to open channels), crop rotations, rooftop
(on building roof) and on farm rainwater harvesting structures (for underground
water recharge as well as for use in agricultural lands, industrial, rural and urban
area), crop diversification (pulses, sugarcane, maize, etc., in place of rice), agro-
forestry, etc. will play a crucial role in preventing over-exploitation of existing water
resources and saving of underground water and mitigating climate change. Over-
exploitation or pumping groundwater aggressively may release arsenic into the water
and also cause land subsidence (sudden sinking of land). Arsenic is mainly present in
clayey layer of underground surface and little of it seeps into the water, while
groundwater is pumped. But if overdone, a substantial amount may get entered
into aquifers due to high hydraulic gradient created. Similarly, phytoremediation

Title Tractor
45-50HP

Raised bed
vertical
plate

planter

Flat inclined
plate planter

Raised bed
inclined
planter

Pneumatic
raised bed/

flat
planter

Ridger +
manual/
manual
planter

Pneumatic
flat

planter

New cost, P, Rs
Cost, USD

550,000
$6875.00

60,000
$750.00

50,000
$625.00

80,000
$1000.00

200,000
$2500

15,000
$187.50

180,000
$2250.00

Life (yrs), L 15 10 10 5 10 10 10

Avg. use/yr (h) 700 700 700 300 700 250 700

Rate of
interest (%), i

12 12 12 12 12 12 12

Field capacity, ha/h Of
implement

0.49 0.48 0.60 0.50 0.56 0.6

Salvage value,
S = 10% of P

55,000 6000 5000 8000 20,000 1500 18,000

Total fixed costs
(Rs/h)

114.71 15.09 12.57 70.93 50.29 10.56 42.56

Total variable cost
(Rs./h)

77.41 446.34 408.62 443.58 297.54 474.75 215.11

Total cost (fixed +
variable) (Rs/h)

192.12 461.42 421.19 514.52 347.82 485.31 260.36

Total cost, Rs/ha
including tractor

1333.76 1277.74 857.53 695.64 1209.70 433.94

Labour required off
machine operation,
man-h/ha

10 10 10 10 160 10

Grand total machine
cost, Rs/ha
Cost, USD*

1646.26
$20.58

1590.24
$19.88

1170.03
$14.62

1008.14
$12.60

6209.70
$77.62

746.44
$9.33

*https://www.xe.com/currencyconverter/convert/?From=USD&To=INR (1USD = 80.00 inr)

Table 8.
Cost economics calculations for various row crop planters.

108

New Prospects of Maize



(with poplar and other trees, etc.) technique can be used which involves use of plants
and associated microbes to reduce the concentrations or toxic effects of contaminants
in the environment. However, it is limited to root zone of plant and has limited
application where the concentrations of contaminants are toxic to plants. The pro-
cesses affecting the quality are dissolution, hydrolysis, precipitation, adsorption, ion-
exchange, oxidation, reduction and bio-chemical mediated reactions. In general, the
reactions that control the chemistry of ground water are:

• Introduction of CO2 gas into the unsaturated zone.

• Dissolution of calcite and dolomite and precipitation of calcite.

• Cation-exchange.

• Oxidation of pyrite and organic matter.

• Reduction of oxygen, nitrate and sulfate with production of sulphide.

• Reductive production of methane.

Particulars Raised bed
vertical
plate

planter

Flat
inclined
plate

planter

Raised bed
inclined
plate

planter

Pneumatic
raised bed
planter

Ridger +
manual

Manual Pneumatic
flat planter

Prbvp Pfip Prbip Pprbvp Rms MVP Ppfvp

Biocides 500.00 500.00 500.00 500.00 500.00 500.00 500.00

Fertilizer 11217.50 11217.50 11217.50 11217.50 11217.50 11217.50 11217.50

Electricity 5737.50 6324.75 5130 4826.25 5602.50 6324.75 6324.75

Seed 1000.00 1000.00 1000.00 1000.00 1000.00 1000.00 1000.00

Human energy 237.52 237.60 236.79 235.15 531.03 373.92 236.79

Machine energy 3443.92 3430.40 3467.80 3400.38 3400.38 3372.67 3430.40

Diesel fuel 39372.48 39325.67 39249.42 39225.96 39256.12 38803.63 38803.63

Total energy
MJ ha�1

61508.92 62035.92 60801.51 60405.24 61507.53 61592.47 61513.07

GJ ha�1 61.51 62.04 60.80 60.41 61.51 61.59 61.51

Yield kg ha�1 6750 4980 7710 8610 4970 7420 8340

Specific Energy,
MJ kg�1

9.11 12.46 7.89 7.02 12.38 8.30 7.38

Energy
productivity,
EP, kg MJ�1

0.11 0.08 0.13 0.14 0.08 0.12 0.14

Machine equivalent 133 MJ/kg (Source: CIGR Handbook of Agricultural Engineering Volume V Energy and Biomass
Engineering, p. 18).

Table 9.
Energy consumption in maize production.
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• Dissolution of gypsum, anhydrite and halite.

• Incongruent dissolution of primary silicates with formation of clays.

Ground water that is in perpetual motion, acquires various physical, chemical, and
biological characteristics as it flows from recharge area to the discharge area. The
factors that influence ground water quality are: local geology, land use, climatic
conditions particularly pattern and frequency of rainfall and anthropogenic activities
such as use of fertilizers and pesticides in agriculture, disposal of domestic sewage and
industrial effluents and extent of exploitation of ground water resources.

Figure 23.
Total energy and energy productivity associated with various maize sowing planters/techniques.

Figure 24.
Maize energy distribution pattern (%) in maize crop for various sowing methods/planters.
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3.1 Cost economics

The cost economics of the different methods were worked out for pneumatic
raised bed planter, vertical plate bed planter, flat inclined plate planter, raised bed
inclined plate planter and ridger + manual which are presented in Table 8.

The cost of maize sowing operation was found highest for ridger and manual
sowing method showing a cost value of Rs. 6209.70 per ha ($ 77.62 per ha) and lowest
for pneumatic flat planter showing a cost value of Rs. 746.44 per ha ($ 9.33 per ha)
followed by pneumatic raised bed planter as Rs. 1008.14 per ha ($ 12.60 per ha).

The energy calculation for various row crop planters/sowing techniques is shown
in Table 9 and energy productivity is shown in Figure 23 and pattern is represented
in Figure 24.

The energy involved was found maximum as 62.04 GJ.ha�1 for flat inclined plate
planter and energy productivity was lowest for ridger+manual method and flat inclined
plate planter as 0.08 kg MJ�1 . The specific energy was found minimum for pneumatic
raised bed planter as 7.02 MJ kg�1 followed by pneumatic flat planter as 7.38 MJ kg�1 and
raised bed inclined plate planter as 7.89 MJ kg�1. The specific energy for maize sowing
was found maximum for flat inclined plate planter as 12.46 MJ kg�1. The energy produc-
tivity was found maximum for pneumatic raised bed planter, pneumatic flat planter as
0.14 kg MJ�1 followed by raised bed inclined plate planter as 0.13 kg MJ�1.

The major % contribution factor for total energy was diesel fuel (63.83%) in various
row crop planters followed by fertilizer (18.29%) and electricity (9.37%). The higher
diesel fuel energy is due to more mechanized operations involved in maize cultivation.
The machine energy contributed 5.58% in total energy as shown in Figure 24.
The variation in electricity energy required for irrigation can be attributed to design of
planters and bed shapes variation in various planters. The energy associated with
weedicide can be reduced by use of mechanical weeders. Similarly fall armyworm and
other insects can be controlled naturally by birds. To give birds a shelter 5–10% of
cultivable land should be permanently brought under tree like Neem (Azadirachta
indica), Ashoka tree (Asopalav), Tamarind, Jamun tree (Syzygium cumini), Banyan (Ficus
benghalensis), fast growing bamboo (bambusa vulgaris, Bambusoideae), Stone apple or
aegle marmelos (bilwa or bael), Moringa oleifera (drought tolerant), amla or Indian
gooseberry (Phyllanthus emblica), Sal (Shorea robusta), Cedrus deodara, the deodar
cedar, Himalayan cedar and Teak (Tectona grandis) tropical hardwood tree species,
orchard (mango, guava, apple, kinnow, etc.), etc. Moreover tree act as a carbon capture
and storage (CCS) and carbon capture and utilization unit (CCU). Bamboo plants have
potential to convert barren lands into a fertile forest. The researchers, from the Mizoram
University in Aizawl, India, found that above-ground biomass in the stands of two
bamboo species—Bambusa tulda (BT) and Dendrocalamus longispathus (DL)—have

Figure 25.
Maize crop intercropped with Poplar (Populus deltoides) as a mitigation to heavy rainfall, cyclones and floods
and also as a diversification option to rice crop in coastal areas.
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high potential for storing atmospheric carbon. On an average, one hectare of bamboo
stands absorbs about 17 tonnes of carbon per year [78]. If planted at optimum distance,
tree also helps in natural groundwater recharge. In a study field data from wick lysime-
ters revealed that the percentage of the yearly rainfall percolating to 1.5m soil depth
reached its maximum of 16% of the annual rainfall around the edge of the tree canopy,
4.4m from the nearest tree stem, and decreased to 1.3% in open areas, 37 m away from
the nearest tree. The model was run repeatedly and valid for a tree density of 20 trees
ha�1, average tree size (67 m2 canopy area), and 50% water uptake below 1.5 m soil
depth [79]. Also during cyclones, storms, trees can protect the properties from debris
attack and protect the structures situated downwind from damage . So selection of
proper cyclone resistant tree species like Terminalia arjuna, Azadirachta indica,Millettia
pinnata (L.) Panigrahi etc. is necessary in coastal areas [80]. Some farmers are practicing
maize crop intercropping with poplar (Populus deltoides) tree for timber purpose which
yields timber around after 5–6 years and good profit to farmers (Figure 25). A view of
agro forestry concept and rainwater storage and harvesting structure is shown in
Figure 26. On-farm rainwater harvesting structure can be used at hilly terrains at higher
altitude than fields, or in flat terrains if the agricultural land is under organic practices.

The plants are planted at a spacing of 600 cm � 180 cm (200 � 60) and with a
population of 1000–1250 per ha if grown alone and 750 per ha if grown with some
field crops like maize, wheat or turmeric etc. The cost of planting is 25,000 per ha
(USD 313 $ ha�1) and net returns vary between 10.0 and 12.5 lakh per ha (USD
12,500–15,625 $ ha�1) depending upon growth and girth of plant. Normally this tree
grows to height of 85 feet and 36 inches in diameters and average weight of tree ranges
between 80 and 120 kg (0.08–0.12 tonne). The average selling price ranges between
Rs 12,000–13,000 per tone (USD 150–162 $ ha�1).

Maize grown in this way can be used for both grain and silage purpose. The
populous deltoids tree can tolerate annual precipitation in the range of 600–1500 mm
and more making it suitable for flood tolerance [81]. This means that the maize crop
intercropping with high water requiring plants like Populus deltoids can be a good
mitigation measure in heavy rainfall, flood prone, coastal areas like north-east,
north-west and other zones in India and other regions. The water use of a Eucalyp-
tus (2500 l/year) plantation and other tree species such as Acacia auriculiformis
(1200–1300 litres/year), Dalbergia sissoo (1400–1600 litres/year), Albizzia lebbek
(1200–1300 litres/year) is high. Permanent plantation of such high water demanding
tree along with agricultural crops or as plants alone (in 5–10% of cultivable land by
every farmer) can help mitigate the climate change effects in flood prone, coastal

Figure 26.
View of agriculture and forest land (Agroforestry) and on-farm rainwater water harvesting and recharging
structure (for hilly and flat terrains).
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areas. Farmers can take advantage by selling timber also but plantation area should be
maintained by again planting tree on same or new location of cultivable land for
combating heavy rainfall, floods etc. Similarly eco friendly technique helps natural
control of insects and pests. The eco friendly “Push-pull climate smart” technology
entails using an attractive trap plant (Napier/Brachiaria grass as a “pull”) and a
repellent intercrop (Desmodium as a “push”). Around maize farms, the Napier grass
is which attracts stemborers and fall armyworm (FAW) to lay eggs on it but it does
not allow larvae to develop on it due to poor nutrition; so very few larvae survive. At
the same time, Desmodium, planted as an intercrop emits volatiles that repels
stemborers or FAW [82]. Thus energy associated with machine, diesel, electricity and
various other inputs can be reduced by selection of appropriate maize planter, climate
smart technologies like Push-pull along with Agro-Forestry concept and total energy
involved in maize production can also be reduced in a sustainable way and also
organic concept can be boosted. Maintaining Agro forestry, birds i.e. biodiversity
concept can be useful for other fields crops also. They can protect field crops from
excessive heat waves occurring due to climate change and from various insect pests
through increased birds population, thus increasing economy of small and marginal
farmers. The maize crop can be economical as it creates opportunity from low income
families and they buy it from local market and sell them as roadside food on good
prices between Rs 20–60 (0.25–0.75 US$) (Figure 27).

4. Conclusions

The result reveals that optimum height of bed for better maize crop stand shall range
between 150 and 230 mm with a top width of 350 mm bed at a row spacing of 675 mm.
The planter plate design geometry has an important role in achieving accurate plant to
plant spacing. The yield for inclined and vertical plate mechanism ranged between
4.96–7.71 t ha�1 and 6.75–8.61 t ha�1 respectively. The saving in water was 9.68–23.69%
with bed heights ranging between 150 and 290 mm. The maximum saving in water of
38.85 cm per ha was found for bed height of 150 mm (for 2 rows on as compared to flat
planting method. The precision indices for inclined and vertical plate mechanism varied
between 4.63–6.74% and 6.35–11.82% respectively. The pneumatic raised bed and flat
planter recorded highest yield as 8.61 t ha�1 and 8.34 t ha�1 respectively. The energy
productivity was found maximum for pneumatic raised bed planter, pneumatic flat
planter as 0.14 kg MJ�1 Maize residue can be collected with balers for use in biomass co
generation plants, bio CNG plants, biomass pallet industry as maize crops residue has
higher gross calorific value (17.0 MJ kg�1) than paddy crop residue (14.5 MJ kg�1).

Figure 27.
Maize crop is commonly sold on roadside after heat processing and is a good nutrition source.
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Maize crop residue can be used to promote silage industry as farmers usually require
silage for feeding animals. The maize crop sowing, weeding and harvesting operations
are fully mechanized whereas in case of rice crop manual transplanting is mostly
followed in rice growing regions though harvesting is done with combine harvesters.
Also the in-situ management of paddy crop residue is energy intensive and maize crop
residue can be easily chopped and incorporated with disc harrows, rotary tillers or super
seeders facilitating timely and easy sowing of next crops. Among plant-based foods, rice
is largest contributor of green house gas emissions, because it can grow in water, so
many farmers flood their fields to kill weeds, creating ideal conditions for certain
bacteria that emit methane. Rice produces 12 percent of the total greenhouse gas
emissions from the food sector, followed by wheat (5%) and sugar cane (2%) [83].
Although burning of straw residues emits large amounts of CO2, this component of the
smoke is not considered as net GHG emissions and only concludes the annual carbon
cycle that has started with photosynthesis. At constant straw moisture of 10%, the
mass-scaled emission factors (EFm) were 4.51 g CH4 and 0.069 g N2O per kg dry weight
(kg�1dw) of straw. This corresponds to 1.05% and 0.29% of the total C and N released
from straw burning, respectively and subsequent area-scaled emissions (Ea) that were
10.04 kg CH4 ha

�1 and 0.154 kg N2O ha�1 as averages for both seasons [60]. Methane in
the Earth’s atmosphere is a strong greenhouse gas with a global warming potential
(GWP) 84 times greater than CO2 in a 20-year time frame. Methane primarily leaves
the atmosphere through oxidization, forming water vapor and carbon dioxide. So, not
only does methane contribute to global warming directly but also, indirectly through
the release of carbon dioxide. Moreover CH4 production from rice fields and burning of
rice residues also creates breathing problems to local people. The puddled rice also
hinders natural recharging of underground water during rainy season (especially mon-
soon period) due to presence of hard pan beneath soil. However strategically diversify-
ing rice area partially to maize crop especially in Kharif season can help maintain
underground water as well as facilitate recharging also and reducing GHG emissions
from its cultivation and residue burning. Maize crop can be sown in Kharif (period
June-July to October) to diversify rice, Rabi season (October to November sowing and
harvesting April to June), Spring (sowing-January end to February and harvesting in
June-July) and can also be intercropped with Populus deltoids in flood, heavy rainfall
prone areas. Rabi season or winter maize takes more time to mature as in winter growth
of maize is slow but it is less infested with insects, pest, weeds and ensures more
efficient use of resources, higher yield than Kharif maize and also allows maize-maize
system intensification. The rice is grown mainly in Kharif season, therefore maize crop
can be grown in Kharif season to save water. Moreover winter and spring maize have
irrigation requirement higher than Kharif crop. Also by changing metering plates of
pneumatic raised bed planter and inclined plate planter along with some adjustments
these planters can be used for sowing of wide row crops like peas, gram, canola etc and
narrow row crops like onion, radish, carrot etc. in subsequent winter (Rabi) season.
With appropriate raised bed maize planter selection, maize sowing operation can be
done with precision and lower energy input while maintaining crop yield and saving
energy and irrigation water especially for arid and tropical regions. More if agroforestry
concept is scaled up, it will help improve water quality, as trees improve water quality
by slowing rains as it falls to earth, and helping it soak into the soil. Trees then serve as
natural sponge, collecting and filtering rainfall and releasing it slowly into streams and
rivers. Trees are the most effective land cover with various benefits such as mainte-
nance of water quality, recharging of water table, reduced drinking water treatment
costs, removal of nitrogen and phosphorus leaching from adjacent agricultural land uses
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into streams by acting as a filtering sediment and also tree can help control the effects of
climate change by capturing green house gases and controlling the rise in temperature
of earth. Moreover less water requiring crops like pulse, sugarcane, maize, etc. in place
of rice will need less irrigation water and more trees can help lower down the environ-
ment temperature and more rainfalls. Thus, all these will lead to less pumping of water
and saving of underground water as well as natural recharging of underground water.
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Chapter 6

Agricultural Transformation in
Maize Producing Areas of Africa
Paul L. Woomer, Dries Roobroeck and Welissa Mulei

Abstract

Maize is a critical staple cereal across Sub-Saharan Africa but attempts to improve
its productivity in small-scale farming systems often prove disappointing. The 12 key
technologies required to overcome poor yields are mostly known, but the manner in
which they are mobilized, packaged, and delivered requires re-evaluation. Combina-
tions of better varieties and their necessary accompanying inputs must become more
available and affordable for an African maize revolution to succeed, and land must be
managed in ways that enhance, rather than diminish, land quality over time. Adjust-
ments to the bundling and transfer of these technologies as transferable assets pose a
solvable dilemma. These interventions must be based upon specific agro-ecological
and socio-economic contexts and offered within the scope of well-designed regional
and national agricultural development agendas. Success in boosting maize yields and
its companion field legumes form the basis for greater food security across Africa and
value-adding enterprises, including the growth of blended flours and commercial
animal production. This chapter describes how these technologies may be most effec-
tively mobilized within the current thrust to transform African agriculture.

Keywords: agricultural transformation agenda, Dakar 2 feed Africa summit,
International Institute of Tropical Agriculture, maize-based cropping systems, rural
development, small-scale farming systems, TAAT program, technology packages

1. Introduction

Maize first arrived from the New World in Africa during the 1500s. Portuguese
traders supplying fortresses and coastal trading centers first introduced it. Still, the
crop quickly appealed to African farmers due to its high yield, low labor requirements,
and short growing season. Cultivation swiftly spread because of its higher yield than
existing indigenous staples, mostly millet and sorghum, and its ability to function as a
substitutable dietary staple [1]. Miracle [2] concluded that the timing when maize
became important in different parts of Africa is better understood than the exact
introduction sites and parties responsible. In general, maize was first introduced to
West Africa, then spread inland and southward, and last reached East Africa and
deeper Central Africa.

Maize offered the right combination of traits for widespread adoption. Its nutrients
are concentrated and easily transported, husks protect against pests, birds, and
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extreme weather, and it is consumable over an extended period starting with young
cobs through harvest maturity and longer given proper storage and milling [3]. The
appearance of maize and its cultivation practices are like sorghum and millet, further
encouraging adoption. Many New World crops were introduced to Africa following
the discovery of the New World, including cassava, sweet potato, Irish potato,
groundnut, and beans. However, maize had the most rapid and greatest impact on
native farming systems, and this impact continues into the present [4].

Maize is now Africa’s most important crop. About 30% of energy intake across
Africa comes from maize [4]. Erenstein et al. [5] provide a recent description of maize
production, consumption, and trade, including its trends in different regions and
countries of Africa. Maize is the second most cultivated crop worldwide after wheat. It
is grown on about 197 million ha, which supplies 1137 million tons of dry grain. Africa
accounts for 21% of that land use cover but only 7.4% of production, signifying strong
shortfalls in yield. Average maize grain yields in Africa are only 2.1 t ha�1 compared to
5.8 t ha�1 worldwide and 10.8 t ha�1 in North America, and closing this yield gap is
critical to realize African food security and nutrition. Various agronomic and eco-
nomic factors cause attainable yields not to be met by smallholder farmers, ranging
from seed quality, low and variable returns on fertilizer investment, nutrient and
water availability, pest control, labor, and equipment assets to gender-specific chal-
lenges, value addition, market linkage and selling prices [6, 7]. The role of technology
access and adoption on production levels is evident at the level of individual farmer
fields and entire regions. For instance, plots closest to the homestead typically receive
most inputs and are better weeded than out-fields and therefore record higher yields.
East and Southern Africa have a smaller maize growing area than West and Central
Africa, yet production is higher, which is primarily ascribed to better varieties, fertil-
izer supply, and extension support.

To safeguard the production and self-sufficiency of this staple, African govern-
ments have adopted policies like subsidizing production inputs and various price
protection schemes, some benefiting producers and others designed to assure con-
sumers. Some of these measures have been criticized by development banks as
unsustainable, leading to structural adjustments, particularly those that resulted in
unrealistic consumer prices and fluctuating supply [4]. Some research suggests that
Africa should prioritize policies and programs centered on non-monetary incentives
like advancing technology and infrastructure, investing in irrigation, precision agri-
culture, research services, and human development [8–10]. However, a growing
consensus is that maize responds favorably to production inputs, particularly hybrid
seeds and fertilizers. Programs encouraging investment into making these materials
more available to small-scale producers are a promising pathway to rural development
in maize-producing areas [11, 12]. This chapter focuses on the needed maize technol-
ogies and how they may be more effectively deployed and delivered through emer-
gent developmental strategies to ensure maize’s future in Africa.

The African agricultural development community recently consolidated around
the Dakar 2 Feed Africa Summit organized by the African Development Bank and held
on 22–27 January 2023. Its purpose was to unlock Africa’s agricultural potential by
delivering climate-smart agricultural technologies to millions of farmers and creating
an enabling environment for market-driven economic development through
improved value addition, rural infrastructure, and stronger policy incentives. Thirty-
four (34) African Heads of State, 75 Ministers, and numerous heads of development
organizations attended the Summit. They presented and discussed Country Food and
Agriculture Delivery Compacts to further the Feed Africa Strategy [11] at national
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levels based on revised production targets for key agricultural commodities, planned
improvements in enabling policies and rural infrastructure, and options for innovative
financing. Following the Summit, the 36th African Union Assembly endorsed its out-
comes and called for time-bound and measurable indicators for success. Within a
month, the Summit mobilized more than $70 billion in investment to boost food and
agriculture production across the continent. IITA’s Partnership for Delivery (P4D)
staff and Regional Directors are working with country planners to realize the vision of
Dakar 2 African agricultural transformation. Follow-up to this event is critical for the
timely modernization of agricultural technologies and services employed across
Africa, including those related to maize-based cropping systems.

2. Modernizing maize technologies

There are 12 key technologies to modernize production and post-harvest manage-
ment of maize in Africa. These technologies include: (1) drought-tolerant maize
varieties to strengthen the resilience of food production, (2) imazapyr-resistant maize
varieties that withstand parasitic striga weeds, (3) golden maize varieties with pro-
vitamin A biofortification for improved human nutrition, (4) a streamlined licensing
mechanism for commercial multiplication of hybrid maize varieties, (5) information
and communication technology (ICT) platforms offering ready access to digital
information, (6) contracted farm mechanization services, (7) better fertilizer blends
together with top-dressed nitrogen for improved nutrient supply, (8) rotating and
intercropping with nitrogen-fixing grain legumes to improve soil health, (9) applying
herbicides for pre- and post-emergent weed control, (10) controlling the biological
invasion of fall armyworm (FAW) through integrated practices, and (11) countering
aflatoxin contamination through atoxic competitors, (12) improved post-harvest han-
dling. Further details on each of these 12 technologies follow.

2.1 Drought-tolerant maize varieties

Recently released maize varieties allow acceptable grain yields under short-term
and moderate drought (Figure 1). This technology mitigates adverse climate and
lessens the risk of crop failure across many zones of Sub-Saharan Africa [13, 14].
Insufficient rainfall is a widespread reason for lost maize yield across Sub-Saharan

Figure 1.
Drought tolerant maize variety (left) and drought sensitive variety (right).
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Africa, as 90% of the land is rainfed rather than irrigated. As a result, maize yields are
highly sensitive to seasonal rainfall [15]. Improved lines offered through the market
include drought tolerant maize (DTMA) with an ability to withstand periods of acute
soil drying and water efficient maize (WEMA) adapted to season-long reduced supply
of soil moisture.

Timely access to weather and market information and local climate adaptation
measures provides a means for sound decision-making regarding when and where to
invest in drought-tolerant maize. These same technologies allow maize to be produced
in semi-arid regions with less irrigation water, allowing growers and national devel-
opment planners to utilize less-traditional growing areas better. More than 200 lines
of DTMA have been released in 13 African countries, and over 120 hybrids of WEMA
released in seven countries. DTMA includes hybrid varieties that require parent seed
and licensing [16] and numerous open-pollinated varieties (OPVs). These latter vari-
eties permit royalty-free purchase and multiplication through farmers’ and
community-based seed production.

These drought-tolerant varieties are introduced to farmers through on-farm dem-
onstrations with broader coverage. This allows farmers to see the varieties in action
and learn about their benefits firsthand. The main barriers to adopting
DroughtTEGO® varieties are a lack of information about their productivity,
unavailability of seed when needed, and the high cost compared to other locally
available varieties [17, 18]. Oniang’o et al. [18] found that well-thought-out strategies
to influence awareness and adoption of drought-tolerant maize include strengthening
extension services, providing credit to small-scale farmers, investigating cases of
discontinued use, improving access to seed through agro-dealerships, targeting age
and gender, and specific agro-ecological zones.

2.2 Imazapyr-resistant maize for Striga management

Parasitic Striga invades the roots of maize and other cereals to remove water and
nutrients from host plants. Maize cannot resist striga (Figure 2), causing stunting,

Figure 2.
Severe striga infestation of maize in western Kenya.
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abnormal growth, and small ears, resulting in a yield reduction of 30 to 80% [19].
About 20 million ha of farmland in sub-Saharan Africa is Striga-infested, resulting in
over US $1 billion per year in yield loss and threatening the food security and liveli-
hoods of over 100 million people [20]. Improved maize varieties that resist the
herbicide imazapyr (the IR trait) are becoming available, protecting the roots against
parasitic invasion [21]. Very low levels of imazapyr (e.g., 30 to 45 g per ha) are applied
to maize seeds. However, the application rate is critical because too much imazapyr
can harm maize germination and early growth. When used correctly, the herbicide is
placed exactly where and when needed to control striga as it starts invading young
maize roots.

Imazapyr herbicides are made from the active ingredient imidazoline, mixed with
salt to form a stable powder. The herbicide is then coated onto maize seeds using an
adhesive. An example of such a seed treatment system is patented under the term
StrigAway. IR maize seeds are planted following recommended soil and fertilizer
management practices for a growing area. Imazapyr is non-toxic to mammals, but it is
important to wear gloves or wash hands when planting the seed manually, as they may
be mixed with insecticides. The spread of this technology across Africa has been
slower than expected, given the scope of the problem. Where available, agro-input
suppliers sell IR maize seed at about US $3 per kilogram. Yield increases of 1.0 to 3.0
tons of grain per hectare are achieved compared to comparable varieties not protected
by imazapyr [22]. An additional benefit is that the Striga seed bank diminishes over
time, eventually eradicating striga from croplands [23].

However, this technology is often too expensive for subsistence farmers. A more
affordable option is to integrate imazapyr herbicide technology with other measures,
such as planting soybeans followed by striga-resistant maize varieties using nitrogen
fertilizer and good agricultural practices [24, 25]. The adoption of this technology
depends on several factors, including the age and education of the household head, the
availability of training and support for farmers, membership in farmer group, the
availability of the technology, perceptions based on the social and cultural context,
and the political climate [26].

2.3 Vitamin a biofortified maize

Biofortified maize varieties higher in Vitamin A are also becoming more widely
available. Maize is a staple food for over 300 million people across Sub-Saharan
Africa; however, the widely grown starchy white varieties contain sub-optimal min-
erals and vitamins. Conventional breeding has improved the content of provitamin A
in maize, offering a viable avenue to improve community nutrition. Golden maize
contains beta-carotene, lending it a bright orange color (Figure 3). These compounds
are converted into vitamin A after ingestion. More than 40 of these biofortified
varieties have been released across Sub-Saharan Africa [27]. These varieties were
originally developed from Central and South American lines naturally rich in provita-
min A and then crossed with well-adapted lines holding improved agronomic traits
such as disease resistance and drought tolerance.

Unlike biofortified lines, pro-vitamin A is often oxidized and forms off-flavors
other maize varieties. Pro-vitamin A biofortified maize offers a cost-effective solution
to Vitamin A deficiency in areas where people consume fresh and dried maize [28]. It
provides half the daily Vitamin A requirement for adults and costs $0.8 to $1.2 per kg
of OPV seed [29]. Golden maize contains 8 to 15 parts per million of pro-vitamin A,
while conventional varieties do not have this nutrient. Biofortification of maize is a
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promising approach to combat micronutrient deficiencies in sub-Saharan Africa. Pro-
vitamin A biofortified maize is a safe and effective way to improve vitamin A status,
and it has been well-accepted by most communities compared to yellow maize, which
has associated negative perceptions. With proper policy support, biofortified maize
can help address the deficiency of vitamin A in this region. A study conducted by
Nesamvuni et al. revealed that introducing a vitamin-fortified maize meal to the meals
of African children aged one to three led to positive effects, such as better weight gain
and improvements in specific aspects of their vitamin A levels [30]. Different varieties
are available for cultivation in lowland and highland elevations and semi-arid and
humid climates.

2.4 Information communication technology (ICT) platforms

Agricultural information is vast and covers many areas of expertise,
depending on the specific agro-climatic zones and socio-economic contexts. To
ensure its effective use, it is crucial to have a well-organized system for sharing
this information. It is equally essential to disseminate the right information to the
right people at the right time. Fortunately, with information and communication
technology (ICT) advancements, we can leverage these tools to provide farmers
with accurate, timely, and relevant information and services. This, in turn, helps
them adopt new technologies more effectively and makes their agricultural
endeavors more profitable [31]. Based on an analysis conducted by Ayim et al. [32],
the primary ICT technologies used in Africa to improve agriculture productivity are
text and voice-based services designed for mobile phones. The rise of smartphone
technology, including apps, has also led to the development of innovations in the
farming industry. Radio and television are also popular tools for sharing agricultural
information with rural farmers. These can be as robust and interactive as virtual
workshops and webinars where call-in segments or SMS/text interactions are included
to address farmer queries in real-time during the broadcasting. Computers are a
gadget primarily utilized by researchers. ICT has enabled the development of

Figure 3.
Biofortified maize (center) rich in vitamin a compared to conventional yellow and white varieties (top and
bottom).
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dedicated websites, social media, mobile-based extension services, financial inclusion
and mobile payments, and online communities to share information on agricultural
technologies, including available technologies, coverage, best practices, pest and dis-
ease management, market prices, success stories, capacity-building events, and
implementation guides, while also incorporating interactive features like search func-
tions, discussion forums and chatbot for farmer engagement and query resolution by
experts. Such channels include the TAAT website, https://taat-africa.org/, and the
TAAT mobile app available on the App Store. Although there are many benefits to
using ICT tools and systems in agriculture, most agricultural and farming communi-
ties in Africa need to adopt them to the extent necessary for significant agricultural
development. Specific factors that hinder the widespread adoption and diffusion of
these services include inadequate technological infrastructure, language barrier,
affordability, unsuitable ICT policies, lack of awareness regarding the potential con-
tribution of ICTs to the farm business, and a low level of user skills, particularly
among farmers [33].

One such digital application relevant to maize-based systems is The Product
Platform for Agricultural Solutions (ProPAS), which offers open access
information about innovative technologies in English or French. Each profile covers
various aspects relating to the problems addressed, functional principles, geographic
suitability, composition, application, customer segmentation, capital/operational
costs, expected benefits, and licensing (see Figure 4). The platform has two goals; to
provide technology holders with a means to disseminate their proven and promising
solutions and to encourage users to search through options that can assist their agri-
cultural objectives (visit https://propas.iita.org/). The database allows filtering solu-
tions based on multiple search fields such as relevant value chain, its form and type
(i.e., genetics, input supply, management, equipment, and digital tools), location
where available, and target beneficiaries. Fourteen of its solutions relate to maize, and
another fourteen describe leguminous companion crops. In 2022, ProPAS received
27,207 visitors, of which 9.1% were profile views for maize technologies, and overall it
attracted the most attention to equipment followed by genetics, management, and
input supply.

Figure 4.
Output from the ProPAS website describing “golden maize”.
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2.5 Commercial licensing systems

Limited investment by the commercial seed production sector impedes the avail-
ability of improved maize varieties to small-scale farmers across Sub-Saharan Africa.
In response, The African Agricultural Technology Foundation (AATF) established a
series of public-private ventures for the multiplication of high-yielding, drought-
tolerant TEGO® (conventional) and insect-protected TELA® (transgenic) maize
hybrids. Seven African countries now produce seeds of these elite varieties, accompa-
nied by a licensing model and agri-business training that now supplies millions of
farmers through this mechanism [34]. Precautions are in place to ensure that this
multiplication process ensures true-to-type seed with a high germination rate.

Hybrid maize varieties have a high market value and provide opportunities for
businesses to generate investment returns from seed multiplication and developing
new, improved lines. Significant increases in food and nutritional security and farm
incomes are realized where TEGO® (Figure 5) [35] and TELA® seed systems are
adopted because these varieties produce higher grain yield and quality than other
cultivated lines under normal and lower rainfall. Royalty-free licensing results in new,
improved maize varieties from public institutions becoming more rapidly available to
farmers through commercial transfer rights to the private sector. This mechanism
includes an agreement between the holder of intellectual properties for maize
varieties and a legally eligible enterprise that intends to multiply and sell these seeds
commercially.

Between 2013 and 2020, 7032 tons of Drought TEGO® and 161 tons of TELA®
hybrid seeds were sold and planted on an estimated 287,720 hectares of cropland to
produce over 1 million tons of grain. This maize is valued at US $236 million, benefit-
ing about 4.3 million people [34]. At the end of 2020, variety licenses were signed
with 38 seed companies from seven countries to commercialize these elite TEGO®
and TELA® maize hybrids and test new lines. In this way, the TEGO® and TELA®
mechanism is intended to streamline the licensing process for elite, climate-smart
maize and to link intellectual goods to commercial opportunities.

Figure 5.
TEGO® maize produced under commercial license.
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Stress-resilient crop varieties are often seen as inferior to regular hybrids, but this
is a misconception. A multi-location evaluation study of stress-resilient maize hybrids
by the International Maize and Wheat Improvement Center (CIMMYT) in Sub-
Saharan Africa [36] found that stress-resilient maize hybrids produced yields that
were on par with or even superior to regular hybrids under both favorable and
unfavorable conditions. These hybrids are a good choice for farmers as they help to
achieve more stable yields over time and build a more resilient food system.

2.6 Contract mechanization services and applications

An increasing amount and variety of mechanized agricultural services are offered to
farmers across Sub-Saharan Africa. Unfortunately, this contracted and rented use of
mechanization services remains limited because contracting businesses experience dif-
ficulties in informing and convincing lower-income farmers of their value. Ironically,
these contracted services provide labor-reducing operations through equipment beyond
small-scale farmers’ purchasing power [37]. African countries must develop favorable
arrangements to make agricultural mechanization accessible to small and medium-scale
farmers. This could be done by incentivizing the private sector to scale up agricultural
mechanization initiatives and targeting and engaging women farmers and youth by
investing in supportive infrastructure and training [38]. ICT applications can help
farmers access contract mechanization services by matching farmers with mechaniza-
tion service providers, providing information about mechanization services, and track-
ing the progress of mechanization activities. For instance, data on the extent of land
cultivated or harvested can be utilized to verify the fulfillment of mechanization ser-
vices and ascertain whether farmers receive the expected benefits for their investments.

Nevertheless, there is a lot of debate about the role of mechanization and digitali-
zation in African agricultural transformation. A study by Daum et al. [39]
documented these concerns by national stakeholders in several African countries.
Some argue that mechanization is essential for reducing drudgery, increasing produc-
tivity, and reducing poverty, while others say that it can lead to the displacement of
rural labor and environmental degradation. Furthermore, there is a continued appeal
for state-led mechanization in some countries, even though this approach has been
criticized for being inefficient and corrupt. This has resulted in yet another debate
about how governments should best promote mechanization in Africa. Some people
believe that governments should provide subsidized tractors and run public hire
centers, while others believe that the state should focus on creating an enabling
environment for private actors.

On the other hand, digitalization is seen as a promising tool, but there are concerns
about data sovereignty and the digital divide. Moreover, gender and age can influence
how people view digitalization, with younger people and women being more likely to
be optimistic about its potential. Therefore, policymakers and development institu-
tions must consider local stakeholders’ viewpoints to aid in selecting and designing the
most promising policies/programs and ensure their effective implementation at the
grassroots level.

Hello Tractor (Figure 6) is a success in this area, an award-winning equipment-
sharing application that connects tractor operators to African smallholder farmers.
This digital platform results in the collaborative use of mechanized field operations by
creating a common marketplace between machine owners and farmers who request
and pay for services via messaging. The smartphone application also supports credit
scoring and provides market intelligence for risk management and loan repayment.
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This approach allows service providers to match seasonal demand for mechanization
services and linked cash flows. Digital information and communication technology
enable equipment owners to track the movement and use of their assets, expand their
serviceable areas, and manage payment quickly and transparently. Reliable informa-
tion and communication channels via smartphones allow clients equitable access to
agricultural mechanization in ways that improve land productivity, reduce labor
costs, and improve their incomes [40].

2.7 Pre-plant blended fertilizers and nitrogen topdressing

The right fertilizers must be applied at the right rate and at the right time, follow-
ing best agronomic practices before smallholder maize producers across Africa can

Figure 6.
The hello tractor application accessible to farmers via a smart phone.
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optimize grain yields. Shortages of soil nitrogen (N), phosphorus (P), and potassium
(K) result in weak roots, stunted growth, greater vulnerability to pests and disease,
reduced photosynthetic efficiency, fewer and smaller ears, and incomplete grain fill.
Sub-Saharan Africa is facing food security challenges due, in part, to decades of soil
fertility depletion. Applying mineral fertilizer, in conjunction with better manage-
ment of organic resources and increasing Biological Nitrogen Fixation (BNF) can
increase crop yields, replenish soil nutrients, increase soil organic carbon sequestra-
tion, and reduce N and C losses [41, 42]. Too few farmers in Sub-Saharan Africa use
appropriate fertilizer formulations, dosages, and schedules, leading to lower yields,
reduced profits, and nutrient-depleted soils [43].

Specialized blends of common fertilizers that contain N, P, K, and other nutrients
such as sulfur, magnesium, and zinc are developed for basal application to maize crops.
Applying blended fertilizers before planting can help to ensure a more balanced avail-
ability of nutrients for maize crops [44]. This is important because nitrogen fertilizer is
one of the largest investments maize farmers make, and it can be lost due to drought or
excessive rainfall. To overcome this inefficiency, it is widely recommended that nitro-
gen fertilizer be applied in two or more split applications throughout the growth cycle.
This practice ensures that crops have a continuous supply of nitrogen, which can help
mitigate financial risks to farmers and improve yields [45].

Many agro-dealers and manufacturers offer specially designed pre-plant fertilizer
blends for maize. These formulations are adjusted to local growing conditions and
soils and promote early crop development, stress resilience, and grain production by
effectively delivering nutrients throughout the growing season. Top dressing N fertil-
izer later in the season better matches soil availability to the demand pattern of maize
crops (Figure 7). The optimum time for top-dressing N fertilizer is when maize crops
have eight to ten fully developed leaves. In this way, African farmers can obtain
higher maize yields with lower rates of nutrient inputs when using blended fertilizers
at planting instead of single fertilizers and splitting their nitrogen applications instead
of a one-time input.

2.8 Maize-legume rotation and intercropping

Growing maize and grain legumes together as intercrops or in rotation offers many
advantages compared to growing maize continuously as a monocrop [46]. Legumes
increase nitrogen (N) in soils through biological nitrogen fixation and subsequent

Figure 7.
Dry rotary system used in small-scale fertilizer blending.
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mineralization and can be used to offset the N requirements of the maize crop.
Rotation and intercropping legumes with maize (Figure 8) improve the efficiency of
land, nutrient, and water use due to synergistic effects between the crops [47]. Mixing
maize and legumes also reduces the infestation of weeds, pests, and diseases in
farmers’ fields. Intercropping is crucial for small and marginal farmers in numerous
countries as it diversifies and mitigates risks, improves the efficiency of land utiliza-
tion, enhances soil fertility, and boosts economic returns, particularly in unpredictable
weather conditions [48].

Large numbers of farmers in major maize production areas across Sub-Saharan
Africa practice maize and legume rotation and intercropping, substantially increasing
maize and legume yields and total harvests from a given land area. Growing a high-
energy crop such as maize with high-protein legume results in improved diets among
small-scale farmers and mitigates the risk of a hunger season when one of the two
crops may fail because of drought or pest attacks. Biological nitrogen fixation in the
root nodules of legumes benefits the productivity of maize crops rotated in the same
field because part of the assimilated nitrogen is transferred between the crops through
the decomposition of legume residues [49]. Mineral fertilizer application in mixed
cropping systems is used very efficiently since either of the crops can benefit from
residual nutrients that might have otherwise been lost due to the different root depths
and distribution of maize and legumes [50]. Maize and legume intercropping are
beneficial by reducing weed infestation, soil erosion, and run-off. This plant arrange-
ment increases crop coverage and protection throughout the growing season.

Legumes can offer other advantages to maize crops. For example, soybeans and
cowpeas can help to reduce parasitic striga weed infestations. This is because these
legumes induce the germination of Striga seeds, but the weed does not infect them.
Taller-statured maize benefits the legumes by better-regulating soil temperature
soil through shading. However, understory legumes compete with maize for light,
water, and nutrients. Intercropping can be a good way to increase maize yields and
generate larger returns to labor. However, some challenges are associated with
intercropping, such as careful crop selection and spacing. Additionally, some field

Figure 8.
An innovative, staggered maize-soybean intercrop.
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operations, such as mechanization and chemical weeding, can be more difficult with
intercropping systems [51].

2.9 Pre-emergent herbicides for weed management

Weeds can compromise maize croplands by competing for limited soil water and
nutrients. Uncontrolled weeds can reduce yields and limit returns on agro-input
investments. Controlling weeds in maize is critical, particularly during its early estab-
lishment and vegetative growth phases that extend to 10 weeks or so after planting.
Without effective weed control, maize yields can be reduced by up to 50% on average
[52], and losses can reach 80% if no measures are taken. In Africa, most smallholder
farmers weed their maize crops by hand, a labor-intensive practice that must be
repeated 2 or 3 times to be effective. This is because shallow hoeing can agitate the soil
and promote the germination of weed seeds. Pre-emergent herbicides can help to
reduce labor requirements by eliminating the need for hand weeding and help to
improve soil quality by reducing the need for tillage, which can damage soil structure.

Pre-emergence herbicides prevent weeds from developing and allow fields to
remain weed–free through the critical stages of crop establishment (Figure 9). This is
important because it prevents weeds from competing with the maize crop for water,
nutrients, and sunlight, which can help to reduce crop losses. This effect continues
until the maize canopy shades the ground and weeds become suppressed [53]. This
class of herbicides is applied shortly before or when planting maize and after the soil
has been tilled. This technology prevents weed seedlings from establishing but
requires that the proper chemicals are affordable, and that application equipment and
safety gear are available. Some weeds emerge in most maize fields after crop estab-
lishment during the latter vegetative stage. These late-season weeds are effectively
controlled by spraying recommended post-emergence herbicides to keep the fields

Figure 9.
Weedy (left) and weed-free maize understory.
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clean until harvest, further enhancing maize productivity. Maize is very sensitive to
competition from weeds between the emergence to the unfurling of six leaves. During
this time, maize’s fibrous root system is under development, and its shoots may
become outcompeted by faster-growing plants. Maize gains the upper hand against
weeds with pre-emergent herbicides. These herbicides remove the competition for
light, nutrients, and moisture during maize’s vulnerable initial growth phase. This, in
turn, speeds up the growth of both roots and shoots.

2.10 New and emerging pest control practices

Fall Armyworm (FAW) invaded Africa in 2016 and continues to damage maize
and many other crops (Figure 10). FAW is an aggressively damaging invader that
afflicts the entire continent and affects numerous African crops [54]. Approximately
US $13 billion worth of crops are at risk throughout Sub-Saharan Africa, threatening
the livelihoods of many millions of smallholders [55]. FAW are the caterpillars of the
invasive species Spodoptera frugiperda, and this destructive insect continues to spread
across Sub-Saharan Africa [56]. Infestations of farmlands by the pest are caused by
eggs deposited in soil and on the plants coming from adult moths that can fly and
cover large distances. FAW larvae inflict extensive damage to maize crops at all life
cycle stages by eating the whorl (apex), leaves, and ears, resulting in 50% yield loss or
complete crop failure. Effective chemical control agents for FAW are known, but the
pest has nonetheless spread across the continent and is threatening millions of farmers
in major production zones.

A range of insecticide products are marketed on the continent by agro-input
suppliers that kill larvae of FAW inside the soil and on the plant [57]. Coating maize
seeds with insecticides protects the young maize plant from pest attack by enhancing
seed survival, germination rates, and initial growth stages after planting [58]. Using
insecticide as a seed treatment offers several advantages compared to foliar applica-
tions. The approach makes it possible to apply smaller amounts of the control agent
and is positioned into the soil where eggs of FAW are deposited and hatched.
FORTENZA® Duo seed coating technology from Syngenta has been demonstrated to
be a powerful control agent for FAW and has been used to treat more than 3000 tons
of maize seed in Zambia. Coating maize seeds is simple: mixing insecticide with a
binding agent like gum Arabic, vaporizing it over the material, and letting it mix and

Figure 10.
Severe damage to maize inflicted by the fall armyworm that has recently invaded Africa.
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dry in a rotary blending system. After treatment, the seed retains protective properties
and provides a sufficient defense to the young seedling against FAW and other pests
below and above the soil surface. Insecticides recommended for use as foliar spray
later in the growing season are Ampligo® (chlorantraniliprole + lamba cyhalothrin),
DenimFit® (emamectin benzoate+lufenuron), or Neconeem® (neem). It is vital to
detect FAW infestations early so that control measures can be implemented before the
pest causes too much damage.

2.11 Aflatoxin management

Common species of the soil-dwelling fungus Aspergillus flavus infest farmers’ crops
and foods, producing a highly toxic, cancer-causing poison called “aflatoxin” [59].
Widespread and severe contamination of several key staple crops, animal feeds, and
processed foods occurs across Africa as a combined result of conducive weather
conditions, extremely potent fungal strains, and substandard post-harvest handling
and storage practices. In Africa, aflatoxin occurs not only in maize (Figure 11) and
groundnut, where it poses a serious public health challenge, but also in cassava,
sorghum, rice, and cashews, among others. When contaminated food is consumed by
humans or livestock, aflatoxin accumulates inside the body and causes major damage
to internal organs and blood. This toxin causes liver cancer, weakens people against
other diseases, and stunts growth of children. Animals such as cows, pigs, and
chickens are also affected by this toxin, and their milk, meat, and eggs become
contaminated and unsafe for consumption. The aflatoxin pandemic in Africa has
massive economic impacts by making food unfit to eat or trade, robbing humans of
their health, and stunting and killing farm animals.

Biocontrol technologies for aflatoxin exist that rely upon natural competitors
rather than industrial chemicals. These agents were safely and effectively adopted on
increasingly large farmland areas over the past decade [60]. Aflasafe® is a product
made in Africa that substantially reduces aflatoxin levels in food and is inexpensive
and cost-effective to purchase and apply (Figure 12). The active ingredients of
Aflasafe® are atoxic strains of A. flavus that do not produce the toxin. Combinations
of four different strains are combined for each country by screening thousands of
candidate strains recovered from local environments. Aflasafe® products are broad-
cast across crops 2 to 3 weeks before the onset of flowering. Alternatively, the product

Figure 11.
Infestation by A. flavus causing maize to be unfit for consumption.
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may be applied onto the soil using a tractor-mounted spinner [61]. Different
Aflasafe® products are produced and marketed in Burkina Faso, Ghana, Kenya,
Malawi, Mozambique, Nigeria, Senegal, Tanzania, The Gambia, Uganda, and Zambia.
Additional countries are in the process of identifying and registering biocontrol agents
and constructing production facilities. Manufacturers of biological control technolo-
gies for aflatoxin must gain approval to use certified strains of atoxic fungi and
comply with national regulations concerning the production, distribution, and release
of microbial agents. Farmers do not require permits to apply Aflasafe® to their fields.
The atoxic strains of A. flavus used in biocontrol are never copyrighted. However, they
remain the genetic resources and property of the countries where they are developed
for use as a public good. The IITA Business Incubation Platform is responsible for
further developing and extending Aflasafe® across Sub-Saharan Africa.

2.12 Post-harvest management technologies

In Africa, post-harvest management technologies for maize focus on reducing
losses and maintaining grain quality. These technologies include drying methods such
as solar and mechanical dryers and improved traditional drying techniques. Storage
precautions such as hermetic bags, metal silos, and plastic drums are utilized to
protect maize from pests and moisture. Grain cleaning using mechanical grain
cleaners or sieves helps remove impurities. Maize processing technologies, such as
milling machines and dehullers, are employed to transform maize into different
products. Integrated pest management techniques and quality testing tools ensure pest
control and quality assurance. These technologies minimize post-harvest losses and
improve the value of maize crops.

Hermetic bags are a type of storage technology with a three-layered design. The
outer layer is made of woven polypropylene and provides the necessary strength to
support the weight of the stored grain (Figure 13). Inside, there are two inner bags
made of high-density polythene. These inner bags are specifically designed to have
extremely low gas permeability and are water-resistant. The production process of

Figure 12.
Packaged Aflasafe, a product able to reduce the threat of mycotoxins.
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hermetic bags involves converting melted polypropylene into string form, which is
then wound to create the polypropylene woven outer bag. A knitting machine weaves
the string into the desired bag shape. For the polyethylene inner liners, recycled or
raw plastic is melted and shaped into a thin layer, which is then cooled. The plastic is
then combined into rolls and cut into the appropriate sizes for the inner bags. The
purpose of hermetic bags is to create a barrier that prevents air and moisture from
entering the stored grain. By cutting off the supply of oxygen, these bags effectively
eliminate insects and microbial organisms, thus preserving the quality of the grain and
reducing stored grain losses. They can provide storage for up to 2 years. Additionally,
hermetic bags have gained cultural acceptance and are widely adopted by African
farmers [62, 63].

Promoting hermetic bags prevents food loss and offers economic benefits to
farmers and improved health outcomes due to reduced pesticide use and potential
aflatoxin intake reduction. A study by Ndengwa et al. [64] found that compared to
conventional methods, hermetic bags significantly curbed insect-related damage and
weight loss with only 4% grain damage and 0.4% weight loss compared to the tradi-
tional practices group’s 14% damage and 1.7% loss, over a crucial four-month storage
period. The study also highlighted the potential profitability of hermetic bags with at
least 4 months’ seasonal usage across four seasons. Similarly, when produce quality is
less crucial for a farmer’s consumption, Dijkink et al. [65] reported that utilizing
hermetic bags becomes economically advantageous compared to alternative storage
methods for produce stored for more than 100 days.

3. Delivery of modernizing technologies

Developmental importance is attached to how proven, accompanying maize tech-
nologies are packaged for deployment and then managed as transferable assets within
large programs and institutions [12, 66]. These technologies exist as production
inputs, crop and land management options, and opportunities for contracted services.
Combining these technologies into packages that result in improved yields offering
reliable, profitable returns, and then scaling these packages to increasingly larger
adopters may be viewed as central to agricultural transformation strategies, and major
programs and institutional innovations are forming around this goal [11, 66–68]. In
some cases, farmers are committed to older and traditional varieties for reasons other
than their productive capacity or marketability, and efforts may be directed to con-
vince them of a need for change [69].

Figure 13.
Many different brands of hermetic grain storage bags are now available through agrodealers.
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3.1 Follow up to the Dakar 2 summit

The agricultural development community must mobilize and sustain country and
development partners’ commitment to agricultural transformation. To do so, Regional
Member Countries of the African Development Bank first presented individual coun-
try food and Agriculture Delivery Compacts at the Dakar 2 Summit [70]. These
planning documents are being formalized into standardized Agricultural Transforma-
tion Agendas through assistance from international development partners. Presiden-
tial Advisory Councils supervise each of the Country Compacts (see Box 1) led by the
Head of State or their directly appointed representative and then report to the AfDB
President through a Special Envoy. This mechanism is intended to provide high-level
policy guidance toward the Feed Africa priorities. Several policies are associated with
successful efforts toward agricultural transformation, including progressive regula-
tion of seed systems, duty-free entry of agricultural inputs and equipment, ready
movement of production inputs across borders, special incentives and provisions for
agricultural loans, and others. Tracking the establishment and operations of the
Country Compacts ensures that the necessary ingredients and actors needed for agri-
cultural transformation are in place. The Dakar 2 process also involves working with
key funding partners and the private sector to mobilize additional resources. The first
challenge is to ensure that funds pledged for agricultural transformation materialize,
and this is best accomplished by building confidence among different potential con-
tributors that timely and significant progress is being made. In some cases, the Coun-
try Compacts represent a means to consolidate and more efficiently organize various,

ACKNOWLEDGE that the Country Food and Agriculture Delivery Compacts developed at this Summit
were prepared and are owned by African countries, which convey the vision, challenges, and opportunities in
agricultural productivity, infrastructure, processing and value addition, markets, and financing that will
accelerate the implementation of the African Union’s Comprehensive Africa Agriculture Development
Program (CAADP);

AGREE that it is time for Africa to feed itself and fully unlock its agriculture potential to help feed the
world;

HEREBY RESOLVE to undertake the following:
Finalize the development of the Country Food and Agriculture Delivery Compact endorsed at the Dakar 2

Summit in collaboration with country stakeholders, development partners, and the private sector to achieve
food security and self-sufficiency;

Establish Presidential Delivery Councils to oversee the implementation of the Country Food and
Agriculture Delivery Compacts;

Support the implementation of the Country Food and Agriculture Delivery Compacts with time-bound
and clearly measurable indicators for success, including concrete national policies, incentives, and regulations
to establish an enabling environment for wider and accelerated investments across the agriculture sector;

Mobilize internal and external financing for the Country Food and Agriculture Delivery Compacts from a
broad range of bilateral and multilateral partners and the private sector;

Increase financing from national budgets to support the Country Food and Agriculture Delivery Compacts
in line with the Malabo Declaration on Accelerated Agricultural Growth and Transformation for Shared
Prosperity and Improved Livelihoods by allocating at least 10% of public expenditure to agriculture; and.

Request that the African Union Commission and the African Development Bank follow up with various
development partners to finalize their planned financial support to complement the $30 billion of financing
announced at this Summit (now $70 billion) and to report on the overall investment of development partners;
and ensure that the Dakar 2 Summit’s Declaration is submitted to the February 2023 African Union Summit for
consideration.

Box 1.
Declaration summary extracted from the Dakar 2 feed Africa summit.
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and sometimes underperforming, agricultural development projects. Notably,
underspending of past loans and grants because of disruption by the COVID-19
pandemic still occurs, and it is important to see these projects incorporated into and
revitalized by the Country Compacts.

3.2 Emergence of the African Agricultural Leadership Institute (AALI)

AALI was formed shortly after the Dakar 2 event, led by the departure of the IITA
Director General after 11 years of service. AALI’s Strategy is embedded in a vision of
establishing a new paradigm in the leadership of African agricultural development,
resulting in accelerated agricultural sector modernization. AALI’s agenda consists of
three primary objectives (1) Provides advisory services to African governments seek-
ing to modernize their agriculture and better implement their rural development
agendas; (2) Empower youth as agricultural producers, service providers, and pro-
cessors and restore agriculture as an attractive career path; and (3) Transforms agri-
culture through private sector growth resulting in the introduction of new
technologies, needed production inputs and a next generation of service providers and
agro-processors [71]. Achieving this agenda requires an enabling environment that
helps countries expand agricultural growth through higher productivity on existing
farmland, encourages strategic alliances within the continent, and revives the capacity
for agricultural research and development through innovative problem-solving. Suc-
cess requires that AALI operate an efficient internal organizational structure that
guides the emergent Country Food and Agriculture Delivery Compacts emerging
from the Dakar 2 Feed Africa Summit to establish precedents that guide agricultural
transformation. Two of its foremost Objectives related to propelling the Dakar 2
Summit process forward relate to supporting African governments to develop inno-
vative delivery mechanisms that translate vision and intent into concrete actions and
benefits and guide current and future African political leaders and civil servants to
acquire the leadership skills required to mobilize rural communities and to achieve
pressing rural development agendas more successfully.

3.3 IITA’s Partnerships for Delivery Directorate

The Partnerships for Delivery (P4D) Directorate aims to establish sustainable
impact at scale and continues to expand rapidly in size and complexity. The Director-
ate operates under the authority of the IITA Board of Trustees and the supervision of
the IITA Director General under the leadership of its Deputy Director General. It
includes project and administrative support mechanisms provided to six Delivery
Units: Development and Delivery, Youth in agribusiness, business incubation plat-
form, mechanization, capacity development and communications. Each of these Units
supports customized programs, projects, activities, and networks. P4D responded to
two major opportunities: the unfolding of the One CGIAR agenda and the Dakar 2
Feed Africa Summit. The design of P4D is proving itself very strategic. Its Develop-
ment and Delivery Unit is no longer a catchall for miscellaneous projects but has
become a leader in Agricultural Transformation through its linkages to sovereign
country loans and significant rural development efforts. The Youth in Agribusiness
Unit [72] is no longer an exploratory curiosity but rather a platform for investment in
the critical empowerment of young women and men through various approaches
attractive to donors and national systems. With private partners, the P4D has proven
to be a driving vehicle for increasing agricultural productivity by scaling technologies,
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promoting value chain development, and building economically sustainable seed sys-
tems. The Business Incubation Platform [73] has become the conveyor of proven
technologies to the private sector while at the same time pivoting its orientation
toward social enterprise in keeping with IITA’s humanitarian principles. Maize is one
of the focus commodities across all these efforts.

3.4 Technologies for African Agricultural Transformation (TAAT)

TAAT was launched in 2018 and renewed in 2022 through awards from the African
Development Bank and the Bill and Melinda Gates Foundation. IITA is the executing
agency of TAAT [12]. It is an integral component of AfDB’s Feed Africa Strategy [11]
and was well represented at the Dakar 2 Summit. TAAT ensures agricultural sector
growth, improving food security and encouraging inclusive growth by involving more
women and youth in profitable agricultural production and processing. Its larger goal
is to improve agriculture as a business across Africa by deploying productivity-
increasing agricultural technologies within nine priority food commodities: maize,
cassava, wheat, rice, sorghum and millet, orange-fleshed sweet potato, high iron
beans, aquaculture, and small livestock [12, 74]. By focusing efforts on these value
chains, TAAT impacts agricultural productivity and diversification, leading to
improved food and nutrition security, job creation, and agro-industrialization. Other
benefits are reduced vulnerabilities to market price fluctuations due to more reliable
supplies leading to better organized and accessible markets, improved soil, land and
water management practices, and increased resilience to climate variability and stress.
TAAT’s technologies are described through a series of Technology Toolkit Catalogs,
including one devoted to modernized maize production [51].

TAAT’s Maize Technology Delivery Compact is mainly active in the savanna agro-
ecosystems of East and Southern Africa. TAAT delivered water-efficient maize to 5.6
million households in Eastern Africa, an area hit by severe droughts. In Zambia, Zim-
babwe, and Malawi, a TAAT-led collaboration with 15 private-sector seed companies
reached 600,000 farmers with 6000 MT of drought-tolerant maize varieties (see Sec-
tion 2.1) treated with specialized dual-purpose pesticides with demonstrated capabilities
to control Fall Armyworm (see Section 2.10). TAAT promotes seed treatment with
Fortenza Duo (FD) to combat invasive Fall Armyworm (FAW). In Zambia and Zimba-
bwe, TAAT deployed 6598 metric tons of certified maize seed treated with Fortenza
Duo through government programs and reached 660,000 beneficiaries. An internal
report of an impact study commissioned by TAAT found a 1.5 MT/ha yield improve-
ment among farmers who used the FD-treated seeds compared to those who did not.

3.5 DR Congo Agricultural Transformation Agenda

The Agenda for the Transformation of Agriculture in the Democratic Republic of
Congo (ATA-DRC) is fulfilling a Presidential promise to modernize agriculture [68].
The Government appointed IITA to lead this Agenda in early 2022. While it has a
nationwide mandate, its first phase commenced in five carefully selected locations,
focusing on maize, beans, soybeans, cassava, rice, banana, and aquaculture, the first
three of which are particularly important within maize-based systems. It increases
agricultural production by using improved crop varieties and building a solid seed
system in close collaboration with the national agriculture research system and regu-
latory bodies. In addition, ATA-DRC provides other production inputs and good
agricultural practices and adds value at the community level by engaging private
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sector operators in ways that build agro-industrial capacity and reduce food imports.
Its goal is to create wealth and jobs through modernized agriculture by consolidating
and building upon IITA expertise and several ongoing and planned future develop-
ment projects. IITA works closely with Bio Agronomic Business (BAB), appointed as a
national counterpart by the Ministry of Agriculture, with initial attention focused on
realizing the potential of large state farms in different parts of the country.

In its short lifespan, ATA-DRC has produced some remarkable results. Starting
with the 2022–2023 growing season, this program established 1518 ha into modernized
crop production, including 547 ha of maize, 864 ha of cassava, and 81 ha of soybean.
Most of this area is on previously underperforming state farms (83%) but with
increasing attention on establishing vibrant out-grower networks. Seed production
occurs on an additional 434 ha, including 188 ha of IITA’s improved cassava varieties,
soon destined to provide about 38 million cuttings. To date, 979 tons of improved
maize, soybean, bean, and rice seeds have been produced for distribution to national
partners. IITA’s Semi Autotrophic Hydroponics (SAH) Technology is producing
improved, disease-free cassava plantlets in two locations and is drawing investors to
expand the SAH technology to other sites. IITA expertise is applied to existing cassava
processing facilities, increasing production of High-Quality Cassava Flour from negli-
gible to 4 tons per hour. This engineering expertise is also used in the milling of grains
and will be applied to the production of animal feeds and biogas. Organizing the
“Brigade du Pain” allows cassava flour to substitute for imported wheat flour across
hundreds of bakeries partially. Over 100,000 fish fingerlings were produced in Kin-
shasa to promote aquaculture, and 10 tons of Aflasafe were made at the IITA Kalambo
factory to spearhead food safety (see Section 2.11). DRC-ATA has put in place the
essential building blocks to create impact at scale in the short run, including improve-
ments in the maize value chain.

The agenda is charting a proven pathway to modernized agriculture across DRC in
close collaboration with its national counterparts and private sector operators. It works
with a Special Advisor to the President and even consults directly with H.E. Felix
Antoine Tshisekedi. Seed systems gains are moving toward private and community-
based seed producers. The production and processing facilities at the state farms are
unlocking the great potential to serve as the models forpublic–private partnerships,
demonstrating the profitability of agro-processing to lure further private-sector invest-
ment. Out-grower networks are forming around these facilities to ensure an adequate
and reliable supply of raw materials and access to steady markets. IITA also partners
with the African Agricultural Leadership Institute at the national level to engage in
promoting a conducive policy environment and, at the field level, has been instrumental
in establishing a nationwide “Brigade des Jeunes” (Youth Brigade) based in part upon
many of the approaches of the IITA Youth Agripreneurs [72]. Farm mechanization is
essential for scaling up operations, and the Brigadiers have introduced small-scale fields
and processing equipment to help achieve this. Most importantly, DRC-ATA serves as
an example for scaling operations to be replicated by the Dakar 2 process and its
Country Compacts, starting with efforts in DR Congo.

4. Conclusions

This chapter provides a short history of maize in Africa, including its importance as
a staple food, and identifies various accompanying technologies for modernizing maize
production. It then describes some unfolding mechanisms to deploy these technologies
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within larger development thrusts. The chapter features high-yielding varieties that
resist drought and pests and those that improve their nutritional value. It provides
opportunities for supplying improved maize seed through recent mechanisms for com-
mercial licensing and access to mechanized agricultural equipment and contracted
services through digital agriculture platforms. It highlights fertilizer and soil nutrient
management advances in maize-based systems, including pre-plant and top-dress fer-
tilizers and legumes, to increase soil nitrogen stocks. Advances in weed management
include the use of specialty and pre-emergent herbicides. It also provides insights into
the control of invasive Fall Armyworms. It further features biotechnology that prevents
aflatoxin contaminants from entering food systems. Maize grain is an important human
food, but it can also be processed into high-quality flour and starches from which
various products are manufactured. In addition, maize stover is widely used as fodder
for livestock and important for practices like mulching and the maintenance of soil
organic matter. Technologies featured in this Chapter offer the means for farming
communities in Africa to access the high-end of the maize value chain and its global
marketplace, improving returns to both small-scale farmers and commercial agribusi-
nesses. The Feed Africa Strategy of the African Development Bank, the partnership
galvanized around that Strategy, and the momentum achieved through the recent
Dakar 2 Summit are viewed as promising means to deploy these technologies.

The authors note with concern that The Democratic Republic of Congo (DRC) is
currently experiencing a maize crisis because national demand now far exceeds
domestic supplies. Its government seeks a combined federal, international, and pri-
vate sector response. Maize production for the DRC has grown from 306,000 MT in
1971 to 2 million MT in 2020, increasing at a rate of 4.5% per year. This growth was
caused more by expanding land under cultivation rather than improving maize pro-
ductivity. Land area under maize cultivation increased from 1.5 million ha in 2001 to
2.9 million ha in 2021, but maize yields remain low, averaging only 0.8 MT per ha. As
a result, maize deficits of about 2.8 million MT developed a shortage that was largely
addressed through importation from Zambia. But Zambia recently halted maize
exports to cope with its own domestic shortages. As a result, the cost of maize flour on
RDC has skyrocketed, increasing in some parts of the country from US $0.45 per kg a
few months previously to $1.61 per kg in May 2023. A recent communication from the
Deputy Prime Minister in charge of the economy stated, “The causes of this situation
include the shortfall in local production in line with demand, restrictions on Zambian
exports and high import costs, as well as the deterioration of climatic conditions,
which affects agricultural production in the sub-region”. Recent outreach efforts by
ATA-DRC providing farming communities in Kasai and Lualaba with improved maize
management practices resulted in yields of 1.7 MT per ha, a readily achieved increase
of 112%. More concentrated efforts relying upon improved varieties, judiciously
applied pre-plant and top-dressed fertilizer, better weed control, and other technolo-
gies described in this Chapter readily achieve 3 MT per ha yields. In this way, maize
production in DRC may be improved by 2.6 to 6.4 million tons per year provided
technologies described in this Chapter are scaled through increasingly available agri-
cultural transformation processes.
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Abstract

Maize (Zea mays L.) is one of the most widely cultivated crops globally, making 
significant contributions to food, animal feed, and biofuel production. However, 
maize yield is greatly affected by various climate and soil factors, and it faces hin-
drances due to abiotic stresses, such as drought, salinity, extreme temperatures, and 
cold conditions. In confronting these hurdles, the field of crop breeding has trans-
formed thanks to high-throughput sequencing technologies (HSTs). These advance-
ments have streamlined the identification of beneficial quantitative trait loci (QTL), 
associations between markers and traits (MTAs), as well as genes and alleles that 
contribute to crop improvement. Presently, well-established omics techniques like 
genomics, transcriptomics, proteomics, and metabolomics are being integrated into 
maize breeding studies. These approaches have unveiled new biological markers can 
enhance maize’s ability to withstand a range of challenges. In this chapter, we explore 
the current understanding of the morpho-physiological and molecular mechanisms 
underlying maize resistance and tolerance to biotic and abiotic stresses. We focus on 
the use of omics techniques to enhance maize’s ability to withstand these challenges. 
Moreover, it emphasizes the significant potential of integrating multiple omics 
techniques to tackle the challenges presented by biotic and abiotic stress in maize 
productivity, contrasting with singular approaches.

Keywords: maize (Zea mays L.), omics, stresses, resistance, crop improvement

1. Introduction

Maize (Zea mays L.), commonly referred to as maize holds a prominent and 
cherished status as one of the world’s most essential crops. Its importance extends 
beyond geographical borders, influencing cultures, economies, and dietary habits 
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worldwide. Maize, serving as a staple food source for humans, providing nourish-
ment, supporting livelihoods, a fermentation substrate, and a valuable commodity 
in numerous industrial applications [1], particularly in its dry grain form, occupies a 
critical role on the global scale. Wheat, maize, and rice are the primary staple cereals 
worldwide, each cultivated on approximately 200 million hectares. Corn, frequently 
referred to as maize, underwent domestication more than 9000 years ago within the 
southern Mexico/Mesoamerica region [2]. Together, these three primary global staple 
cereals, namely wheat, rice, and maize, make up a substantial portion of the human 
diet, accounting for approximately 40 percent of the world’s calorie intake and 35% of 
protein consumption [3]. Maize fulfills a versatile and continually evolving function 
within the global agricultural and food systems, making substantial contributions 
to food and nutrition security [4, 5]. About 56% of its output is used as livestock 
feed, while one-fifth finds application in non-food sectors, and 13% is designated 
for human consumption. Notably, maize is distinguished by its high starch content, 
constituting roughly 65% of its composition [6]. Currently, maize has risen as a viable 
alternative to rice and wheat. Around 35% of its harvest is directed toward human 
consumption, while 25% serves as feed for poultry and cattle, and another 15% is 
used in food processing [1]. It has achieved the status of a significant global com-
modity, with 15% of the world’s maize production currently being exported, marking 
an increase from the 11% reported in the previous decade [3]. It is on the verge of 
overtaking wheat as the most heavily traded cereal. Leading net-exporting nations 
such as the USA, Brazil, Argentina, Ukraine, and Romania are consistently shipping 
substantial quantities, ranging from 5 to 54 million metric tons annually [7]. Over the 
last century, maize yield has surged by a factor of eight, thanks to innovations in yield 
per plant and plant density optimization achieved through harnessing heterosis.

Throughout history, maize has been a quintessential subject in the realms of 
genetics, developmental biology, physiology, and, more recently, genomic research. 
The genetic investigation of Zea mays L. commenced with Edward East’s pioneering 
research in 1908, which explored topics like inbreeding depression and hybrid vigor. 
A significant advancement in cytogenetics occurred in the 1940s when transposable 
elements (TEs) were discovered, as exemplified by Barbara McClintock’s pioneer-
ing work [8]. In 2009, the first maize genome was made public [9]. Then, Jiao et al. 
[10] embarked on a re-sequencing project focused on the B73 maize variety. This 
effort revealed that a substantial 74% of its genome is comprised of long-terminal 
repeat retrotransposons (LTRs), which predominantly contribute to its enlarged 
size in comparison to other grass species. The main factor responsible for the maize 
genome’s expansion relative to other grasses is the widespread increase in LTRs [10]. 
The cumulative cytogenetic, genetic, and genomic studies of maize have yielded 
rich insights into its genome’s structure, function, and evolution. Resequencing wild 
relatives, traditional landraces, and improved maize lines, and aligning them with 
the reference genome, suggests that introgression from wild relatives contributes to 
post-domestication maize diversity. Through this method, genes with a wide range 
of biological functions that experienced selective pressure during the domestication 
process have been pinpointed [11].

The foundation of maize breeding relies on leveraging heterosis, which involves 
genome-wide allelic interactions, interactions among quantitative trait loci (QTLs), 
and inter-genomic interactions that occur when the two parental genomes combine 
in the F1 hybrid. The functional understanding of many maize genes, especially those 
linked to heterosis, is less advanced compared to other cereal crops, notably wheat 
and rice. Integrating whole-genome markers into genomic-based breeding represents 
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a viable approach for improving maize breeding and holds significant promise. 
Genomic selection (GS) serves as a notable illustration of this genomic design breed-
ing strategy as it does not require an extensive comprehension of gene functions or 
the precise assessment of each marker’s efficacy [12]. In this contemporary genomics 
era, the integration of various strategies and methodologies promises to boost maize 
productivity. This includes the amalgamation of modern genomics, phenomics, gene 
editing, synthetic biology, and the utilization of AI technology. The integration of an 
extensive array of maize omics data, spanning genomics, phenomics, epigenomics, 
transcriptomics, proteomics, and metabolomics, will form a vital foundation for 
machine learning approaches to build network models illustrating the interactions 
among various genetic components. In the context of a maize breeding program, a 
key strategic approach for achieving the desired goals of increased production and 
enhanced quality traits revolves around reducing the frequency of hybridizations 
while maximizing the incorporation of superior alleles. Swift progress toward trait 
enhancement objectives can be attained by executing two or three iterations of 
small-scale population development, thereby making the most of the available genetic 
diversity. This chapter highlights the importance of incorporating comprehensive 
strategies to enhance maize production, utilizing various modern techniques such as 
molecular breeding, marker-assisted selection (MAS), GS, the role of genome editing 
(CRISPR-Cas), and transgenic approaches. Additionally, the chapter delves into 
prospects and significant challenges in the field of maize improvement.

2. Traditional approaches in maize crop improvement

Based on recent molecular analysis, it is now believed that the process of maize 
domestication commenced in the Central Balsas River Valley approximately 8700 long 
ago in southwestern Mexico. This domestication process occurred rapidly, originating 
from Zea mays ssp. parviglumis wild precursor, a subspecies of teosinte. This infor-
mation is supported by studies conducted by Liu et al. [13], Piperno et al. [14], and 
Ranere et al. [15]. At the International Institute of Tropical Agriculture (IITA), maize 
underwent enhancements in various quantitative traits through classical or conven-
tional methods. These improvements encompassed traits such as Striga resistance, 
nitrogen utilization efficiency, drought tolerance, resilience to stem borers, mitigation 
of aflatoxin accumulation, yield potential, and enhancement of nutritional quality 
[16, 17]. In traditional maize breeding, the approach entails the development of new 
plant cultivars by adhering to the principles of natural inheritance. This involves 
the selection of plants based on their exceptional performance in specific traits or 
characteristics, as discussed by Lamichhane and Thapa [18]. Conventional breeding 
methods have been employed for the two, self-pollinated and cross-pollinated plants 
for quite shortly. One example is the concept of pure line selection, which was intro-
duced by Johannsen [19], as documented by Poehlman [20]. This method involves the 
creation of pure lines through the self-pollination of a single superior homozygous 
parental genotype. Following several years of conducting multi-locational trials, 
typically spanning approximately 6–7 years and involving the comparison with 
established check varieties, superior genotypes are officially introduced as new 
maize varieties. Pure-line selection is less effective due to low heritability caused by 
environmental effects, as genetic makeup closely resembles parental genotypes [21]. 
Mass selection, akin to pure-line selection, relies on highly heritable traits for plant 
choice [22]. Mass selection can be executed in two ways; the first is single-parental, 
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where one kind of gamete is controlled, and the second one is bi-parental, where a 
couple of gametes, female and male are controlled. The chosen individuals are then 
planted in the crop land and harvested when they reach maturity. After harvest, seeds 
are mixed and sowed for the next generation. In the next year, crop plants grown 
from mixed seeds are justified with a check variety for variance. Selected plants are 
released as new varieties after multi-location trials. Backcross breeding introduces 
desirable traits from one plant into another without affecting other traits by crossing 
with a homozygous parent [23]. In this method, donor parents possess the desired 
trait, and recurrent parents receive these selected genes. After five to six genera-
tions of repeated backcrossing with the recurrent parent, the backcrossed progeny 
should inherit approximately 98% of the recurrent parent’s genome [24]. In backcross 
breeding, the newly formed variety typically inherits a majority of its genes from the 
recurrent parent, with only a few coming from the donor parent, as noted by Singh 
[25]. Another method is recurrent selection, a term introduced by Hull [26], primar-
ily applied in maize breeding but later extended to other cereal crops, as discussed by 
Ramya et al. [27]. This process entails the continued selection of favorable traits over 
multiple generations, to increase their prevalence through crosses between high-per-
forming individuals from the heterozygous recurrent parent and inbred individuals, 
as discussed by Bangarwa [28]. Hybridization is another method for creating hybrids 
with desirable traits by mating genetically distant parents within the same species 
(Intraspecific hybridization) or between different species (Interspecific hybridiza-
tion). It involves combining characteristics from different parents to produce geneti-
cally superior offspring, whether through natural or artificial means [21].

In a remarkable long-term study conducted with conventional breeding tech-
niques, researchers at the Illinois Agricultural Experiment Station successfully 
enhanced the oil concentration in maize. They started with a base of approximately 
5% oil content and, throughout 100 generations, developed high oil-producing maize 
lines, which now boast an impressive 20% oil content [29]. However, conventional 
breeding methods do have their limitations. For instance, identical parents do not 
produce variation due to the lack of segregation of gametes in conventional breed-
ing [30]. Additionally, this process is often time-consuming, typically spanning 
over a decade or more before a new cultivar is ready for release, as noted by Bharti 
and Chimata [31]. Moreover, conventional breeding heavily relies on the cultivars 
phenotypic expressions to identify superior ones. Hence, the chosen cultivars may 
not consistently be without errors, given that phenotypes are significantly affected 
by genotype-environment interactions [32]. The selection process involves choosing 
individuals for breeding based on their differences in desired features, which are usu-
ally measurable or observable traits [33]. It’s worth noting that conventional breeding 
is an applied science that heavily depends on the observations, skills, and experiences 
of breeders for judgment, as highlighted by Allard [34].

3. Molecular breeding and marker-assisted selection (MAS)

Traditional plant breeding involves the iterative practice of selecting both parents 
and their offspring based on desirable characteristics. The significance of molecular 
breeding is substantial in the contemporary world, especially in developing countries 
where a small proportion of the population is engaged in agriculture. This minority 
group bears the demanding responsibility of providing sustenance for the majority 
of the country’s population [35]. This achievement is feasible because plant breeding 
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has effectively enhanced crop yields without the need to expand the cultivated land or 
the workforce engaged in agriculture. Achieving this objective can be readily accom-
plished through crop enhancement via molecular breeding techniques. Molecular 
breeding employs various approaches such as the identification of simple traits or 
QTLs within breeding lines/populations, the integration of genes from breeding lines 
or wild relatives, gene pyramiding, marker-assisted recurrent selection (MARS), and 
Marker-assisted backcross (MABC).

Molecular MAS, often referred to as marker-aided selection or MAS is an indirect 
approach to nomination or selection wherein a specific trait is targeted through the 
use of a marker [29]. Within the context of MAS, a marker is located in the vicinity 
of a gene responsible for controlling the trait, thereby signifying the presence of 
a desirable allele when the marker is detected [36]. Knowing the alleles in key loci 
allows for the creation of optimal allele combinations to enhance the agronomic value 
of the genotype. Marker-assisted selection is commonly used for resistance gene 
pyramiding, which can provide complete resistance for several plant generations 
until it’s challenged by pathogen strains. Achieving gene pyramiding for resistance 
becomes exceedingly challenging through classical breeding methods for certain 
traits like pathogen-induced disease resistance when dominant resistance genes 
are present [35]. There are primarily three categories of genetic markers. The first 
comprises visible or morphological markers, which are characteristics or phenotypic 
traits. The second category includes biochemical markers, which involve enzyme 
allelic variations referred to as isozymes. The third category consists of molecular 
or DNA markers, which unveil points of variation in the DNA sequence [37, 38]. For 
a nucleotide sequence to be useful as a molecular marker in molecular breeding, it 
usually requires polymorphism within its sequence. These variations in nucleotide 
sequences are unveiled through molecular methods like restriction fragment length 
polymorphism (RFLP), amplified fragment length polymorphism (AFLP), random 
amplified polymorphic DNA (RAPD), single nucleotide polymorphism (SNP), 
microsatellite or simple sequence repeat polymorphism (SSRP), sequence-tagged 
site (STS), single-strand conformation polymorphism (SSCP), and cleavable ampli-
fied polymorphic sequences (CAPS) among others [39]. Utilizing this marker set 
relies on extensive prior research. This typically involves various research stages 
for each trait, commencing with QTL mapping, progressing to fine mapping, and 
ultimately culminating in positional cloning [40]. For a successful MAS program, 
essential components include dependable markers, a robust DNA extraction method, 
well-constructed genetic maps, swift and efficient data handling, an interpretation 
of marker and trait connections, and knowledge to access tools for high-throughput 
marker detection [41].

MABC represents a specialized example of MAS, wherein the process of back-
crossing is aided by molecular markers to expedite the selection of the recurrent 
parent and enhance genome recovery speed. The MABC technique has found exten-
sive application in eliminating undesirable traits, such as susceptibility to insects 
and diseases, as well as anti-nutritional factors, from widely adopted high-yielding 
varieties by introducing QTLs or genes of interest from donor parents [42, 43]. 
Using DNA markers in a breeding program recommended a variety of benefits. For 
instance, DNA marker-based screening facilitates early selection for traits due to the 
evaluation of plant genotypes at the seedling stage or even from seeds, that may only 
manifest in adult plants, such as male sterility, fruit or grain quality, and photoperiod 
sensitivity. It expedites the selection of alleles that are difficult to assess phenotypi-
cally, especially for environmentally sensitive traits, simplifying and enhancing 
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the breeding process. Individual plant selection, which may be impractical through 
phenotypic means, becomes feasible when relying on marker information. The issue 
of low heritability becomes inconsequential when using marker-based selection. 
Additionally, in traits with intricate inheritance patterns, it becomes possible to select 
each genetic component contributing to the trait independently. Using molecular 
markers, multiple characters that typically exhibit epistatic interactions can be pre-
served and ultimately stabilized. Moreover, the preservation of recessive genes does 
not necessitate progeny testing in every generation since homozygous and heterozy-
gous plants can be differentiated using (codominant) markers, as explained by Lema 
[32]. Molecular markers have an important role in enhancing maize’s genetic traits, 
such as addressing the intricate inheritance patterns related to drought tolerance 
[44–46], improving nutrient utilization [46–52], and enhancing diseases, parasitic 
and insect pests plant resistance in maize [17, 53–56]. Additional details can be found 
in the works of Hossain et al. [57] and Muntean et al. [33].

4. Genomic selection

The GS represents an advanced iteration of marker-assisted selection, enhancing 
the efficiency of selection and expediting the progress in selective breeding within 
a shorter timeframe. It achieves this by employing markers across the entire genome 
to predict the impact of quantitative gene loci, subsequently calculating genomic 
estimated breeding values (GEBVs) [58, 59]. The GS breeding approach was initially 
proposed by Meuwissen et al. [60]. GS can swiftly and cost-effectively forecast the 
yield potential of individual plants, ultimately leading to a reduction in both the time 
and expenses associated with a breeding cycle. In contrast to GWAS (genome-wide 
association studies) and linkage analysis, the primary goal of GS is not to pinpoint spe-
cific QTLs but rather to make predictions performance of offspring based on the DNA 
information gathered in the present. In GS, breeders can predict a plant’s breeding 
value by utilizing data from all markers without the need for direct phenotype evalu-
ation. This prediction relies on statistical models developed using a “training popula-
tion” where both genotypes and phenotypes have been recorded. In mixed model 
analysis for genomic selection, markers are treated as random factors. This approach 
is necessary because the number of markers often exceeds the number of individuals 
in the training population, making it impractical to estimate the effect of each marker 
individually due to limited degrees of freedom [35, 61]. MAS proves valuable when 
choosing traits such as grain yields, flower colors, seed characteristics, and others 
that manifest primarily during the later reproductive stages. Through the application 
of GS, these traits can be detected by employing DNA markers in a genotype even at 
the preliminary stages of plant development as highlighted by Madhusudhana [62]. It 
offers numerous advantages compared to traditional MAS. Notably, it does not require 
QTL mapping, as it efficiently estimates breeding values using a comprehensive set 
of molecular markers that ideally spans the whole genome [63]; at early selection, 
it is more precise as it estimates all QTLs effects by utilizing high-density molecular 
markers and explains genetic variance for desirable traits. This stands in contrast to 
MAS, which relies on a limited number of markers for trait selection [64]; it shortens 
generation intervals, accelerates genetic progress (4–25% farther up phenotypic selec-
tion), and reduces breeding costs (26–56% lesser traditional methods) [65]; it exhibits 
superior efficiency in selecting traits with low heritability compared to MAS; in GS, 
breeding values serve as the selection criteria which are the sum of all allele genetic 
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effects for each individual. This approach is known for its superior accuracy because 
it assesses the average performance of the offspring, rather than relying solely on the 
parents’ performance [66]. In crops like maize, research conducted by the CIMMYT 
(International Maize and Wheat Improvement Center) [67], suggests that the breed-
ing interval could be shortened to as little as half of the conventional timeframe. GS 
has been effectively applied to enhance various traits in maize, including shelling 
percentage, grain yield, grain moisture, ear length, ear width, ear rows, tassel branch 
number, kernels per spike, hundred-grain weight, kernel number per ear, and kernel 
depth [68, 69]. Challenges in GS arise from factors including the training popula-
tion’s size and variability, as well as the heritability of the traits being predicted. The 
statistical intricacies in GS are connected to the vast amount of marker data, where the 
number of markers far exceeds the number of observations [33]. In conclusion, GS has 
proven to be a valuable tool for the improvement of multiple important traits in maize, 
offering promising prospects for enhancing the overall performance and quality of 
maize crops.

5. Genome editing and CRISPR-Cas9

Genome editing is a form of genetic engineering that involves the intentional 
alteration of DNA within living cells through the insertion, deletion, or modifica-
tion of genetic material. Genome editing, previously referred to as gene targeting, 
is a precise method for modifying the nucleotide sequence of the genome with an 
exceptional level of specificity down to the individual base pair. It encompasses a 
range of strategies and methods designed to make deliberate and customized modi-
fications to the genetic makeup of an [70]. The essence of this editing technology 
is its reliance on site-specific nucleases (SSNs), which are customizable enzymes 
proficient in precisely targeting specific gene sequences. By utilizing these modified 
nucleases, it becomes feasible to precisely remove, insert, or replace particular gene 
sequences, demonstrating the benefits of site-directed mutagenesis when compared 
to random mutagenesis methods [71]. Genome editing techniques encompass 
a range of approaches, including tailored homing nucleases (meganucleases), 
zinc-finger nucleases (ZFNs), and transcription activator-like effector nucleases 
(TALENs). These methods employ protein-based systems that can be tailored to 
possess precise DNA-binding functions, allowing them to pinpoint specific gene 
sequences. The most widely adopted platform in recent times is clustered regularly 
interspaced short palindromic repeats-CRISPR-associated 9 nucleases (CRISPR-
Cas9), which relies on RNA as a targeting element directing the nuclease to a 
specific DNA sequence [72, 73].

5.1 CRISPR-Cas9 in maize

Maize (Zea mays L.) is recognized as the most widely grown grain crop globally. Its 
versatility in terms of applications and adaptability to diverse environmental and soil 
conditions have contributed to its popularity as a desirable crop across the globe [74]. The 
drawbacks of random mutagenesis sparked investigations into precise genome modifica-
tion methods, resulting in notable progress over the last decade. These methods have 
significantly increased the accuracy of gene editing, enhancing fidelity by nearly a thou-
sandfold [75, 76]. The initial generation of targeted genome editing methods, including 
ZFNs and TALENs, achieved partial success but exhibited specific limitations [77].
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In contrast, the CRISPR/Cas9 system, a relatively recent addition, has revolution-
ized the field of genome editing due to its simple design, operational flexibility, and 
cost-effectiveness [78–80]. The system consists of a universally used Cas9 nuclease 
protein and a solitary guide RNA (sgRNA) that includes a 20-base pair (bp) target site 
sequence along with a hairpin structure. The Cas9 protein induces a double-strand 
break (DSB) at the 20 bp genomic locus specified by the sgRNA, occurring near the 
NGG sequence called Protospacer Adjacent Motif (PAM), where N can represent 
any nucleotide. Cas9 consists of two catalytic nuclease domains, RuvC and HNH, 
responsible for creating DSBs at precise target sites guided by sgRNA. These DSBs can 
subsequently be repaired through two main mechanisms: Non-homologous end-
joining (NHEJ) or Homology-directed repair (HDR) (see Figure 1). It’s worth noting 
that a mere 20 bp sequence is ample for achieving allele specificity within single-copy 
regions of a genome, such as in maize. The compact size of the sequence simplifies the 
creation of sgRNA [81, 82].

In maize protoplasts, the CRISPR/Cas9 system achieved a targeted mutation 
efficiency of 13.1% in the phytic acid biosynthesis gene, ZmIPK, whereas TALENs 
achieved 9.1% [83]. Furthermore, the CRISPR technology demonstrated a mutation 
frequency in maize that was 10–20 times greater than that observed with homing 
endonucleases [84]. In a more recent advancement, a user-friendly public sector 
system known as “ISU Maize CRISPR” has been established to facilitate efficient 
site-specific mutagenesis in maize. It employs an Escherichia coli cloning vector and 
an Agrobacterium binary vector, enabling the incorporation of as many as four single 
guide RNAs (sgRNAs) for single or multiplex mutagenesis. This development marks 

Figure 1. 
A visual model depicting the genome modification process of the CRISPR/Cas9 system.
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a significant stride in applying CRISPR/Cas9 for multifaceted gene editing in crops, 
with a specific focus on maize [85].

Delivering the CRISPR/Cas9 system, comprising the sgRNA and Cas9 protein, 
can be accomplished through transient techniques or by employing a long-term maize 
transformation process into the cell. Furthermore, this method allows for multiplex-
ing [82]. Unlike some other nucleases, CRISPR/Cas9 is capable of targeting methyl-
ated DNA, rendering it a versatile tool for editing plant genomes [86].

5.2 Potential benefits of genome editing and ethical considerations

Genome editing starts from a molecular understanding of the target gene and 
utilizes a targeted and precise approach based on specific molecular knowledge. This 
allows genome editing to achieve highly accurate and intentional modifications in a 
controlled manner. One of the notable concerns linked to genome editing in plants is 
the potential for unintended genetic changes arising from off-target mutations [87, 88]. 
These off-target mutations refer to unintended changes in the DNA sequence of the 
plant’s genome that occur at sites other than the intended target. Such unintended 
alterations can have unpredictable effects on the plant’s characteristics and may raise 
safety and environmental concerns. The concerns surrounding genome editing also 
stem from the limited understanding of its principles and applications among the 
general public. There is a need for clear communication and education to address the 
knowledge gap and foster informed discussions about the technology. Differentiating 
between various categories of genetically modified plants, such as transgenic plants 
and genome-edited plants [89, 90], is essential. This distinction aids in comprehend-
ing the precise methods employed, the scope of genetic alterations made, and the pos-
sible consequences regarding safety, regulation, and public perception. By addressing 
these concerns and promoting transparency, scientists, policymakers, and stake-
holders can work together to ensure responsible and ethically sound use of genome 
editing technologies in plant research and crop improvement. The risks related to the 
emerging techniques in genome editing encompass various interconnected aspects, 
including environmental, health-related, agricultural, economic, social, and politi-
cal concerns. Among these, only a limited subset of risks is directly associated with 
the new techniques. One notable risk is the potential for bioterrorism, although it 
is currently only a theoretical concern when it comes to plants. Genome editing can 
have both positive and negative implications for agricultural risks, particularly in 
relation to biodiversity. On one hand, it has the potential to contribute to a reduction 
in biodiversity. On the other hand, it can also be utilized to enhance diversity and 
address emerging threats in agriculture.

6. Use of transgenic approaches to introduce foreign genes into maize

The adoption of genetically modified (GM) traits has been rapidly embraced by 
farmers worldwide, making it one of the fastest innovations in agriculture. As per 
findings presented by Brookes and Barfoot, [91], the worldwide economic benefits 
derived from genetically modified crop varieties amounted to US$ 225 billion during 
the period spanning from 1996 to 2018, with developing countries accounting for 52% 
of these gains. In 2019, transgenic crops were grown across 190.4 million hectares in 
29 countries, intended for both food and feed purposes. This represents a substan-
tial rise from 1.7 million hectares in 1996, marking a remarkable 112-fold increase. 
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The most widely adopted GM crops include soybean, maize, cotton, and canola. Of 
these crops, maize takes the lead. In 2019, 31% of the total global maize cultivation 
area, encompassing 60.9 million hectares across 14 countries, was allocated for grow-
ing genetically modified maize varieties [92].

In the last three decades, GM maize varieties have been effectively introduced to 
the market, providing farms with traits like resistance to herbicides and insects. The 
initial wave of genetically modified maize featured a single gene with a precise mecha-
nism targeting a particular order of insects to confer insect resistance. In subsequent 
generations, the approach included crossbreeding herbicide and insect-resistant traits, 
as well as diverse insect-resistant traits, to establish multiple mechanisms of action 
against a range of insect orders. Farmers have found these stacked varieties to be 
remarkably effective, delivering evident and comprehensive phenotypic results [93]. 
Developing traits linked to quantitative characteristics such as tolerance to abiotic 
stress, efficient nutrient utilization, and increased yield presents a more intricate 
challenge. These characteristics are influenced by numerous genes and are sensitive to 
environmental factors, which adds complexity to the development process. To exam-
ine how individual genes affect complex traits, companies have established extensive 
biotechnology pipelines that involve evaluating genes in real field conditions on a large 
scale [94]. A standard biotechnology pipeline comprises various stages, which encom-
pass discovery, demonstrating feasibility, initial development, advanced development, 
pre-launch, and the eventual release of commercial varieties. Certain stages might 
briefly coincide, particularly when a promising lead is identified early in the discovery 
phase, leading to the initiation of optimization efforts before validation is finished. 
The phase of gene discovery entails the quest for potential genes, which can be ardu-
ous, expensive, and uncertain, especially for traits such as drought tolerance and yield, 
which demand clearly defined phenotypic reactions. Extensive phenotypic screen-
ing of model plants like Arabidopsis thaliana and Oryza sativa is performed to assess 
hundreds of candidate genes [95, 96]. The proof-of-concept stage involves creating 
events for each candidate gene and conducting preliminary phenotypic evaluations in 
controlled settings as well as small-scale field experiments. During the early develop-
ment phase, there is a focus on optimizing the lead to enhance stability and increase 
protein expression. Candidates demonstrating favorable agronomic performance, 
consistent trait expression, and heritability are chosen. These chosen candidates are 
subsequently subjected to molecular-level characterization and extensive field trials 
conducted across various locations and over multiple years [97].

In the advanced development stage, the validated leads are incorporated into com-
mercial lines, often employing molecular markers to expedite the breeding process 
and guarantee the successful transfer of traits. In this phase, regulatory data related 
to the toxicity of gene products, allergenic potential, compositional analysis, as well 
as environmental and human safety aspects are collected. During the prelaunch 
stage, the production of seeds for the novel GM variety is expanded, quality control 
protocols are instituted to guarantee trait consistency and purity, a regulatory report 
is submitted, and arrangements are made for the commercial release of the new GM 
trait hybrid. The duration to finalize the pipeline, which varies according to the trait 
and available resources, generally averages around 11–13 years.

6.1 Enhancing traits in genetically modified (GM) maize varieties

Twenty-five years ago, the debut of the initial commercially accessible 
 insect-resistant GM maize [98, 99] marked the beginning of a journey that led to the 
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approval of 148 GM maize events for global commercial utilization [93]. By 2019, 
worldwide GM maize cultivation had expanded to cover 61 million hectares, with the 
most substantial acreage located in the USA (33 million hectares), Brazil (15 million 
hectares), Argentina (6 million hectares), and South Africa (2 million hectares) [92]. 
Among crops, maize holds the record for the largest number of approved GM events, 
totaling 148 events across 35 countries. Most of these events integrate traits like insect 
resistance and herbicide tolerance. Furthermore, approved traits for maize encompass 
fertility restoration, male sterility, heightened drought tolerance, phytase production, 
modified amino acids and alpha-amylase expression, improved photosynthesis, and 
increased ear biomass. These authorized traits encompass a total of 39 individual 
genes, with the largest proportion associated with insect resistance (18 genes) and 
herbicide tolerance (11 genes). The forthcoming generation of GM maize varieties 
poised for market release incorporates events featuring novel insecticidal proteins, 
including Vpb4Da2, DvSnf7 RNA, and IPDO72Aa. These proteins are designed to 
manage insect populations that have developed resistance to Bt [100–102]. Additional 
prospective varieties seek to enhance grain yield by upregulating the zmm28 and 
ZM-BG1H1 genes [103, 104], and to bolster drought tolerance through the overexpres-
sion of ARGOS8 [105].

6.2 Concerns and regulations related to GM crops

It’s crucial to emphasize that scientific evidence confirms that GM crops do not 
present any heightened risks to both humans and the environment in comparison to 
conventional crops (National Academies of Sciences, Engineering, and Medicine, 
2016). Nevertheless, public apprehensions and restrictions related to GM technology, 
notably within the European Union, continue to hold substantial importance [106]. 
To tackle these concerns and potentially shift public opinion, there is an ongoing 
exploration of new plant breeding technologies (NPBTs), including cisgenesis, intra-
genesis, and genome editing. Proficient communication of these technologies to the 
public holds the potential to impact public approval [107, 108]. Following 7 years of 
GM crop cultivation with no observable health impacts, apprehensions about poten-
tial environmental hazards, particularly gene transfer to other species, have gained 
more prominence than concerns regarding food safety. Pollen and seeds released into 
the environment may convey genetic characteristics to neighboring crops or wild rela-
tives. Self-pollinating crops like wheat, barley, and potatoes have minimal chances of 
gene transfer, whereas cross-pollinating crops like sugar beets and corn are of greater 
concern in this regard. Although numerous cultivated crops lack wild counterparts in 
their present cultivation regions, the places of origin for these crop species are notably 
vulnerable to the infiltration of transgenic traits into native varieties or landraces. 
There is apprehension that transgenic varieties possessing a competitive edge might 
progressively supplant valuable genetic diversity. Consequently, Mexico, a nation 
harboring over 100 distinct corn varieties, has enforced a ban on the cultivation of 
transgenic corn.

7. Omics technologies in maize improvement

Advancements in the fields of biotechnology and computational sciences have 
paved the way for the generation of omics data on a large scale for various plant sets, 
including different varieties and species [109]. The application of diverse omics 
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techniques has facilitated the discovery of genes, their respective functions, the spe-
cific types of RNA or proteins involved, their structural attributes, and the pathways 
influencing the development of final morphological traits. These identified genes can 
be subject to manipulation or transfer to create novel varieties or hybrids possessing 
advantageous traits. The multi-omics approach has proven successful in enhancing 
crop yields and developing resistance to stresses in agriculture (Figure 2). Molecular 
biology methods encompassing various omics technologies, such as genomics, 
transcriptomics, proteomics, and metabolomics, have played instrumental roles in 
advancing these research endeavors [110, 111].

Genomics is dedicated to the sequencing, characterization, and comprehensive 
exploration of a plant’s genetic makeup, encompassing its composition, structure, 
functions, and intricate networks within the genome [112]. Novel approaches to 
plant breeding have been made possible by developments in plant genomics, which 
effectively enhance and expedite various aspects of the breeding process. These 
innovations include techniques such as marker-assisted selection, gene pyramiding, 
association mapping, breeding by design, genomic selection, and more [113–119]. 
In a study conducted by Vinayan and colleagues [120], genomic regions linked with 
fodder traits were pinpointed, and a prediction study on genomic regions was carried 
out using 1026 DH lines and 276 elite lines as prediction sets from bi-parental crosses.

In order to determine the expression profiles of both coding and non-coding RNA 
in response to different stresses, high-throughput sequencing platforms were used 
by transcriptomics to generate transcript data. It also incorporates RNA sequencing, 
microarray and serial analysis of gene expression (SAGE) [121]. The genetic makeup 
of the transcripts that have differential gene expression in particular cells has been 
revealed by a number of studies. These transcripts can affect phenotypic variations in 
maize, such as growth, yield components, disease tolerance, environmental response 
and quality traits. For instance, transcriptome correlation and comparisons signaling 
network analysis were used in a study by Liu and Zhang [122] to identify six genes 
essential to the control of the MAP Kinase cascade and HY5 module in the presence 
of blue light. In maize, these genes are essential for regulating stomata formation 
and dispersion. qRT-PCR and transcriptome analysis studies in maize roots, that are 

Figure 2. 
Representation of different omics approaches used for maize crop improvement.
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infected by Holotrichia parallela larvae, were the focus of another study project con-
ducted in 2020 by Pan and colleagues [123, 124]. This showed the expression of twelve 
differently expressed genes linked to the pathways of benzoxazinoid production 
and Jasmonic acid-mediated signaling, which are in charge of maize roots’ defense 
mechanisms against invaders. Zhou and colleagues [125] used bulked sergeant 
transcriptome analysis (BSTA) to study the mechanism behind maize’s resistance to 
drought stress. On chromosome 2, four highly expressed candidate genes that confer 
Gibberella ear rot disease resistance in maize were found by transcriptome profiling of 
several inbred lines of maize [126]. Together, these results highlight the significance 
of transcriptomics in maize research, as it facilitates the discovery of essential regula-
tory components for enduring abiotic and biotic challenges, as well as the annotation 
of gene functions and the identification of candidate genes. Breeders will be able 
to solve present and future economic, ecological, and environmental concerns and 
ensure food security by using this information to gain the insights they need to create 
improved varieties of maize [69, 127, 128].

Proteomics involves a comprehensive investigation of proteins within a biological 
system, encompassing plants and animals, at a specific moment in time [129]. The 
analysis of proteomics serves the purpose of quantifying the abundance of various 
proteins, discerning alterations resulting from diverse post-translational modifica-
tions, and elucidating their functions and localization [130]. It offers a snapshot of 
diverse metabolic processes, their ensuing interactions, and their impacts on other 
regulatory pathways. Consequently, proteomic studies are indispensable for decipher-
ing the diverse reactions within pathways under various stress conditions and time-
frames [131]. The Proteomics field has attracted considerable interest from scientists 
seeking to examine physiological differences at the proteomic level under varying 
stress conditions. For example, Zhang et al. [132] performed a proteomic analysis of 
maize leaves in an attempt to evaluate proteome-level changes in corn when infected 
by the Ostrinia furnacalis (Asian corn borer). A total of 62 defense-responsive 
proteins were found, with a special focus on thioredoxin M-type and pathogenesis-
related protein 1 (PR1), a chloroplastic precursor that significantly impacted the 
development of corn borer larvae and pupae. Comparative proteome profiling was 
done on resistant and susceptible lines exposed to Puccinia polysora (southern corn 
rust) in a study by Wang et al. [133]. This study demonstrated that resistance in 
the resistant lines was inhibited by a particular remorin protein (ZmREM 1.3). A 
comparative proteome profiling of drought-tolerant and susceptible maize lines was 
carried out by Dong et al. [134]. Plants use the development of defense-associated 
proteins (DAPs) in conjunction with the down-regulation of redundant proteins as a 
stress-reduction and energy-saving strategy.

Metabolomics is a cutting-edge biotechnique that seeks to identify functionally 
active metabolites, clarify their functions, and provide insight into the various bio-
chemical processes that occur in plant genotypes and the phenotypic expressions that 
follow [135]. All metabolites, primary and secondary, with a molecular weight of less 
than 1500 Da, as well as their precursors and intermediates within the correspond-
ing metabolic processes, are included in the metabolomes. Based on their particular 
goals, metabolic investigations can be divided into two categories: targeted and 
untargeted. The goal of targeted metabolomics is to precisely quantify one or a small 
number of metabolites from a predetermined list of recognized compounds. This 
method helps identify metabolites linked to particular features because of its high 
sensitivity and quantitative nature. Untargeted metabolomics, on the other hand, 
increases the possibility of identifying unintentional impacts by measuring the mass 
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spectrometric properties of metabolites with unknown identities [136]. The applica-
tion of metabolomics has proven invaluable in understanding how maize plants 
respond to various stress conditions i.e., heat, salinity and drought. For example, a 
metabolomic investigation involving salt-tolerant and salt-sensitive maize genotypes 
revealed differences in metabolite accumulation in both roots and seedlings under salt 
stress. In seedlings, salt stress induced glucose and acid metabolism. Thirty common 
chemicals, including metabolites linked to basic metabolism such as deoxyadenosine, 
adenine, L-pyroglutamic acid, cis-9-palmitoleic acid, and galactinol compounds, 
were found in the roots of both salt-sensitive and tolerant cultivars [137]. Heat stress 
effects on pollen male sterility in maize, especially at the most vulnerable tetrad stage, 
has also been clarified by metabolic pathway study. A reduction in pyruvate levels and 
an enhancement in sucrose levels were found in this research. In the meantime, other 
genes linked to signaling, unfolded protein stress, and auxin synthesis did not alter 
[138]. More importantly, a study by Ganie et al. [139] revealed metabolic pathways 
impacted by phosphorus stress situations, offering insights into strategies for improv-
ing phosphorus efficiency. The analysis, conducted using gas chromatography-mass 
spectroscopy, the investigation revealed a drop in fatty acids like cholesterol and 
stigmasterol, which are critical for membrane fluidity, and an increase in sugar alco-
hols like glucitol and mannitol under P-limitation, which are essential for membrane 
fluidity. In cases of severe phosphorus starvation, plants will scavenge phosphorus 
from these fatty acids, disrupting membrane fluidity. Additionally, elevated levels of 
serine and glycine indicated an increase in photorespiration rates.

8. Conclusion

The notable decrease in maize production resulting from various biotic and abiotic 
stresses raises substantial concerns. To address these challenges, farmers frequently 
turn to the application of chemical pesticides as they offer a rapid remedy. The 
negative consequences of widespread pesticide use on both human health and the 
environment have spurred the exploration of alternative pest control methods. Host 
plant resistance recognized as an eco-friendly strategy, has emerged as a vital compo-
nent within Integrated Pest Management (IPM) initiatives. Maize varieties with stress 
resistance or tolerance offer a sustainable and environmentally conscious means of 
managing pests. Although strides have been made in pinpointing resistance sources 
for both biotic and abiotic stress in crops, traditional approaches for crafting such 
resilient or tolerant maize varieties are arduous and time-consuming. This is mainly 
attributable to the intricate character of quantitative traits, which are influenced by 
numerous genetic loci. Nevertheless, contemporary biotechnological tools, particu-
larly various omics techniques, present encouraging prospects for creating sustain-
able, multi-faceted resistance to both biotic and abiotic stresses. Omics methodologies 
are currently being harnessed to develop novel plant resistance attributes that provide 
robust protection against various stresses in maize cultivation. This entails the utiliza-
tion of innovative molecules, resistant genes, and the alteration of gene expression. 
The anticipated progress in biotechnological innovations, encompassing genome edit-
ing, genetic transformation, and marker-assisted breeding, among other methods, 
is poised to expedite the development of disease-resistant crops, both in the present 
and in the times ahead. RNA interference and genome editing through CRISPR/Cas9 
represent novel approaches for creating disease-resistant crops. Biotechnology has 
emerged as a valuable instrument for tackling the worldwide pest challenge, resulting 
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in the production of economically efficient, pesticide-resistant, and environmentally 
friendly insect-resistant crops. When employed judiciously and ethically, biotechnol-
ogy holds the promise of delivering substantial advantages.
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Abstract

Biofuel offers an alternative energy source to meet the energy demands of a growing 
population of 8 billion while minimizing environmental impact. Globally, around 
3000 petajoules of biofuel are produced, diversifying energy sources from conven-
tional to renewable. Corn, rich in starch that can be converted into ethanol, is widely 
used in biofuel production. Corn-based biofuels are popular due to their potential to 
reduce greenhouse gas emissions, their biodegradability, and clean ignition, enhancing 
energy security. While the current state of corn as a biofuel source appears promising, 
increasing production requires breeding strategies like varietal crossing and cultivar 
selection to enhance biomass and starch content. Better agronomic practices and 
extension strategies are also necessary to improve yield and promote adoption among 
farmers. Using maize as a feedstock for biofuel production can boost the agricultural 
industry, create jobs in farming, processing, and transportation, and reduce reliance 
on foreign oil while preserving foreign exchange reserves. Technological advance-
ments, viz., cellulosic ethanol production, have further expanded the potential use of 
corn for biofuels due to its abundance and convenience. However, the future of corn-
based biofuels is uncertain. Therefore, ongoing innovation, exploration of alternative 
feedstocks, and cutting-edge technologies are necessary to overcome challenges.

Keywords: breeding approaches, climate change mitigation, energy security, ethanol, 
food security, starch

1. Introduction

Maize, also known as corn, since its domestication from 9000 years ago, is one of the 
most important cereal crops globally, serving as a staple food for millions of people and 
a valuable feedstock for livestock [1]. Corn (dry grain) is annually cultivated on a pro-
jected 206 Mha of land worldwide, making it the second most extensively grown crop 
globally after wheat with a peak production and productivity of 1210 million tonnes 
and 5879 kg/ha, respectively [2]. Taking into consideration of area stagnation of wheat 
and rice, maize is set to overtake wheat in terms of acreage by 2030 [3]. Notably, the 
Americas, encompassing the United States, Brazil, and Argentina, are significant maize 
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producers due to their favorable climate, extensive agricultural infrastructure, and tech-
nological advancements along with other important maize-producing regions involving 
China, India and South Africa, where suitable agro-climatic conditions and dedicated 
cultivation efforts contribute to substantial maize yields [4]. Corn production plays a 
diverse and critical role in global food security, economic development, and agricultural 
sustainability. It is widespread across the globe, with specific regions emerging as major 
contributors to the global supply. Trend analysis has shown that the maize production 
has increasing significantly thanks to upsurge in productivity (by six times from 1961 to 
2021) making it a potential crop for alternative use like biofuel (Figure 1).

Since being necessary is the essence of the invention, the impending energy crisis 
has sparked curiosity about the production of biofuel. In the upcoming years, there 
will be a dramatic increase in the global consumption of liquid petroleum. By 2025, 
the energy demand is predicted to increase by more than 50% if the current trend 
holds [5]. Most crucially, an endless need for finite petroleum resources cannot be 
a long-term viable solution. Therefore, we must begin working towards carrying 
a switch from the non-renewable energy source of carbon to renewable vis-à-vis 
sustainable bio-resources prior to situations starting to slip out of our purview. In this 
way, the corn-to-biofuel notion can serve as a road map.

Biofuel, derived from renewable biomass sources, has emerged as an important 
alternative to fossil fuels by diversifying the energy sources [6] due to its potential 
to mitigate climate change, enhance energy security, and promote sustainable 
development [7]. Because vegetation assimilates CO2 over its growth phase during 
the reaction of photosynthesis biofuels have been recognized as carbon-neutral 
energy sources [8]. In this context, biofuels, a healthier option to petroleum, are 
gaining popularity because they are environmentally friendly and compassionate to 
the environment. Utilizing these fuels may assist reduce environmental changes and 
the pollutants that come from automobiles. Biofuels are produced through various 
methods, including biomass conversion processes such as fermentation, pyrolysis, 
and transesterification. Biomass feedstocks can range from crops like sugarcane, 

Figure 1. 
Area, production, productivity trend of corn from 1961 to 2021 (data collected from http://www.fao.org/faostat).
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corn, and soybeans, to agricultural residues, forest residues, and even algae [9]. These 
feedstocks are transformed into liquid fuels, such as ethanol and biodiesel, or gaseous 
fuels like biogas. The two most prevalent kinds of biofuels employed nowadays are 
ethanol and biodiesel, which fall under the first generation of biofuels. Other types 
of biofuels include methanol, biodiesel, biogas, and Syngas. Ethanol is produced 
from cellulose-based feedstocks [10] such as corn, sugarcane, discarded potatoes, and 
others [11]. It is frequently used with petrol as an additional ingredient to raise the 
octane level and lower greenhouse gas emissions (GHG) [12]. With outputs totaling 
1436 petajoules in 2021, the United States was the world’s top manufacturer of biofuel 
followed by Brazil with statistics of about 840 petajoules, sharing 48.2 and 26.7%, 
respectively of the world total biofuel production (Figure 2, [13]).

Corn has been a major crop in the United States and many other countries around 
the world. In recent years, it has also become an important source of biofuel production 
due to its high starch content that can be converted into ethanol through different pro-
cesses by fermentation [14]. The use of corn for biofuels has gained significant attention 
as an alternative to fossil fuels, which has the potential to reduce GHG emissions and 
promote energy security. However, the use of corn for biofuels has also raised concerns 
regarding its impact on food security, the environment, and the economy.

2. Corn biofuel: current status

2.1 Historical overview of corn for biofuels

The history of corn for biofuels is a long and complex one with its use dating back 
centuries, but it was only in the twentieth century that it gained significant attention 

Figure 2. 
Percentage share of biofuel by different leading countries (data obtained from OECD-FAO, 2021 [13]).
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as an alternative to fossil fuels. In the early 1900s, Henry Ford experimented with 
ethanol as a fuel for his Model T, and during World War II, the US government 
promoted the use of ethanol as a way to address gasoline shortages. However, the 
high cost of producing ethanol from corn made it economically unfeasible, and the 
program was discontinued after the war. Further, in the 1970s, the oil crisis sparked 
renewed interest in biofuels, and corn ethanol once again became a topic of discus-
sion [14, 15]. In 1978, the US Congress passed the Energy Tax Act, which provided 
tax incentives for ethanol production and mandated the use of ethanol in gasoline. 
However, the impact of the act was limited, and ethanol production remained 
relatively low.

The twenty first century saw a significant increase in the use of corn for biofuels, 
driven by concerns over climate change and energy security. In 2005, the US govern-
ment enacted the Renewable Fuel Standard, which mandated the use of biofuels, 
including corn ethanol, in transportation fuels [16]. The mandate has since been 
expanded, with the goal of reaching 36 billion gallons of biofuels by 2022. The use of 
corn for biofuels has had a significant impact on global markets, particularly in the 
US, which is the largest producer of corn ethanol [12]. The increased demand for corn 
as a feedstock has led to higher corn prices and raised concerns about food security. 
While corn ethanol has the potential to reduce (GHG) emissions and promote energy 
security, its production has been criticized for its potential negative impact on food 
security, environmental impacts, and global markets.

2.2 Current trends in corn-based biofuel production

The corn biofuel production process is complex and requires careful management 
to ensure that the final product is of high quality and meets regulatory requirements 
(Figure 3). With advances in technology and process optimization, the production 
process can be made more efficient and environmentally sustainable.

Corn-based biofuel production is a dynamic and constantly evolving industry 
and its production has been a budding industry over the past decade, with the United 
States leading the way as the world’s largest producer of ethanol from corn. The 
increasing demand for renewable fuel sources has led to a significant increase in 
corn-based biofuel production, with corn ethanol being the most widely used form 
of biofuel in the US. One of the major trends in corn-based biofuel production is the 
development of new technologies that allow for more efficient and cost-effective 
production. This includes the use of genetically modified corn that has been specifi-
cally bred to produce higher yields of ethanol, as well as the use of more efficient 
production processes that reduce energy and water usage [17, 18].

The development of new markets and applications for the fuel has set new vistas 
for corn-based biofuel production. In addition to its use as a transportation fuel, corn 
ethanol is being used in a variety of industrial applications, such as solvents, cleaning 
agents, and as a feedstock for the production of other chemicals [19]. There is also a 
growing inclination towards the use of advanced biofuels, which are produced from 
non-food sources such as switchgrass and algae with having the potential to be more 
sustainable and environmentally and are turning out to be the better competitors of 
corn-based biofuels [20]. Despite these challenges, the corn-based biofuel industry 
remains a vital component of the global energy mix. With continued investment in 
research and development, the future of corn-biofuel production looks promising, as 
long as the industry continues to prioritize sustainability and responsible production 
practices.
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2.3 Production processes and technologies

Corn-based biofuel production processes and technologies are constantly evolv-
ing and become progressively popular as a substitute to fossil fuels, due to their 
renewable and ecologically friendly properties. With this growing demand, there has 
been a significant increase in research and development efforts aimed at improving 
corn-based biofuel production processes and technologies. One of the primary tech-
nological advances in corn-based biofuel production has been the use of genetically 
modified (GM) corn that allows for higher yields of ethanol, as the corn has been bred 
to yield higher amounts of sugars or its relative compounds that can be converted into 
ethanol. Additionally, new technologies are being developed to enable more efficient 
conversion of the corn sugars into ethanol, with the aim of reducing production costs 
and increasing efficiency [21].

Furthermore, there has been an increasing focus on improving the byproducts 
of corn-based biofuel production. For instance, distillers’ grains, which are the 

Figure 3. 
Steps by step production processes of corn biofuel.
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leftover byproducts of ethanol production, are being utilized as an animal feed 
supplement. This not only reduces waste but also provides a source of revenue for 
biofuel producers [22]. Another futuristic trend is the development of more sus-
tainable and environmentally friendly methods in corn-based biofuel production 
processes like the use of dry-grind processing, which requires less energy and water 
than traditional wet-milling methods [23]. Additionally, more sustainable sources 
of energy are being used to power biofuel production facilities, such as wind and 
solar power.

3. Prospects of the corn biofuel

Corn-based biofuel offers promising prospects as a renewable energy source. 
In addition, ongoing plant breeding research, technological advances, and exten-
sion approaches and agronomic measures are needed to improve the efficiency and 
environmental impact of corn-based biofuel production.

3.1 Breeding prospects of corn for biofuel

Breeding corn for biofuel production has been an important research area in recent 
years. The aim of corn breeding for biofuel is to develop corn varieties that have 
improved yield and quality traits that can enhance the efficiency of the biofuel produc-
tion process [24]. It involves the crossing desirable parent plants to produce offspring 
that have the desired traits with proper evaluation of their performance. The different 
breeding aspects of corn for biofuel is illustrated below in Table 1.

Several breeding techniques can be employed to intensify the generation of biofuel 
from maize. Here are a few typical methods [26–28]:

3.1.1 Traditional breeding

In traditional breeding, several maize types are crossed to produce hybrids with 
the appropriate properties for the generation of biofuels. With the use of this tech-
nique, breeders can combine advantageous traits like high biomass output, higher 
sugar or starch content, disease resistance, and stress tolerance.

3.1.2 Marker-assisted selection (MAS)

Marker-assisted selection is a method of breeding that makes use of molecular 
markers connected to particular qualities of interest. Breeders can selectively breed 
maize varieties with those markers, expediting the development of desired features, 
by discovering genetic markers linked to traits related to the generation of biofuels, 
such as high sugar or starch content [28].

3.1.3 Genomic selection

Genetic information about a person is used to predict that person’s performance. 
Breeders can determine the genetic potential of various individuals for features linked 
to biofuels by studying the full genome of maize plants. The choice of parent lines 
for crosses can be influenced by this knowledge, improving the output of biofuel in 
succeeding generations [29].
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3.1.4 Genetic engineering

To improve features relevant to biofuel production in maize, certain genes can 
be inserted using genetic engineering techniques. For instance, genes that boost 
stress resistance or lower lignin content can be introduced into the genomes of 
maize plants. Breeders can introduce unique features that might not be present 
in the maize gene pool thanks to the exact alterations made possible by genetic 
engineering.

3.1.5 Doubled haploid (DH) method

Homozygous plants with all of their genes present in a single plant are created 
using the DH method and this strategy can hasten the creation of pure breeding lines 
with desired features for biofuels. The use of DH technology shortens the breeding 
process and enables the selection of superior lines based on characteristics including 
disease resistance, sugar content, and biomass production [26].

3.1.6 High-throughput phenotyping

To quickly and precisely evaluate a variety of plant features, high-throughput phe-
notyping uses automated methods. Breeders can choose and create better varieties by 
identifying individuals with superior biofuel-related features using high-throughput 
phenotyping systems to analyze vast populations of maize plants [27].

Different aspects for breeding Descriptions

Increased biomass yield Breeding for corn varieties with higher biomass production, 
considering traits such as harvest index, stover yield, and overall plant 
growth.

Enhanced sugar/starch content Starch is the main component of corn grain, and it is the primary 
substrate for biofuel production and high starch content in corn can 
lead to higher ethanol yields, which can make the biofuel production 
process more cost-effective. Thus, breeding programs aim to develop 
corn varieties that have higher starch content [5].

Reduced lignin content Breeding for a lower level of lignin, a compound found in the stalks 
and leaves of corn plants, can improve the efficiency of the biofuel 
production process.

Improved conversion efficiency Breeding for corn varieties with traits that enhance the efficiency of 
conversion processes, such as increased enzymatic digestibility and 
higher ethanol yield [25].

Increased oil content Corn varieties Selection with higher oil content, suitable for biodiesel 
production, by focusing on oil accumulation and favorable fatty acid 
profiles [26].

Drought tolerance Breeding for corn varieties with improved drought tolerance, enabling 
sustained biomass production under water-limited conditions.

Disease and pest resistance Incorporating genetic resistance to common corn diseases and pests, 
reducing yield losses, and ensuring healthier maize crops for biofuel 
production.

Table 1. 
Different aspects of corn breeding for biofuel production.
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3.1.7 Multi-trait selection

Because the generation of biofuels is so complex, it’s crucial to take several 
features into account at once. For which, breeders can apply multi-trait selection 
techniques that take into account traits like disease resistance, stress tolerance, 
and nutrient utilization efficiency in addition to biomass output and sugar or 
starch content. It guarantees a thorough improvement in maize varieties for the 
production of biofuels.

It’s also imperative to note that various breeding techniques are frequently com-
bined and integrated to increase their efficacy. The choice of breeding strategy is 
also influenced by the resources that are available, the breeding objectives, and the 
regulatory factors.

3.2  Potential prospects for promoting the adoption of corn as a biofuel crop 
among farmers

As the biofuel crops provide economic opportunities, environmental sustain-
ability and promotes climate resilience as well as diversified agricultural systems. 
It is a need of an hour to promote the biofuel crops among farmers. Growing corn 
as a biofuel crop offers vast opportunities for farmers in income diversification, 
access to stable markets, value-added production, improved soil health, adop-
tion of conservation practices, government support, and contribution to energy 
independence [30]. Therefore, it makes corn an important and feasible option for 
farmers interested in sustainable and economically viable agriculture. The poten-
tial prospects for promoting the adoption of corn as a biofuel crop among farmers 
are as follows.

3.2.1 Educational and skill Upgradation programs

The international conference on research and educational opportunities in bio-
fuel crop production highlighted the importance of education and skill development 
in bio-fuel crop production to harness the opportunities of entrepreneurship, pro-
cessing and value addition in the biofuel supply chains among the farmers for income 
diversification with alternative energy resources [30].

3.2.2 Incentives

Luring the stakeholders with financial incentives such as tax credits, grants, and 
subsidies to who grow corn for biofuel could be an immediate way but sensitizing the 
growers to cut down ecological and social cost of production will an ultimate aim for 
the policy makers to enhance the production as it was achieved in microalgae biofuel 
production [31].

3.2.3 Advancing market

The marketing sphere of biofuel can be innovatively invented as biofuel shares 
the potential interaction with food market which is responsible for price hike of 
food products. Contrary, biofuel production can be serves as potent solution for the 
food waste and play important role in low carbon economy. These possibilities can 
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be utilized by manufacturers and distributors to develop markets for corn-based 
biofuels, which can increase demand and provide farmers with a stable market for 
their crops.

3.2.4 Demonstration trails

The exposure with benefits of growing corn as biofuel as well as provide hands-
on training and support for farmers can increase the adoption of this technology 
among them. As study revealed the robust result in knowledge generation through 
pilot and demonstration plant on advancing the biofuel innovations in European 
Union [32].

3.2.5 Extension services

For the production of biofuel crops such as switchgrass, sweet sorghum, miscan-
thus, soybean, and elephant grass or from micro-algae government provide support 
program and assistance along with economic incentives [33].

3.2.6 Research and Development

Investment in research for identifying new varieties and efficient management 
techniques which can be better suited for corn as biofuel production, along with the 
development of more effective processing methods can foster the adoption of this 
magical crop as biofuel among farmers. Similar, initiatives had been taken by China 
for enhancing the adoption of biofuel sugarcane.

3.2.7 Farmer-to-farmer learning

To foster the adoption of biofuel corn the farmer-to-farmer learning networks 
must be expanded where experienced farmers can share their knowledge and experi-
ence with other farmers [34].

3.2.8 Collaborations

For the sustainable transportation of palm biofuel, an international collaboration 
was done between Malaysia and Colombia. Similar collaborations can with agri-
cultural organizations such as farm bureaus and commodity groups to promote the 
benefits of growing corn for biofuel.

3.2.9 Social influence

Encourage farmers and stakeholders who have successfully adopted corn as a 
biofuel crop to serve as advocates and role models for other farmers [35].

3.2.10 Public relations and marketing

Develop public relations and marketing campaigns to raise awareness of the 
benefits of corn-based biofuels can encourage the farmers to adopt this.
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3.3 Best practices for sustainable corn biofuel production

Corn-based biofuels have the potential to contribute significantly to sustainable 
energy production, provided they are produced using best practices that minimize 
their negative environmental, social, and economic impacts. Some of the best 
practices that can be adopted to ensure sustainable corn-based biofuel production 
(Figure 4) are discussed below.

3.3.1 Efficient and sustainable farming practices

It should be firmly adopted to reduce the carbon footprint of corn cultivation 
which can be achieved through practices such as conservation tillage, crop rotation, 
and precision agriculture, which help to minimize soil disturbance and reduce the use 
of fertilizers and pesticides [36–38].

3.3.2 Advanced biofuel production technologies

The usage of advanced biofuel production technologies such as cellulosic ethanol 
production and waste-to-energy conversion [39] can reduce the pressure on land 
resources and increase the overall efficiency of the production system.

Figure 4. 
Best practices for sustainable corn biofuel production.
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3.3.3 Sustainable supply chain management

The implementation of sustainable supply chain management practices can 
ensure that corn-based biofuels are produced and transported in an environmentally 
and socially responsible manner [40]. This includes the use of sustainable transport 
modes and the implementation of social and environmental impact assessments 
throughout the supply chain.

3.3.4 Appropriate policies and regulations

The government policies and regulations that promote sustainable biofuel 
production should be put in place including incentives for sustainable farming 
practices, support for the development of advanced biofuel technologies, and 
regulations that ensure that corn-based biofuels are produced in a sustainable 
manner [41, 42].

3.3.5 Stakeholder’s engagement and collaboration

These are quite essential for promoting sustainable corn-based biofuel produc-
tion encompassing engaging with all stakeholders including farmers, industry, 
civil society, and government agencies to promote sustainable biofuel produc-
tion practices, and to ensure that the concerns of all stakeholders are taken into 
account [43].

The sustainable production of biofuels requires the adoption of best practices that 
reduce the negative environmental, social, and economic impacts of biofuel produc-
tion. By adopting these practices, corn-based biofuels can play a significant role in 
meeting the growing demand for sustainable energy production.

3.4 Potential benefits and drawbacks of corn-based biofuels

Corn-based biofuels are an increasingly popular alternative to fossil fuels since 
there are numerous potential benefits associated with the production and use of 
corn-based biofuels, there are also several drawbacks that must be considered. One 
of the main benefits of corn-based biofuels is that they can be produced domestically, 
reducing dependence on foreign oil [44]. Additionally, the production of biofuels cre-
ates jobs and provides new revenue streams for farmers [45]. Furthermore, biofuels 
have the potential to reduce GHG emissions, which can help to mitigate the impacts of 
climate change [46].

Despite the significant prospects, there are several drawbacks associated with its 
production and use. One major drawback is that they are often criticized for being less 
energy efficient than fossil fuels, requiring more energy to produce than they provide 
in return. This is due to the energy-intensive nature of the production process, which 
includes planting, harvesting, and processing the corn into biofuel [47]. Also, they 
compete with food production for land and resources, which can drive up food prices 
and contribute to food insecurity in developing countries [48]. Furthermore, the 
expansion of corn biofuel production has been linked to the destruction of natural 
habitats, such as forests and wetlands, which can have negative impacts on biodiver-
sity [49]. As with any alternative energy source, it is important to carefully weigh 
the potential benefits and drawbacks before investing in and promoting corn-based 
biofuel production.
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4. Implications of corn-based biofuels

The implications of corn-based biofuel are multifaceted and require careful consider-
ation. While it offers the potential to reduce reliance on fossil fuels and mitigate climate 
change, there are several notable impacts to consider which are explained as follows.

4.1 Environmental implications

Corn-based biofuels have gained popularity as a renewable alternative to fossil 
fuels, but their environmental impacts must be carefully considered. The key envi-
ronmental consideration will be as follow [50].

4.1.1 Loss of biodiversity

The key environmental concern associated with corn-based biofuels is the poten-
tial for habitat destruction and biodiversity loss through the conversion of natural 
habitats to agricultural land for corn production.

4.1.2 Environmental pollution

The use of fertilizers and pesticides in corn production can pollute waterways and 
harm aquatic ecosystems.

4.1.3 Increased water use

Corn production requires significant amounts of water, and the production of 
biofuels requires even more water due to the processing and conversion of the corn 
into fuel. This can exacerbate water scarcity in regions where water resources are 
already limited [51].

4.1.4 Soil degradation and erosion

The high demand for corn production can lead to intensive farming practices that strip 
the soil of nutrients and increase the risk of erosion. Soil erosion can contribute to land 
degradation, loss of agricultural productivity, and increased sedimentation in waterways.

4.1.5 Impact on climate change

While biofuels are often promoted as a way to reduce GHG emissions, the produc-
tion process itself can be energy-intensive and result in emissions from fertilizer 
production, transportation, and processing while the life cycle analysis will be taken 
into consideration [52].

These impacts must be carefully considered when evaluating the viability of corn-
based biofuels as a renewable energy source.

4.2 Economic implications

Corn-based biofuels can have both positive and negative economic impacts. Demand 
for corn as a feedstock for biofuel production can spur growth in the agricultural sector 
and create jobs in farming, processing, and transportation. In addition, the growth of 
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the biofuels industry can create new employment opportunities in biofuels production 
and distribution [53]. Additionally, by producing biofuels domestically, countries can 
reduce their dependence on foreign oil and increase their energy security, while main-
taining foreign exchange reserves for other development purposes in the country [41].

However, there are also potential economic drawbacks to consider. Corn biofuel 
production can contribute to food price volatility and competition with food produc-
tion for resources. The more corn used for biofuel production, the higher the price 
of corn as food may be, affecting food prices and food security [48]. In addition, 
corn-based biofuels can be expensive to produce and use compared to fossil fuels. The 
production process requires significant energy inputs, and the infrastructure needed 
to produce and distribute biofuels can be costly [47]. These costs can be passed on to 
consumers, which can make biofuels less competitive with fossil fuels.

4.3 Social implications

The most imperative social influence is the creation of new jobs at the biofuel 
processing plant, particularly in rural areas where corn is typically grown which in 
turn will increase the living standard of the people of those areas. The expansion of 
the biofuels industry can also spur economic development in these areas and lead to 
improved infrastructure and services of those communities [54]. In addition, it can 
also provide environmental benefits by improving air quality, which in turn can have 
a positive impact on the health of communities near biofuel production facilities [46].

Apart from this, the biofuel production may also lead to land use changes and 
biodiversity impacts, which can negatively affect local ecosystems and wildlife. 
Additionally, the benefits of corn-based biofuels may not be evenly distributed 
across society [49]. For example, the economic benefits may accrue primarily to large 
agribusinesses, while the negative impacts, such as land use change and biodiversity 
degradation, may disproportionately affect indigenous communities or marginalized 
groups. Also, the increasing demand for corn as a feedstock for biofuels may lead to 
changes in land use practices that impact marginalized communities, potentially lead-
ing to displacement of smallholder farmers and land tenure issues [55].

4.4 Policy implications

Corn-based biofuels have gained increasing attention in recent years as a potential 
solution to reducing GHG emissions and increasing energy security. However, there 
are several policy implications associated with the production and use of corn-based 
biofuels. One of the main policy implications is related to the use of government 
subsidies to support the production of corn-based biofuels. Many governments 
provide subsidies or tax incentives to encourage the production of biofuels, including 
corn-based ethanol [56]. However, there is ongoing debate about the effectiveness of 
these subsidies and their impact on food prices, the environment, and energy security. 
The use of corn for biofuel production can compete with the production of food crops, 
leading to potential food price increases and shortages in some areas. Therefore, many 
governments have implemented policies to limit the amount of corn that can be used 
for biofuel production, or to encourage the use of non-food crops or agricultural 
residues as feedstocks. Many governments have implemented sustainability standards 
and certification schemes to ensure that biofuels are produced in an environmentally 
and socially responsible manner [42] and in turn aim to promote the use of sustainable 
practices and avoid negative impacts on land use, biodiversity, and water resources. 
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The production and trade of biofuels can have significant economic impacts, particu-
larly for countries that are heavily dependent on biofuel exports. Therefore, many 
governments have implemented trade policies and regulations to manage the interna-
tional trade of biofuels and ensure fair competition [41].

Another important policy consideration is the likely impact of corn-based biofuels 
on environmental quality viz., air and water quality. The production and use of biofu-
els can lead to increased emissions of air pollutants, particularly during the cultivation 
and processing of feedstocks. Additionally, the production and use of biofuels can have 
significant water requirements, which can lead to competition with other water users 
and potential impacts on water quality and availability. Some studies have suggested 
that the life-cycle emissions of corn-based ethanol may be higher than those of gaso-
line, particularly when indirect land use changes are considered [57–59]. As a result, 
there is ongoing debate about the role of corn-based biofuels in meeting climate change 
goals, and the potential need for alternative biofuel feedstocks and technologies.

Hence, it is imperative to note that the policy implications of corn-based biofuels 
are complex and interrelated. Policies aimed at promoting the production and use 
of biofuels may have unintended consequences, particularly if they are not designed 
and implemented in a coordinated and integrated manner. Therefore, it is essential 
for policymakers to take a comprehensive and holistic approach to the development 
of biofuel policies, considering the economic, social, environmental, and technical 
aspects of biofuel production and use.

5. Conclusions

Corn-based biofuels have played an important role in diversifying the energy mix, 
reducing GHG emissions, and promoting energy security. Extensive breeding and 
agronomic research, as well as efforts to expand cultivation, have led to improve-
ments in corn-based biofuel production practices, making them a viable and sustain-
able option. However, it is important to consider the implications of a heavy reliance 
on corn for biofuel production. Increased demand for corn as a feedstock can lead to 
higher prices and potential conflicts with food production. Therefore, it is critical to 
find a balance between biofuel production and food security to ensure that enough 
food is available for a growing world population. In addition, the study of corn for 
biofuels underscores the need for continued innovation and research into alternative 
feedstocks and advanced technologies. This approach would not only address the 
potential drawbacks of corn-based biofuels, but also expand the range of sustainable 
options available. Overall, significant progress has been made in the use of corn as 
a biofuel, but it is important to take a comprehensive and balanced approach that 
considers environmental, social, and economic factors. In this way, we can maximize 
the benefits of corn-based biofuels while minimizing the negative impacts and paving 
the way for a greener and more sustainable energy future.
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Genetic Delimitation of Fall 
Armyworm Parasitoids Isolated in 
Maize in Durango, Mexico
María Berenice González-Maldonado, 
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and Mónica Yazmín Flores-Villegas

Abstract

The fall armyworm Spodoptera frugiperda Smith (Lepidoptera: Noctuidae) is the 
main pest that attacks maize crops in Durango, Mexico. For its biological control, it is 
desired to use the parasitoids of the Braconidae family; however, its identification is 
quite complex due to the lack of taxonomic keys that describe the complete morpho-
logical characters or are well-defined. It is necessary to study their genetic characters 
to estimate the variation within populations and species. For this, DNA extraction 
and amplification by PCR were carried out, as well as the sequencing of a fragment 
of subunit I of the cytochrome c oxidase (COI) gene. In Chelonus sp., morphologi-
cal variability was observed between Ch. insularis and Ch. sonorensis, their genetic 
distances were conspecific, indicating that they probably belong to the same lineage. 
In Meteorus, taxonomically two species were found that had not been reported for 
Durango: M. laphygmae and M. arizonensis; however, the genetic distance between 
these and the species reported in the Genbank® could indicate that it is a single 
species. These results showed the high morphological and genetic variability in these 
braconids, probably due to evolutionary and climatic changes.

Keywords: parasitoids, Braconidae, genetic diversity, maize, Mexico

1. Introduction

In Mexico, maize is one of the main agricultural crops. Every year, there is 
a complex of pests, where Lepidoptera, such as the fall armyworm FAW, stand 
out. Spodoptera frugiperda Smith (Lepidoptera: Noctuidae) is polyphagous to the 
American continent, where it causes economic losses up to 60% of total yield [1, 2]; 
among the damages, it causes are loss of photosynthetic area, structural damage to 
the whorl, direct damage to the grain, and low yields [3]; the pest is controlled with 
two or three applications of chemical insecticides because it is the most difficult pest 
to attack, according to an interview conducted by the Dow AgroSciences® company 
with producers in all regions of the country [4].
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In Mexico, despite the importance of growing corn, an integrated pest manage-
ment program IPM is not used, even though scientists have contributed information 
in this regard and even less have farmers implemented these techniques together or 
separately, in mostly only chemical control is used [2, 4].

Failing that, it is currently desired to implement the biological control of this 
pest due to the environmental benefits that could be achieved with the use of 
entomopathogenic agents (fungi, bacteria and viruses), some of which are mixed 
with bioremedial agents [2, 5–7] and natural enemies, where parasitoids stand out, 
which can be released in a massive way, if their habits, biological cycles and hosts are 
known, one of the families that has the most potential for the sustainable control of 
this pest is the parasitoids of the family Braconidae (Hymenoptera: Ichneumonoidea), 
which represents the parasitoids with the highest taxonomic richness, abundance and 
distribution in Mexico, after Ichneumonidae [8].

Worldwide, 45 subfamilies, 1103 genera, and 21,221 valid species of Braconidae 
are recognized [9]. In Mexico, although important attempts have been made to 
classify and describe species of this family in recent years, only 36 subfamilies, 319 
genera, 707 determined species, and 845 morphospecies have been recorded [10].

In Mexico, the Braconidae family is very diverse and abundant in all terrestrial 
ecosystems; however, of 21,221 species recorded in the world, only 707 species are 
known. In Mexico, the study of the Braconidae family is extremely important; after 
Ichneumonidae, it is one of the main families of parasitoids used in the biological 
control of insects considered pests; they have a great taxonomic richness, and they 
are regulatory agents of various groups of phytophagous insects: being indicators of 
the presence or absence of these populations, parasitoids can be used as bioindicator 
organisms, to monitor changes in an ecosystem affected by anthropogenic activities; 
in addition, their study helps in understanding the evolution of parasitoid-host inter-
actions, as well as from symbiosis with viruses, and they can be massively released in 
agriculture and forest environments [11–13].

In Durango, Mexico, for the fall armyworm, the egg, larva, and pupa parasitoids that 
attack it have been identified; in addition, both taxonomic and genetic studies have been 
carried out, especially with the Braconidae family, which allows us to know about its 
diversity and provides a tool to be able to implement biological control measures.

2. The cultivation of maize in Mexico

Maize (Zea mays) is native to Mexico, and from the evidence found in Tehuacan, 
Puebla, it is known that its cultivation began seven thousand years ago. Its domestica-
tion allowed the nomadic groups to become sedentary, thus becoming the livelihood 
of the Mesoamerican peoples.

In Mexico, corn is part of the daily diet, it is the crop with the greatest presence 
in the country, and it constitutes an input for livestock and for obtaining numerous 
industrial products, therefore, from the food, economic, political, and social, it is the 
most important agricultural crop [14].

Mexico is the center of origin of maize. Here, most likely, the greatest diversity 
of maize in the world is concentrated and here its wild relatives, the teocintles, 
and another set of related grasses, species of the genus Tripsacum (maicillos) have 
evolved and live [15].

Its production is divided into white and yellow maize; white corn is mainly for 
human consumption, while yellow corn production is for industry or the manufacture 
of balanced feed for livestock production.
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Corn is the most widely produced maize in the world [4, 16]; the most important 
countries in terms of planting area in the 2021 agricultural cycle were: China, with 
an area of 42 million hectares and a production of 273 million tons, followed by the 
United States and Brazil, with an area of planting of 34.43 and 20.8 million ha and 
production of 382.6 and 118 million tons, respectively; Mexico ranked sixth in terms 
of planting area with 7.3 million ha and eighth in terms of production with 28.00 
million ha. tons [17]; in Mexico, the main maize-producing states are: Sinaloa, Jalisco, 
State of Mexico, Guanajuato, and Michoacan [18].

2.1 Main maize pests in Mexico

The primary pests that attack maize are fall armyworm Spodoptera frugiperda 
(FAW), corn earworm Heliothis zea (Boddie), blind hen Phyllophaga sp., thrips 
Frankliniella sp./Thrips tabaci Lindeman [4], maize leafhopper Dalbulus maidis 
(Delong & Wolcott), corn weevil Geraeus senilis, and Gyllenhal and Nicentrites testa-
ceipes (Champion). The genera and species that appear depend on the region, climatic 
conditions, and planting season (spring–summer) (winter–spring). Although gener-
ally, pests are specific to their host.

2.2 Fall armyworm

The fall armyworm (FAW) (Spodoptera frugiperda) has been a consistently important 
insect pest for several crop species, especially maize, in America for centuries. FAW 
prefers maize, but it is also common on sorghum and rice and is sporadically important 
on a vast array of additional crops and plants, including cotton and vegetables [19].

FAW has high fecundity, can rapidly develop resistance to insecticides, and has 
the capacity to migrate long distances, characteristics which have allowed it to rapidly 
disperse and establish in different regions (America, Australia, Africa, Asia, E.U. 
Oceania, Nepal, over 70 countries) [20–22].

2.3 Biological control

Biological control is a component of an integrated pest management strategy. 
It is defined as the reduction of pest populations by natural enemies, using natural 
enemies such as parasitoids, predators, pathogens, antagonists, or competitors to 
suppress pest populations [19].

Biological weed control includes insects and pathogens. Biological control agents 
for plant diseases are often referred to as antagonists. Parasitoids are species whose 
immature stage develops on or within a single insect host, ultimately killing the host. 
Many species of wasps and some flies are parasitoids. Pathogens are disease-causing 
organisms, including bacteria, fungi, and viruses. They kill or debilitate their host 
and are relatively specific to certain insect groups [23].

Parasite. It is an organism that lives at the expense of another organism.
Parasitoid. The insect in its immature stage acts as a parasite; when they are 

adults, they usually fly; parasitoids can kill their host in this case the armyworm. 
Parasitoids are natural enemies, which are widely used in biological control 
programs because when an arthropod is parasitized, the female parasitoid inserts 
its eggs with the help of an ovipositor inside the body of the host or attaches them 
outside of it, and instead of as long as the pest insect (in this case) continues to 
develop, it dies and the parasitoid(s) (Diptera and/or Hymenoptera) emerge from 
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its body. The main types of insects that act as parasitoids are wasps, flies, some 
beetles, mantis flies, and twisted-wing parasites [24].

2.4 Diversity of fall armyworm parasitoids

From ten years to date in Durango, Mexico, studies have been carried out that 
have made it possible to know the taxonomic diversity of parasitoids of FAW of 
the families: Ichneumonidae (Pristomerus spinator Fabricius, Campoletis sonorensis 
Cameron) [25], Encyrtidae (Euplectrus plathypenae Howard), Tachinidae (Lespesia 
aletiae Riley, L. archippivora Riley, Winthemia deilephilae Osten Sacken, y Archytas 
marmoratus Townsend) [26], Trichogrammatidae (Trichogramma pretiosum Riley y 
Trichogramma exiguum Pinto y Platner) and Scelionidae (Telenomus remus Nixon) 
[27], and of the family Braconidae subfamily Homolobinae (Homolobus truncator 
Say) [28], from this same family Ch. insularis, Ch. sonorensis, Microchelonus 
cautus [29], M. laphygmae y M. arizonensis [30] the genetic part has also been 
studied [31, 32].

In the Mexican Republic, the Braconidae family has been studied, even so, there 
are states where the species are still unknown. Table 1 shows their distribution in the 
country.

Parasitoid (genus, species) State (Mexico) Autors

Ch. insulares = (Ch. texanus) Mexico [33]

Michoacan [34]

Chiapas [35]

Chihuahua [36]

Veracruz [34, 37]

Guanajuato [38]

Nayarit [39]

Sinaloa [40]

Sonora [41]

Oaxaca [42]

Durango [43]

Sinaloa [44]

Ch. sonorensis Michoacan [45]

Sinaloa [40]

M. cautus = (Microchelonus cautus) Sonora [41]

Mexico [33]

Michaoacan [45]

Chiapas [35]

Veracruz [34]

Nayarit [39]

Durango [43]

Chelonus sp. Sonora [41]

Oaxaca [42]
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2.5 Braconidae family

2.5.1 Meteorinae Subfamily

The genus Meteorus Haliday (Braconidae: Euphorinae, Meteorini) has 326 globally 
recorded species from the Nearctic, Neotropical, Palearctic, Oriental, Afrotropical, 
and Oceanic regions [36, 46]. Meteorus is a cosmopolitan genus of koinobiont endo-
parasitoids of Coleoptera and Lepidoptera [47, 48]; Meteorus is a paraphyletic group 
and its rearrangement into several monophyletic genera is pending [47]. The mature 
larvae of some species spin a cocoon suspended by a thread, and it is from this habit 
that the name of the genus is derived [36].

2.5.2 Cheloninae Subfamily

Cheloninae Förster is a moderately large subfamily within the family Braconidae. 
The subfamily comprises more than 1500 described species in the world. Members of 
this subfamily are present in almost all geographic regions [29, 49].

2.6 Mexico distribution

2.6.1 Chelonus

In 1995, for Guanajuato (state in the center of the country) the genera Ascogaster, 
Chelonus, and Phanerotoma of the subfamily Cheloninae were reported. Over the 
years, studies on the taxonomy of this genus have increased and more is known about 
its diversity.

For Mexico, it has been reported to Chelonus busckiella Viereck, 1912; Ch. 
davinervis Cameron, 1904; Ch. insulares Cresson, 1865; Ch. mexicanus Brètes, 
1927; Ch. quadrimaculatus Cameron, 1887; Ch. sericeus Say, 1824, Ch. sonorensis 
Cameron, 1887; Microhelonus blackburni Cameron, 1886; Microchelonus cautus 
(Cresson, 1872), M. heliopae Gupta, 1955; M. pectinophorae Cushman, 1931 y  
M. phrhorimaeae Gahan, 1917 [9].

In the state of Durango, Mexico, it has been reported to Chelonus insulares, Ch. 
sonorensis y Ch. cautus (= Microchelonus); however, based on the coloration patterns 
in the metasoma (irregular spots), eight morphotypes were found that did not match 

Parasitoid (genus, species) State (Mexico) Autors

M. arizonensis Chihuahua [36]

Nayarit [39]

M laphygmae Michoacan [45]

Veracruz [34, 37]

Nayarit [39]

Sinaloa [44]

Meteorus sp. Sinaloa [40]

Sonora [41]

Table 1. 
Diversity of parasitoids of the Braconidae family in Mexico.
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the taxonomic keys of [50–52]; therefore, its molecular identification was necessary; 
in this regard, [53] identified seven species of fall armyworm parasitoids, including 
Ch. insularis (isolates from Colima, Jalisco), Ch. cautus (Colima, Puebla, Nayarit) and 
M. laphygmae (Puebla, Colima)., using polymerase chain reaction amplification and 
restriction enzyme digestion, this enables the precise determination of the species of 
those parasitoids larvae that are usually not morphologically identifiable, where they 
appeared equal size amplification of the cytochrome c oxidase subunit 1 fragment 
was obtained for all seven species. It is also recommended to carry out genitalia or 
morphometry studies.

2.6.2 Meteorus

In 1990, in Tamaulipas and Nuevo Leon, Mexico, it was reported to Meteorus prob. 
laphygmae, M. prob. versicolor, and four more species of Meteorus, unknown up to that 
time [48]. Other species of Meteorus have been reported over time, but there are few 
studies regarding their genomic sequences.

In Durango, Mexico, the genus Meteorus is mostly distributed in Santiago, 
Papasquiaro, and Durango, probably due to variations in climate and altitude 
(Figure 1). It belongs to the region of Las Quebradas and the other municipalities to 
the region of valleys and smooths.

From 2012 to date, studies have been carried out in various locations in munici-
palities located in the center and north of the state of Durango, which has allowed 
us to know the diversity of fall armyworm parasitoids. Figure 1 shows the sampled 
municipalities.

Figure 1. 
Distribution of the Braconidae subfamily in Durango, Mexico.
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Ch. insularis is the parasitoid that is mostly distributed in Durango and Mexico 
[54]; however, in the last two years, in Durango Meteorus sp., it is the parasitoid that 
presents greater capacities to be massively reproduced in the laboratory due to its 
development on an artificial diet (data not yet published).

2.7 Morphological delimitation

2.7.1 Chelonus

Specimens with morphological characters to belong to this genus were separated 
using the taxonomic keys of [50]. Species identification was carried out by PhD. 
Alejandro Gonzalez-Hernandez, through the comparison of the preserved material 
with reference specimens from the Collection of Entomophagous Beneficial Insects 
of the Facultad de Ciencias Biologicas de la Universidad Autonoma de Nuevo Leon, 
Mexico.

2.7.2 Meteorus

The obtained parasitoids were labeled and preserved in 70% alcohol. The 
Meteorinae (Euphorinae) material was studied at the Insect Museum (MI-FA) of 
the Universidad Autonoma de Tamaulipas, where it was mounted and labeled using 
the EntoPrint program with the respective collection data. For the determination 
of the subfamily and genus, we used the keys of [50] while for the determination of 
the species the keys of [55, 56]. For Durango, Dgo., Mexico, it has been reported to 
Meteorus arizonensis Muesebeck (Hymenoptera: Braconidae) y Meteorus laphygmae 
Viereck (Hymenoptera: Braconidae); however, their morphological characters do not 
coincide 100% with the taxonomic keys because they present color patterns in the 
mesosome that could indicate that they are other species. In this regard, [57] pointed 
out upon the unreliable color variability in identifying species. In fact, the color pat-
tern is a variable that might be affected by environmental conditions [58].

The color patterns in M. arizonensis and M. laphygmae should not be considered 
as distinctive to identify a species; in Meteorus, there were nine morphotypes or 
different color patterns in the mesosome of the specimens of this species, even so, 
genetically they all belong to the same species; however, in this regard, [59] indicate 
that this property (melanism) increases the flight activity of wasps at low ambient 
temperatures of M. pulchicornis (Wesmael); they subjected this parasitoid (coconuts) 
to different temperatures (15, 20, 25 and 30°C); it was observed that at the lowest 
temperatures, the body of the parasitoid darkened more, which could indicate that 
the color change in some morphological characters of the parasitoids is due to the 
change in their body temperature and the environment in which they develop and 
not that they are different species. Similar situation with Chelonus, where coloration 
patterns in the metasome indicate that Ch. insularis and Ch. sonorensis belong to the 
same species [29, 32].

2.8 Genetic delimitation

2.8.1 DNA extraction

Twenty-seven individuals belonging to Meteorus laphygmae with five individuals, 
followed by M. arizonensis with four specimens, Chelonus insularis with 14 specimens, 
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Ch. sonorensis with two specimens, and Ch. cautus with three specimens, separated 
according to their morphological characteristics, were used.

Total genomic DNA was isolated per individual using the Promega DNA extrac-
tion kit, following the manufacturer’s instructions with some modifications. Briefly, 
the digestion time was modified taking a total of 16 h at 56°C in a dry bath with 
continuous shaking. The next step was cleaning the aqueous phase with salt precipita-
tion of detergent, proteins, and lipids followed by an organic solvent cleanup (adding 
350 μl of chloroform-isoamyl alcohol 24:1), mixed it by inversion for 20 s each sample 
and centrifuge it by five minutes to recover the aqueous phase in a new tube (1.5 ml).

The DNA precipitation was reached by adding 1.5 volumes of cool isopropanol, 
followed by storing samples at −20°C for 12–16 h. Samples were cleaned with cool 
ethanol 80% two times. After washing samples with ethanol, those were dried and 
hydrated with 60 μl of milli-Q water.

From the isolated DNA, a fragment of the mitochondrial cytochrome c oxidase I 
(COI) gene was amplified in the individuals of the species analyzed using oligonucle-
otides HCO-2198 (5′-TAA ACT TCA GGG TGA CCA AAA AAT CA-3′) (forward) and 
LCO-1490 (5′-GGT CAA CAA ATC ATA AAG ATA TTG G-3′) (reverse) reported by 
[60]. PCR conditions were 1 min 30 s at 94°C, denaturation 35 cycles at 94°C (1 min), 
alignment at 50°C (1 min), extension at 72°C for 1 min, and a final extension step at 
72°C (15 min) in a thermal cycler (Model 9600, Labnet International, Edison, NJ) 
using 50–150 ng of DNA, 0.40 pmol of each oligonucleotides, 2.5 mM of MgCl 2, 
0.2 mM of each dNTPs (Promega, Madison, WI), 1× of polymerase chain reaction 
buffer, and 1 unit of Taq polymerase (Promega) in a final volume of 50 μl [53, 61].

Amplified PCR products in 1% agarose gels stained with ethidium bromide were 
visualized by electrophoresis and observed at 430 nm in a UV transilluminator. 
The double-chain products were purified using a Wizard SV Gel and PCR Clean-up 
purification system. The amplified products were sequenced on a Genetic Analyzer 
Applied Biosystems 310 using the method of big dye terminator (Applied Biosystems 
Inc., Foster City, CA). The sequence files were edited and aligned using Chromas Pro 
ver. 2.1.10.1.

The sequences were translated into proteins to confirm the identity of the frag-
ments [62]. Multiple alignments used Clustal X [63] with gap opening costs = 50, gap 
extension = 6.6, divergent delay of sequences = 30%, and DNA transition weight = 0.5 
[64]. Genetic diversity in the species was measured as haplotype diversity (h), num-
ber of private haplotypes (P), and nucleotide diversity (p) analyzed using Arlequin 
version 3.5.1.21 and DnaSP version 5.1 [65]. Arlequin version 3.5.1.21 [66] was used for 
analysis of molecular variance (AMOVA) of population structure. Genetic differences 
between individuals were analyzed. Sum of the squares of deviation (SSD) and index 
of Harpending’s-Raggedness [67] were calculated to evaluate the fit of the observed 
data using a model of sudden demographic expansion or a model of geographic range 
expansion. The mismatch distribution was compared with expected distributions by 
models of sudden population expansion [68] and spatial expansion [69, 70].

To reconstruct phylogenetic relationships, we used Bayesian inferences. We used 
Campoletis sonorensis Cameron, C. flavicincta (Ashmead), and Homolobus trunca-
tor Say as outgroups to polarize the characters within samples of Meteorus spp. and 
Chelonus spp.

Bayesian analysis used the GTR model with invariant rate heterogeneity. A 
posterior probability analysis [71] was performed using the program MrBayes version 
3.0b4 [72]. Bayesian posterior probability calculations were implemented in a range 
of ten million generations, sampling every 1000 generations, and discarding the first 
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1000 trees sampled (as burn-in). Support for nodes was determined by posterior 
probabilities [72, 73]. For Bayesian analysis, three independent runs were conducted 
to get an impression of the robustness of the phylogenetic reconstruction.

The amplified fragments were between 695 and 710 bp, the sequences were editing 
and adjusting them to 650 bp. Regarding the AMOVA, the maximum distribution of 
variance was observed when two groups were formed: group 1: Ch. insularis + Ch. 
sonorensis and group 2: Ch. cautus; this indicates that the groups are different from 
each other (FSC = 0.02289, p = 0.011 at 95% confidence), there is no difference 
within them (FST = 0.97679, p = 0.43 at 95% confidence) (Figures 2 and 3), these 
were compared with group 3: Ch. insularis from different states of Mexico, the key 
assigned in the GeneBank® is indicated [53].

The unpaired distribution of DNA (Mismatch distribution) showed two peaks 
that reinforce the existence of two groups corresponding to group 1 and group 2, and 
each of them presented a sudden population increase.

2.8.2 Phylogeny

The median-joining networks of Meteorus and Chelonus haplotypes did not reveal 
divergent clusters of haplotypes by phenotype or color. Rather, the COI networks are 
star-shaped [74], whereas the network shows no structure, indicating that the phylo-
genetic information given by these sequences is adequate for phylogenetic inference. 
The trees generated by the Bayesian analyses are mostly unresolved within analyzed 
species, and the clusters that are formed may contain sequences from different locali-
ties and different morphospecies.

The phylogenetic affinities showed that the analyzed specimens of Ch. insulares and 
Ch. sonorensis are in a single group, where both are mixed (without forming different 
groups); in turn, this group is separated from another group of sequences belonging 
to Ch. insularis from other parts of Mexico. In the case of Ch. cautus, it is observed that 
the sequences obtained in this work tend to form a single group that is separated from 

Figure 2. 
Phylogenetic tree showing the groups of Meteorus sp. de Durango, compared to other species.
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Chelonus insularis + Ch. sonorensis; it is reinforced by genetic distances between the two 
morphospecies of Chelonus (G. D. = 0.005) that occur in Durango, Mexico suggests that 
there is a reproductive isolation among populations that occurs in central and southern 
parts of Mexico contrasted with species from Durango. In the case of M. laphygmae and 
M. arizonensis, the phylogenetic affinities are like that described earlier, it means that the 
two morphospecies of Meteorus from Durango form a single genetic group or M. laphyg-
mae + M. arizonensis represents a single species with a genetic distance closed to zero 
(G. D. = 000001) and the genetic distances with other valid species of the same genus are 
up to 5%, as shown in Table 2 (G. D. higher than 0.050).

3. Discussion

Mitochondrial DNA fragment (COI) presented a high amount of genetic diversity. 
The high genetic diversity found is unlikely to be due to sequencing error or artifact 
because sequences were run in both directions, and we sequenced five samples to 
verify consistency of the results. We did not detect heterozygote base calling (double 
peaks in any sequence direction) in COI fragment. Furthermore, the COI data set was 
checked by amino acid translation, and we found no stop codons within sequences. 
Notwithstanding these high levels of variation, we were unable to detect any structure 
in the data. We expected that the pattern of genetic variation would reflect that of 
morphological variation shown us. We found no relationship between morphological 
variation and genetic variation.

4. Conclusions

This study has allowed to know the species of parasitoids of the family. 
Braconidae of fall armyworm, an important pest of maize in Durango, which 

Figure 3. 
Phylogenetic tree showing the groups of Chelonus sp. de Durango, compared to other species.
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presented genetic variability, taxonomically their characteristics coincide with 
the diagnoses established for hundreds of years; however, genetically not. The 
study does not contemplate its redescription, but it provides important aspects 
of its genetic characterization, mainly of the genera Chelonus and Meteorus; these 
parasitoids contribute to the biodiversity of hymenopteran parasitoids of this pest 
in the corn region of Durango, which can also be candidates within the biological 
control of the pest within a context of sustainability and good agricultural prac-
tices, contributing to the environment. The delimitation of parasitoid species using 
taxonomic tools combined with the use of a molecular characterization allowed to 
clarify taxonomic hypotheses and doubts.

Species A Species B Gen. Dist.

Meteorus sp Durango M. versicolor 0.058

Meteorus sp Durango M. rubens 0.103

Meteorus sp Durango M. laphygmae 0.118

Meteorus sp Durango M. pulchricornis 0.112

Meteorus sp Durango M. cinctellus 0.146

Meteorus sp. Durango M. sp.congregatus 0.184

Meteorus sp. Durango M. trachynotus 0.264

Meteorus sp. Durango Campoletis sonorensis 0.284

Meteorus sp. Durango Campoletis flavicincta 0.276

Chelonus sp. Durango Ch. blackburni 0.109

Chelonus sp. Durango Ch. inanitus 0.128

Chelonus sp. Durango Ch.andrievskii 0.133

Chelonus sp. Durango Ch. formosanus 0.134

Chelonus sp. Durango Chelonus sp. 0.135

Chelonus sp. Durango Ch. cautus Dgo. 0.160

Chelonus sp. Durango Ch. cautus 0.164

Chelonus sp. Durango Campoletis sonorensis 0.319

Chelonus sp. Durango Campoletis flavicincta 0.318

Table 2. 
Genetic distances between valid species of braconid wasps versus species that occurs in Durango, Mexico. Gen. 
Dist., Genetic distances calculated by DNA mutation model of Kimura 2 Parameters.
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Chapter 10

Productive and Economic Losses 
Caused by Dichelops melacanthus 
in Transgenic Bt Maize Bacillus 
thuringiensis
Marcos Arturo Ferreira Agüero, Felisa de Los Ríos Peixoto, 
Arsenio Benítez Sánchez, José Augusto Velásquez,  
Gustavo Daniel Vega-Brítez, Nelson David Lesmo Duarte  
and Matheus Francisco Acosta Resquín

Abstract

Transgenic maize expressing Bacillus thuringiensis (Bt) toxin produces a crystal 
(Cry) protein toxic to caterpillars that is non-toxic to stink bugs. The objectives of this 
study were to identify the number of plants attacked and not by Dichelops melacan-
thus, to evaluate foliar damage through the number of punctures, to evaluate plant 
height, weight of grain production by corn plants attacked and not and economic 
loss. The research was carried out on a commercial production agricultural farm in 
an area of 700 m2. Eight areas were evaluated (10 m × 1.8 m) randomly distributed 
and in V6 physiological stage. Data were recorded, tabulated in Excel spreadsheet and 
statistically analysed by T Student test with 5% of significance for comparison of two 
independent groups. The results indicate that 80.7% of corn plants were attacked by 
D. melacanthus presenting punctures in their leaves. The average height for attacked 
plants was 41.2 ± 2.2 cm and 41.5 ± 3.3 cm for not attacked. A significant reduction in 
production of 23% was verified. The weight of grains of attacked plant was in average 
3048 ± 319 g and 3956 ± 269 g in not-attacked plant, demonstrating that the damage 
caused by D. melhacantus reduces Bt corn productivity and loss of income of 98.93 US 
dollars per hectare.

Keywords: Dichelops melacanthus, Pentatomidae, phytophagous, Bt corn, insecticide

1. Introduction

Bt corn is a type of transgenic corn that produces a protein of bacterial origin. 
The Cry protein, naturally produced by Bacillus thuringiensis, is toxic to defoliating 
caterpillars or stem borers, but not toxic to stink bugs. Maize is cultivated practi-
cally throughout the Paraguayan territory with different production systems and 
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technological levels used. Some changes in the corn production system have contrib-
uted to the increase in productivity: the direct sowing system, the use of hybrids with 
high productive potential, the increase in cultivated areas in the second harvest, after 
the soybean harvest, and the use of genetically modified hybrids such as Bt maize [1].

In recent years, the main problem faced by maize producers is the difficulty 
of protecting the maize crop from leaf damage caused by Dichelops melacanthus 
(Hemiptera: Pentatomidae) during the first weeks after maize emergence. At this 
stage, the seedling is quite susceptible to leaf punctures caused by Hemipteran stylets 
during feeding.

Studies to estimate the economic threshold level for D. melacanthus in maize were 
carried out by Bianco [2] who estimated two insects per five plants of corn, which is 
equivalent to 2 stinkbugs/1.25 lineal m under field conditions. In addition, Gassen 
[3, 4] and Cruz et al. [5] recommend control measures for stinkbugs in the corn crop 
when two insects/m2 are found, which is equivalent to one bug/lineal m. Both levels 
are higher than that found by Duarte [6] with 0.8 stinkbugs/m2 equivalent to 0.4 
insects/linear m under controlled population conditions.

What is worrying is that both Bt technology and seed treatment with neurotoxic 
insecticides fail to provide protection to the maize plant in the initial vegetative phase, 
this forces producers to be vigilant and take early control actions so that economic 
damages do not render production unfeasible due to foliar damage and the increase in 
production costs. The question that arises is: What percentage of attack can a com-
mercial corn crop suffer and how much can it reduce the production of corn grains in 
weight and economic income?

However, these changes can trigger new problems and require constant studies for 
proper management. The occurrence of new pests or the increase of others that attack 
the crop can be seen as a direct reflection of alterations in the productive systems. The 
appearance of Dichelops melacanthus (Hemiptera: Pentatomidae), commonly known 
as green-bellied bug, is currently found in Brazil, Argentina, Paraguay, Uruguay, 
Bolivia, Colombia, Peru and Venezuela [7]. Infestation and damage occur at the 
seedling stage as a result of adult migration from surrounding crop debris or other 
plants within the field [8–10].

A transformation of great magnitude, such as the one experienced in our agricul-
ture, should respond to a reasoned process, supported by knowledge and adequate 
technological management of each component of the production system. One of the 
fundamental pillars on which the cultivation of corn rests and that, therefore, directly 
influences the yields achieved, is pest control.

Knowledge of the population dynamics of these pests is important in the manage-
ment of these organisms since through it the incidence is estimated and the manage-
ment of the insect can be planned, which is essential when determining a control 
strategy that avoids the increase in the existing gap between potential returns and real 
returns [11]. Damage to maize from seedlings causes brown spots, leaf discolouration 
and twisting, reduced yield [12] or plant death [10, 13].

The realization of this work is based on the current concern about the high 
incidence of D. melacanthus in the corn crop, even with seed treatment and a series of 
insecticide applications during the crop cycle. This research tries to obtain real data 
from the field that can contribute to verify the level of damage caused by the attack of 
bugs in corn production and how this can affect the producer economically.

In this research, the objectives have been to evaluate the foliar damage caused 
by the attack of the green-bellied bug D. melacanthus on transgenic Bt maize, grain 
production, to identify the number of attacked and non-attacked plants. Quantify the 
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number of punctures per plant, verify the height of the plant in the phenological state 
V6 of maize and determine the weight of grains of the attacked and unattacked plants 
to compare the yield.

2. Materials and methods

The study was carried out in the 2016 harvest at the Gredos Agricultural Farm, of 
the Martin and Martin Group, located 12 km from the city of Pedro Juan Caballero, 
in the Vice President Sánchez neighbourhood, on route 5 "General Bernardino 
Caballero”, Department of Amambay, georeferenced at 22°36′17″S 55°48′46″W. The 
property is located at approximately 640 m above sea level, the topography is flat 
and the area is used for extensive crops under a direct sowing system in rotation with 
soybeans, second-harvest corn, wheat and chia.

The region is characterized by having a transitional climate between a 
Mediterranean type and a frankly humid climate with an average annual temperature 
of 22°C and an average annual rainfall of between 1000 and 1200 mm per year, with 
the rainiest months being December and January, the less rainy months June, July and 
August. The soil of the place corresponds to an alfisol (Soil Taxonomy), with a clayey 
loam texture and shows a prolonged agricultural use of more than twenty-seven years 
of sustained production, with twelve years of production of cereals and other grains 
under the direct sowing system.

The study area was made up of eight areas randomly distributed over a 700 m2 
surface, the dimensions of the areas being 20 m wide and 35 m long with five rows of 
corn separated 0.45 m by 10 m long, with an average population of 108.2 plants. For 
comparison purposes, they were classified into plants attacked and not attacked by 
D. melacanthus.

The criteria adopted to classify the attacked plants consisted of the presence of 
three to four holes in the corn leaf blade that generally appear in three to four rows 
and are characteristic damages that form on the leaves after the puncture-puncture 
performed by the stylets from bed bugs. Meanwhile, for the plants not attacked, those 
maize plants that did not show the characteristic damage described were considered.

The number of Bt maize plants attacked and not attacked by D. melacanthus and 
the number of punctures per plant, height of the plant in the V6 phenological stage 
and the weight of grains of the attacked and non-attacked Bt maize plants have been 
quantified by D. melacanthus. The estimation of attacked and unattacked plants, 
number of punctures and height of the plant, was carried out 33 days after sowing, 
and the grain weight of the attacked and unattacked plants was carried out after 
harvest.

The calculation of the percentage of plants attacked and/or attacked was carried 
out through the analysis of relative frequency (hi) = fi/N, where fi corresponds to 
the number of times that a piece of data is repeated within the set and N, the total 
number of data from the set.

The unattacked corn plants were marked with a red tape, in all the areas attacked 
plants were found, that is, approximately 85% of the population was attacked by 
green-bellied bugs, even after making two applications of the insecticide Imidacloprid 
to control the pest, even stinkbugs continued to appear in the areas, so a third applica-
tion of the product was made. In total, 866 Bt maize plants were evaluated.

In the demarcated areas, the number of punctures caused by the green-bellied 
bug was quantified, which was recorded by direct observation of the continuous 
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perforations in each leaf and noted on a spreadsheet. The height of the plant was 
measured with a tape measure in the phenological stage V6 of maize, at that stage the 
plants presented a high attack by stinkbugs.

Once the maize reached commercial maturity, the ears were harvested manually. 
For this, the ears of corn were pulled out and placed in bags, which received an iden-
tification. Subsequently, the ears were exposed to the sun for 12 hours to reduce their 
humidity, and then the shelling and cleaning were carried out manually to eliminate 
impurities. The production was packed in the bags and identified according to their 
respective areas. Finally, the corn grains were weighed on a Profield brand four-digit 
precision scale.

The estimation of the corn yield was made by multiplying the average weight 
of the corn grains by the number of existing plants in the evaluated area, later, by 
the simple rule of three, the value of the corn yield per hectare was estimated. The 
calculation of the loss of income was made by multiplying the average weight loss of 
grams of corn per hectare by the commercial sale value of the product.

The data were arranged into two groups, a population of plants attacked by 
D. melacanthus and another population of plants not attacked by D. melacanthus. To 
verify the normal distribution, the data referring to the number of attacked and/or 
attacked plants as well as the height of the plants were subjected to the Shapiro Wilk 
test at 5% significance, the analysis showed that the data were homogeneous and met 
the requirements for the distribution. Use of parametric statistics, by and analyzed, 
using the Student’s T-test at 5% significance for comparison of two independent 
groups and verification of the existence of significant differences between treatments. 
The statistical program used was BioStat 5.3.

3. Results

It has been verified that of the 866 Bt maize plants evaluated in the vegetative 
physiological stage V6, 699 (80.7%) of the plants were attacked by the D. melacanthus 
stinkbug. The maize leaves presented evident damage by the presence of punctures or 
holes produced by the feeding of bed bugs with an average number of 6.1 punctures 
per plant. On the other hand, 167 maize plants (19.9%) were not attacked or did not 
present the characteristic symptoms described for D. melacanthus (Table 1).

The average number of D. melacanthus plants attacked was 87.4 ± 7.8 and 
20.8 ± 2.79 not attacked, from an average population of 108.2 plants, considering the 
eight Bt maize areas evaluated in which there were between 100 and 117 plants.

The high value of maize plants attacked is due to the fact that the Cry protein, 
expressed by the Bt event, the seed treatment and the foliar application with neu-
rotoxic insecticides were unable to provide protection to the maize plant from the 

Treatments No. of plants  
(n = 866)

Average number of plants attacked and 
not attacked

Height (cm)

Attacked plants 699 87.4 ± 7.8 a 41.2 ± 2.2 a

Plants not attacked 167 20.8 ± 2.7 b 41.5 ± 3.3 a

Average values followed by different letters in columns differ from each other by Student’s T-test at 5% significance.

Table 1. 
Number of Bt maize plants and height of plants (cm) attacked by D. melacanthus and not attacked.
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attacks of D. melacanthus. On the one hand, the protein crystals of B. thuringiensis 
are non-toxic to pentatomidae bugs and on the other hand, the insecticide imidaclo-
prid applied via seed and foliar was inefficient in controlling the population of pest 
hemipterans.

In relation to the variable height of the Bt maize plants, attacked or not by 
D.  melacanthus, no statistically significant difference (p > 0.05) was verified between 
the populations. An average height of 41.5 cm was recorded for unattacked plants 
and an average height of 41.2 cm for attacked plants (Table 1).

These results reveal that the height growth of maize plants is not affected, 
however, the leaf area is compromised by the feeding punctures of the stink bugs, 
which in turn affect the photosynthetic capacity of the plant and the translocation 
of photoassimilates to the drainage region for the formation of corn kernels, which 
reduces their weight.

It has been verified that the average weight of grains per Bt maize plant not 
attacked by D. melacanthus was 3956 ± 269 g and for the attacked plants it was 
3048 ± 199 g with significant statistical differences between them (p < 0.05). It has 
also been estimated that the average yield per hectare of the unattacked Bt maize 
plants was 2197.77 kg/ha and those attacked, 1693.33 kg/ha, thus the loss in maize 
production was 504.44 kg /ha due to damage caused by D. melacanthus. In this sense, 
considering the average value of corn in the corresponding harvest, the loss of income 
was 98.93 dollars per hectare (Figure 1).

4. Discussion

According to the data referring to plants attacked and not, a high incidence of 
the green-belly bug has been verified in the Bt maize crop itself with applications of 
Imidacloprid insecticides (200 ml/ha). Probably the high occurrence of D. melacan-
thus is due to the resistance to the active principles applied during the development of 

Figure 1. 
Average kernel weight ± SD (g) per Bt maize plant not attacked and attacked by Dichelops melacanthus. Average 
values followed by different letters differ from each other by Student’s T-test at 5% significance.
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maize. Another aggravating factor is that soybeans grown before corn also host a large 
number of bugs and the same chemicals are used to control them, which generates 
selection pressure for resistant biotypes.

No significant differences were observed in the height decrease of attacked and 
unattacked maize plants. This is compatible with those obtained by Crosariol Netto 
et al. [12], who observed that the transgenic plants did not show significant differences 
in relation to the height and respond differently to conventional non-Bt hybrids than 
if they can reduce plant height due to stink bug damage.

A high incidence and damage by D. melacanthus has also been verified in the V6 
vegetative stage, which is consistent with the work of Copatti and Oliveira [14]. In 
their study, they show a high potential for damage to maize, which occurs in the 
initial state of development between V2 and V8. In other similar works, the reduction 
in plant height was not significant between conventional and transgenic hybrids, but 
rather it is a behaviour between varieties [15]. In another similar work, it is high-
lighted that the height of maize plants is not affected in any of the population and 
infestation of D. melacanthus [16].

As verified in this study, significant damage in maize is observed especially if the 
infestation occurs in the physiological stages V1 and V3, negatively affecting crop 
production [6], confirming a decrease in maize yield. (kg/ha) by increasing the 
number of green-bellied bugs per square meter, as observed in this research. In other 
similar works, the damage to the productivity components themselves is observed 
with field infestations of 2 and 4 bugs per m2 [17]. Despite the reduction in plant 
height in conventional hybrids, no effects on productivity are observed, thus being 
the main factor in yield reduction due to a high infestation of D. melacanthus [12].

The same authors did not observe a relationship between the average weight of 
100 corn kernels and the density of D. melacanthus. However, a negative relationship 
was revealed between the average weight of the spikes and the population densities of 
D. melacanthus. However, the grain yield decreases with the increase in the levels of 
infestation of stink bugs, evidencing that the increase in the population density of the 
insect reduces the weight and yield of grains in the corn crop. Bridi et al. [16] high-
light that the reduction in productivity is 7.1% for each D. melacanthus added in 1 m2, 
in a range of 0–4 stinkbugs per m2.

Portela et al. [18] obtained similar results, where they verified that the green-
bellied bug causes a greater intensity of reduction in the weight of the maize grain 
when compared to the brown bug Euschistus heros, evidencing that the first species 
potentially cause greater damage to this crop than the second.

Bridi et al. [16] highlight the reduction of grains of up to 3.96 grains per row, 
which represents a decrease of 12.3% for every 4 stinkbugs per m2 compared to 
the absence of it. The length of the spike is also affected by the infestation of 3.16 
stinkbugs, which causes a reduction of about 12% in relation to the size of the spike 
without the presence of the insect. In other similar works such as that of Cruz et al. 
[19], it is described that without the presence of the insect, the yield was 8048.43 kg/
ha, while, in the presence of the insect, the grain yield was 6352.21 kg/ha, a difference 
of 21.07% or 1696.22 kg/ha.

According to Duarte et al. [6], it is possible to estimate that the level of economic 
damage for D. melacanthus in the corn crop is 8 bugs/m2, population density above 
which pest control is economically justified. These results disagree with those 
obtained by Bridi et al. [16] where they indicate that between 1 and 4 bugs per m2 
significantly affects corn yield.
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The insecticide commonly used to control bugs in corn is Imidacloprid. Research 
carried out by Chiesa et al. [8] show that this product can reduce the population den-
sity of the bug between 23.2 and 61.8% also that seed treatment with this insecticide 
does not efficiently protect against the attack of the bug D. melacanthus.

Albuquerque et al. [20] show that Imidacloprid may not be efficient when applied 
8 days after the emergence of corn plants. Also, pre-emergence insecticide sprays have 
little effect on D. melacanthus, while post-emergence applications can achieve up to 
80% control [21].

Another reason that may favour the high incidence of D. melacanthus is high 
temperature. The D. melacanthus bug performs better in high-temperature conditions 
(up to 31 ± 1°C) while constant temperatures of 19°C harm it. It has also been shown 
that Bt events such as transgenic soybeans do not affect their biology [22].

In several studies it has been shown that the treatment of corn seeds does not effi-
ciently protect against the attack of D. melacanthus, also that the series of applications 
of chemical products in the vegetative and reproductive stages does not efficiently 
reduce the population density of the green-bellied bug. According to Modolon et al. 
[23], control plants without chemical seed treatments can present up to 100% of the 
plants attacked by D. melacanthus. On the other hand, Brustolin et al. [21] recorded 
up to 60% of plants attacked by D. melacanthus without seed treatments, while with 
treatments, the number of attacked plants can be reduced to 24%.

5. Conclusions

Most of the Bt maize plants (80.7%) were attacked by D. melacanthus. Which 
reduced productivity and economic income.

Dichelops melacanthus caused an average of 6.1 punctures per Bt maize plants, 
affecting grain yield by 23% and causing a loss of income of 98.93 US dollars per 
hectare.

Average kernel weight of Bt maize plants was reduced due to damage caused by 
D. melacanthus. However, the reduction in the average height of Bt maize plants was 
not significant.

In future research, it is recommended to evaluate the effect of the attack of the 
bugs in the reduction of leaf area and photosynthetic capacity that reduces maize 
production. Other control methods for D. melacanthus should also be evaluated.
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