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Preface

Corn or maize (Zea mays L.) plays an important role in global food security. The many uses
of corn make it a central commodity and a great influence on prices. Because of its world-
wide distribution and relatively lower price, corn has a wider range of uses. It is used direct-
ly for human consumption, in industrially processed foods, as livestock feed, and in
industrial nonfood products such as starches, acids, and alcohols. Recently, there has been
interest in using maize for the production of ethanol as a substitute for petroleum-based
fuels. It is an important source of carbohydrate, protein, iron, vitamin B, and minerals. Cli-
mate change, however, is a growing concern among corn growers worldwide. Scientists esti-
mate that corn production will need to be increased by 15% per unit area between 2017 and
2037. To increase corn yields, advanced and new production technology needs to be devel-
oped and distributed among corn growers. The advanced technology to boost corn yields
and counteract climate change is important for food security for the growing global popula-
tion. Nutritionally, maize seeds contain 60-68% starch and 7-15% protein. Maize oil is wide-
ly used as a cooking medium and for manufacturing hydrogenated oil. The oil has the
quality of reducing cholesterol in the human blood similar sunflower oil. Corn flour is used
as a thickening agent in the preparation of many edibles such as soups, sauces, and custard
powder. Integrated nutrients management improves corn growth, leaf area index and light
interception, dry matter accumulation and distribution, grain and fodder quality, yield com-
ponents, grain and biomass yields, harvest index, and shelling percentage, and reduces the
problem of food insecurity. Recent studies indicate that the integrated use of chemical and
organic N-fertilizers can improve corn growth, increase yield and yield components, im-
prove grain quality, and reduce environmental pollution. Macro- and micronutrients rich
organic manures (animal manure, poultry manure, and plant residues, etc. in the form of
compost, biochar, and residues) can serve as an effective substitute to costly synthetic fertil-
izers (urea, ammonium sulfate, nitrate, di-ammonium phosphate, potassium chloride, potas-
sium sulfate, etc.), which not only reduce the cost of production but also environmental
pollution, and increases growers’ income on a sustainable basis. Integrated nutrients man-
agement (combined use of chemical + organic + biofertilizers) in a cereals-based system, es-
pecially corn production, is therefore more resilient to climate change.

The purpose of the book Corn is to present a comprehensive picture of the importance of
corn globally. The book is divided into three parts. The first part deals with corn manage-
ment practices, the second part is related to the role of corn in human health, and the third
part deals with corn’s response to climate change. This book is intended to satisfy to the
needs of students, researchers, technologists, and policy makers. It comprises eight chapters.
We are thankful to all the authors who contributed their valuable chapters to this book. We
are also extremely grateful to Ms. Marina Dusevic (Author Service Manager) of InTech for
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helping us to publish the book in an excellent form in the shortest possible time. We owe
our sincere thanks and gratitude to our families whose consistent encouragement and love
have been a tremendous impetus for the completion of this book.

Dr. Amanullah

Associate Professor

Department of Agronomy

Faculty of Crop Production Sciences
The University of Agriculture Peshawar
Pakistan

Shah Fahad, PhD

Department of Plant Science and Technology
Huazhong Agricultural University
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Chapter 1

Integrated Nutrient Management in Corn Production:
Symbiosis for Food Security and Grower’s Income in
Arid and Semiarid Climates

Amanullah and Shah Fahad

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.80995

Abstract

Soil fertility and corn productivity is continuously declining due to removal of essential
plant nutrients from the soils. The deficiencies of essential plant nutrients, organic matter,
and beneficial soil microbes in soils had negative impact on soil fertility, corn productivity,
and grower’s income, which has increased the problem of food insecurity under arid and
semiarid climates. Best management practices including the proper use of plant nutrients
increase (1) soil fertility and health, (2) yield per unit area, and (3) grower’s income (profit-
ability). Our long-term field experiments on maize crop indicated that a significant increase
in yield per unit area occurred with the integrated nutrient management (combined use of
chemical fertilizers + organic fertilizers + biofertilizers). The integrated use of major plant
nutrients (nitrogen, phosphorus, and potash) along with different organic carbon sources
(animal manures and plant residues) plus biofertilizers (beneficial microbes) significantly
improves maize growth, yield and yield components, and grower’s income.

Keywords: maize, corn, integrated nutrients management, organic fertilizers, chemical
fertilizers, bio-fertilizers, yield, grower’s income

1. Economic importance of maize

Corn or maize (Zea mays L.) is an important cereal crop in the world. It provides staple food
to many populations. Maize is the third most important cereal crop in Pakistan after wheat
and rice. In Khyber Pakhtunkhwa it ranked second after wheat in its importance [1, 2]. In
developing countries, maize is a major source of income to farmers among whom many are
poor. Corn is used as animals feed and industrial raw material in the developed countries,

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIN
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while in developing countries mostly used as food for human and feed for animals (http://
cornindia.com/importance-and-utilization-of-maize/). Because of its worldwide distribution
and relatively lower price, maize has wider range of uses. For example, it is used directly for
human consumption, as livestock and poultry feed, and in nonfood products such as starches,
acids, and alcohols. Recently, there has been interest in using maize for production of ethanol
as a substitute for petroleum-based fuels. Nutritionally, maize seeds contain 60-68% starch
and 7-15% protein. The embryo of corn seeds which forms about 12% of the whole grain is
the source of protein, fats, and sugars. Yellow maize is the richest source of vitamin A. Maize
contains 1.2-5.7% edible oil. Varieties developed particularly for oil production contain as
much as 14%. Maize oil is widely used as a cooking medium and for manufacturing of hydro-
genated oil. The oil has the quality of reducing cholesterol in the human blood like sunflower
oil. Maize acts as a source in the manufacture of starch, syrup, dextrose, oil, gelatin, lactic
acid, etc. Corn flour is used as a thickening agent in the preparation of many edibles like
soups, sauces, and custard powder. Corn syrup is used as an agent in confectionary units.
Corn sugar (dextrose) is used in pharmaceutical formulations and as a sweetening agent in
soft drinks, etc. Corn gel on account of its moisture retention character is used as a bonding
agent for ice-cream cones and as a dry Dustin agent for baking products (http://cornindia.
com/importance-and-utilization-of-maize/). Integrated nutrient management improves corn
growth, leaf area index and light interception, dry matter accumulation and distribution,
grain and fodder quality, yield components, grain and biomass yields, harvest index, shelling
percentage, and grower’s income.

2. Maize response to chemical fertilizers (N, P, and K)

Commercial fertilizers are applied to maize crop to improve its growth and yield [1-7]. Maize
(cereal) is an exhaustive crop and produces high biomass [7-14] and therefore has a high
requirement for nutrients especially nitrogen [15], phosphorus [1, 7, 10, 16], and potassium
[2, 14, 17-19].

2.1. Nitrogen management

Nitrogen is an essential nutrient for plant and microbial growth and one of the key limiting
nutrients in many natural ecosystems all over the world. In many developing countries, the
imbalance use of nitrogen in crop production results in nitrous oxide (N,O) which is considered
much stronger greenhouse gas than carbon dioxide. The integrated use of chemical and organic
N fertilizers can improve plant growth, increase yield and yield components and grain quality,
and reduce environmental pollution. Nitrogen-rich organic manures (animal manure, poultry
manure, plant residues, etc.) can be served as an effective substitute to chemical N fertilizers
(urea, ammonium sulfate, nitrate, etc.) to reduce the costs of chemical fertilizers, reduce envi-
ronmental pollution, and increase grower’s income [20]. Increase in N rate and number of split
applications at high density improve light interception contributing to the remarkable increase
in the crop growth rate and yield [21]. The increase in light interception at high-density plots
was due to the increase in leaf area index [17, 22]. The efficient use of nitrogen is also important
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for increasing grain quality (Amanullah and Shah [13]), partial factor productivity (PFP), and
agronomic N use efficiency (NUEA) in maize [23]. Amanullah [24] compared the agronomic
N use efficiency (NUEA) and harvest index response of different maize genotypes to different
N-fertilizer sources (urea, calcium ammonium nitrate (CAN) and ammonium sulfate (AS)) at
various levels (0, 50, 100, 150, and 200 kg ha™"). The results revealed that NUEA had negative
relationship with increase in N rate, while harvest index had positive relationship with increase
in N rate up to 150 kg ha™. Both NUEA and harvest index ranked first with the application
of AS (AS > CAN > urea). The maize hybrid produced higher NUEA and harvest index than
local cultivars (Pioneer-3025 > Jalal > Azam). Khan et al. [15] reported that nitrogen application
yielded 41 and 26% more grain than the check (control) in year 1 and year 2, respectively. The
hybrid (P-3025) yielded 30 and 24% more grain than the local cultivars in years 1 and 2, respec-
tively. The application of urea at 150 and 200 kg N ha™!, CAN at 100 and 150 kg N ha ha,
and AS at 50 and 100 kg N ha ha™' was economical in terms of NR in both years ([15]). Seed
protein contents in corn increased with the application of higher N rates (150 and 200 kg ha™) as
compared with the lower N rates (50 and 100 kg ha™), while application of ammonium sulphate
increased seed oil contents as compared to urea and CAN [25]. Yield components (number of
rows ear ', seeds row, seeds ear™, ears per 100 plants), and both grain and stover yields in corn
increased with higher N rate [5]; ammonium sulfate at the highest rate of 200 kg N ha™ was
found beneficial in terms of higher productivity & profitability for hybrid maize [5].

2.2. Phosphorus management

Phosphorus is second to nitrogen in total application to crops yet is used by plants in much
lower quantities. Unlike N, soil P readily forms weakly soluble mineral compounds in the soil,
thus resulting in poor mobility. The major problems under semiarid condition in Northwest
Pakistan are (1) low soil moisture and (2) low soil fertility especially P unavailability ([26-28]).
Highest level of 90 kg P ha™ 10 days before sowing (DBS) had marked an increase in ear
length, grain weight, grain yield, shelling percentage, and net returns [29]. Among the sources
of P-fertilizers, diammonium phosphate (DAP) and single super phosphate (SSP) improved
growth, dry matter partitioning, and grain yield than Nitrophos (NP) and control [27]. The
highest level of 90 kg P ha™ at 10 DBS increased plant height, number of leaves per plant, mean
leaf area, dry weight of leaf, stem and ear as well as biomass yield, and harvest index [28].
Amanullah et al. [26] also reported that application of DAP and SSP resulted in higher partial
factor productivity (PFP) (63.58 and 61.92 kg grains kg~ P), agronomic efficiency (AE) (13.01
and 13.71 kg grains kg™ P), and net returns (NR) (Rs. 16,289 and 16,204 ha™'), respectively, as
compared with NP with lower PFP (57.16 kg grains kg™ P), AE (8.94 kg grains kg™ P), and
NR (Rs. 4472 ha™). Increase in P rate (90 > 60 > 30 > 0 kg P ha™) and tillage depth (45 cm)
increased maize productivity and profitability [6]. Earlier, Amanullah et al. [28] reported that
phosphorus level and its time of application are considered as some of the most important
factors affecting crop growth, dry matter accumulation, and harvest index in maize.

2.3. Potassium management

Asif et al. [18] reported that tasseling, silking, and physiological maturity were delayed when
potash levels were increased up to 60 kg ha™!, while further increase in K level up to 90 kg ha™
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enhanced tasseling, silking, and maturity. Tasseling, silking, and physiological maturity
showed positive relationship with increase in the number of splits. Maximum grain yield
was recorded when K was applied at the highest rate of 90 kg ha™!, while minimum grain
yield of 1898.8 kg ha™' was recorded when K was not applied. The highest grain yield was
recorded in those plots which received 100% of K at sowing time, while the lowest grain yield
was recorded when K was applied in three splits, i.e., 33.3% at sowing time, 33.3% at 15 DAE,
and 33.3% at 30 DAE. Amanullah et al. [2] reported that potassium fertilizer management is
beneficial for improving growth, yield, and yield components of maize under moisture stress
condition in semiarid climates. The results confirmed that increasing the rate of soil applied K
up to 90 kg P ha' in two equal splits (50% each at sowing and knee height) improve growth
and maize productivity under semiarid climates.

3. Maize response to foliar nutrition

Amanullah et al. [30] studied the response of maize to urea spray (U0 = control, U1 =2, U2 =4,
U3 =6, and U4 = 8% urea) at different growth stages (T1=V9, T2=V12, T3 = VT, and T4 =R1
stages) assigned to subplots. It was concluded from the study that urea spray at the rate of 6%
at V12 stage improves the grain yield and yield components of maize. Foliar application of
nitrogen (2%) from different sources (e.g., urea, ammonium sulfate (AS), and calcium ammo-
nium nitrate (CAN)) and its application time (15, 30, 45, and 60 days after emergence (DAE))
were studied on maize. It was concluded from the results that late foliar-N application (urea,
CAN, or AS) about 1 week before tasseling up to silking could increase maize productivity in
the study area [31]. Amanullah et al. [12] reported that foliar nutrient management not only
applies nutrients to the hungry crops, but it could also be beneficial in terms of providing
water to the thirsty crops under moisture stress condition. They conducted field experiment
to investigate effects of foliar NPK (2% each) applied alone and in various combinations (N, P,
K,N+P, N+K, P+K, and N + P + K) and their application time (one split at 30 and 60 days
after emergence (DAE) and two equal splits at 30 + 60 DAE) on the growth and yield of maize
(Zea mays L., cv. Azam) under moisture stress condition. It was concluded from the results
that combined foliar application of the three major nutrients (N + P + K) at the rate of 1% each
in two equal splits at 30 and 60 DAE increased maize productivity under moisture stress con-
dition. In our recent study (Amanullah et al. [4]), response of dryland maize was investigated
to foliar phosphorus (1, 2, and 3% P) and zinc levels (0.1, 0.2, and 0.3% Zn) and their applica-
tion time (T1 = at boot stage and T2 = at silking stage). It was concluded from this study that
the application of 3% foliar P + 0.3% foliar Zn at boot stage improves growth and increases
maize productivity and profitability under moisture stress condition in semiarid climates.

4. Maize response to organic matter

Soil organic matter (SOM) is a key indicator of soil health because of its vital functions that
affect soil fertility, productivity, and the environment. Soil organic matter plays a key role in
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supplying plants with the nutrients they require. Organic matter improves soil physical (tex-
ture, structure, bulk density, and water-holding capacity), soil chemical (nutrient availability,
cation exchange capacity, reduced aluminum toxicity, and allelopathy), and soil biological
(nitrogen mineralization bacteria, dinitrogen fixation, mycorrhizae fungi, and microbial bio-
mass) properties. SOM adsorb heavy metals in the soils, which reduce toxicity of these metals
to plants and reduce their escape to ground water. SOM also adsorbs herbicides, which may
inhibit contamination of surface and groundwater. Furthermore, SOM also functions as a sink
to organic carbon and mitigates carbon dioxide escape to the environment. SOM stabilize
soil aggregates, making soil easier to cultivate, increasing soil water-holding and buffering
capacities, and releasing plant nutrients upon mineralization [32]. Adequate amount of SOM
maintains soil quality (health), preserves sustainability of cropping systems, and reduces
environmental pollution [33].

4.1. Animal manures

Farhad et al. [34] reported maximum plant height, leaf area index, leaf area, number of
leaves plant™, and transpiration with composted poultry manure. Delayed tasseling resulted
in Monsanto-919 with fresh poultry manure at 75% FC, whereas early tasseling resulted in
FH-810 with same treatment at 100% field capacity. Ahmad et al. [35] reported that the use
of poultry manure at the rate of 2.50 t ha™ with inorganic fertilizer 200-150-125 kg NPK ha™
resulted in higher grain yield due to the enhancement in grains per cob and cobs per m™
Baloch et al. [36] reported that combined application of manures and inorganic fertilizers sig-
nificantly increases the growth and yield of maize crop. Amanullah and Khalid [10] Studied
the impact of animal manures (poultry, cattle, and sheep manures) on hybrid maize “CS-
200.” They concluded that application of poultry manure delay phenological development,
improve growth, and increase total corn biomass. Amanullah and Khalid [1] reported that the
application of poultry manure increased yield and yield components of maize.

4.2. Plant residues

Adejumo et al. [37] reported that application of compost significantly increased maize biomass
and decreased lead concentration in soil as compared to control and inorganic fertilizers. It
was concluded that compost enhance soil fertility and crop productivity and increase plant
resistance to heavy metals. Nziguheba et al. [38] studied the effects of residue incorporation
and inorganic fertilizers on nutrient availability and maize yield. Plant residue incorpora-
tion increased P uptake and soil P as compared to inorganic fertilizer treatments in 3 years.
Schiemenz et al. [39] studied the effectiveness of various types of ashes obtained after burn-
ing of different plant biomasses like rape meal, straw, and cereal residues. Ash application
increased P uptake and soil P content, and the fertilizing effect of ash was comparable to triple
super phosphate (TSP, a chemical fertilizer). Amanullah and Khan [16] studied the impact of
compost application times ((30, 15, and 0 days before sowing (DBS)) on maize yield. The results
confirmed that compost applied at sowing time significantly increased yield and yield com-
ponents of maize under semiarid condition. Amanullah et al. [3] reported that application of
compost tremendously improved growth and increased yield and yield components of maize

7
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when grown alone in mono-cropping or inter-cropped with common bean. The land equiva-
lent ratio (LER) was higher in plots treated with compost than without compost-treated plots.

5. Maize response to biofertilizers (beneficial microbes)

Biofertilizers (beneficial microbes) are known to play many vital roles in soil fertility, crop
productivity, and profitability. Beneficial microbes reduce the use of chemical fertilizers and
thereby reduce environmental pollution caused by chemical fertilizers. Beneficial microbes
reduce cost of production and so increase grower’s income and profitability [40]. Our recent
publications [1, 10, 16] indicated significant (P < 0.05) differences in growth, yield compo-
nents, yield, and harvest index between the seeds treated with PSB (+) and without PSB (-).
Amanullah and Khan [16] conducted field trial to study the effects of P levels, compost appli-
cation times, and seed inoculation with phosphate-solubilizing bacteria (PSB) on the yield
and yield components of maize (Zea mays L., cv. Azam). Maize seed inoculated with PSB (+)
had tremendously increased yield and yield components of maize over PSB-control plots (-).
Amanullah and Khalid [10] conducted field experiment to investigate impact of P levels (40,
80, 120, and 160 kg P ha™) and animal manures (poultry, cattle, and sheep manures) with (+)
and without (—) phosphate-solubilizing bacteria (PSB) on phenological development, growth,
and biomass yield of hybrid maize “CS-200.” The plots with PSB (+) produced significantly
taller plants with higher mean single leaf area and leaf area index and produced the highest
biomass yield. Amanullah and Khalid [1] conducted a field trial to investigate the impact
of the integrated use of different animal manures and phosphorus levels on yield and yield
components of hybrid maize (CS-200) with (+) and without (—) phosphate-solubilizing bac-
teria (PSB). Maize seeds treated with PSB (+) before sowing had produced higher yield and
yield components than untreated seeds (—). We concluded from this study that combined
application of 160 kg P ha™' + poultry manure + seed treatment with PSB (+) could improve
corn productivity and profitability under semiarid condition.

6. Maize response to integrated nutrient management

Thebasic concept underlying integrated nutrient management (INM) is the maintenance and pos-
sible improvement in soil health for sustained crop productivity and sustainability. Amanullah
et al. [7] reported that application of 120 kg N ha™' + 2 t compost ha™' under deep tillage system
(45 cm) could improve spring maize yield and yield-contributing traits. Amanullah et al. [9]
reported that application of the highest level of sulfur at 40 kg Sha™ + N level at 160 kg N ha™
increased maize productivity. Amanullah and Khan [16] reported that compost applied at sow-
ing time + P applied at the two higher rates (75 and 100 kg P ha™') + PSB (phosphate-solubilizing
bacteria) tremendously increased yield and yield components of maize. Application of 120 kg
P ha™! + poultry manure along with seed treatment with PSB improved growth and total bio-
mass [10] and increased yield and yield components of maize [1]. According to Igbal et al. [14],
application of K at the highest rate of 90 kg ha™ in two equal splits (50% at sowing +50% at V9
stage) along with cattle dung (5 t ha™) could improve number and area of leaves, dry matter
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partitioning, biomass yield, and harvest index under limited irrigation condition. Amanullah
[41] reported that integrated use of organic carbon sources, plant nutrients and bio-fertilizers is
key to improve field crops productivity under arid and semiarid climates.

7. Conclusions

Soil fertility and corn productivity are continuously declining due to the removal of essential plant
nutrients from the soils. The deficiencies of essential plant nutrients, organic matter, and benefi-
cial soil microbes in soils had negative impact on soil fertility, corn productivity, and grower’s
income that have increased the problem of food insecurity globally. Best management practices
including the proper use of plant nutrients increase (1) soil fertility and health, (2) yield per unit
area, and (3) grower’s income (profitability). Our long-term field experiments on maize crop indi-
cated that a significant increase in yield per unit area occurred with integrated nutrient manage-
ment (combined use of chemical fertilizers + organic fertilizers + biofertilizers). The integrated use
of major plant nutrients (nitrogen, phosphorus, and potash) along with different organic carbon
sources (animal manures and plant residues) plus biofertilizers (beneficial microbes) significantly
improves maize growth, yield and yield components, and grower’s income.
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Abstract

The last few decades have seen a rapid increase in corn production, making corn the most
important cereal in the world. This evolution is due in large part to rapid productivity
growth for corn. Both improved genetics and improved farm management have contrib-
uted to large increases in corn yield. The paper reviews how genetics, biotechnology and
management have interacted to increase agricultural productivity and reduce farm risk
exposure. It documents the stellar performance of corn in terms of productivity growth.
It also discusses the recent evolution of corn markets and evaluates the prospects for the
future.

Keywords: corn, productivity, biotechnology, risk, management

1. Introduction

Corn (Zea mays), also called maize or field corn, is the most important cereal in the world,
with annual global production exceeding that of wheat and rice. In 2017, corn production
accounted for 41% of total grain production in the world [1]. While corn is a staple food
in parts of the world, it has many uses, including animal feed, biofuel and sweetener. This
chapter provides an overview of the evolving role of corn in agriculture.

Corn was first domesticated in southern Mexico about 9000 years ago [2, 3]. Its closest wild
relative is teosinte, a wild grass of Mexico, Guatemala and Honduras. A major puzzle is the
great genetic differences between teosinte and corn, indicating how key mutations and human
selection contributed to genetic evolution [4]. After the Columbian exchange, corn production
spread throughout the world. Corn is a highly productive crop with the ability to exploit

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNNN
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available soil nutrients. As a C4 plant, corn has some photosynthetic advantages in capturing
solar energy in warm weather compared to C3 crops such as wheat, rice and soybean. Due to
its high productivity under various climate conditions, corn is now the largest grain crop in
the world [1]. Favorable agro-climatic conditions in the US “Corn Belt” have made the US the
largest corn producer. In 2017, corn production in the US accounted for 35% of world corn
production [1].

The rise of corn as the most important cereal in the world has been associated with impor-
tant improvements in its productivity [5]. Figure 1 illustrates the evolution of the average
corn yield on US farms from 1870 to 2017 [6]. Figure 1 shows that corn productivity was
basically stagnant before 1940: during the period 1870-1940, US average corn yields stayed
within a narrow range between 20 and 30 bu/acre. (between 1200 and 1900 kg/ha)’ Starting
in 1940, a period of fast and steady rise in corn productivity began and continues to this
time. US average corn yield increased from 28.9 bu/acre (1.81 metric tons/ha) in 1940 to 176.6
bu/acre (11.1 metric tons/ha) in 2017 [6]. This amazing achievement means that a given area
of land can produce 6.1 times more corn in 2017 than in 1940, which corresponds to an aver-
age annual growth rate of 2.35%, reflecting the rapid technological progress sustained over
the last seven decades. This achievement raises two questions. First, what are the sources
of this growth in corn productivity? Second, is it likely to continue in the future? Below,
we discuss the role played by two key drivers of corn productivity: improved genetics and
improved management. We also consider the corn market and its evolving prices. Finally,

LS Corn Yield

cre
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year
Figure 1. Historical corn yield, US. Source: The corn yield is measured in dollar per bushel, as reported by USDA-NASS [6].

1 bushel of corn equals 25.40 kg and 1 acre of land equals 0.4047 hectare. Thus, 1 bu/acre = 62.77 kg/hectare.
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we reflect on what may come next. Some evidence suggests that agricultural productivity
growth may be slowing down, raising concerns about our ability to feed a growing world
population (e.g., [7]). We ponder these prospects as they apply to corn production.

2. Corn productivity

Genetic selection has been a very important driver of agricultural productivity. The process
started some 9000 years ago in Mexico when corn was first “selected” and evolved from its
wild ancestor [2]. Over the centuries, accidental mutations and some intentional selections
contributed to beneficial changes [3]. But as Figure 1 indicates, the rate of geneticimprovement
was very slow before 1940. Genetic selection was then based mostly on traditional breeding
methods trying to combine desirable characteristics of each parent into the progeny. Applied
to crops, farmers used selective breeding to pass on desirable traits while omitting undesir-
able ones. The desirable traits included higher yield and better quality as well as improved
adaptation to local agro-climatic and ecological conditions. When applied by farmers, the
selection intensity was low, generating slow genetic changes.

The early part of the twentieth century saw the rise of modern genetics and its applications to
plant breeding. The discovery of hybrid vigor led to the development of hybrid seed corn and
rapid improvements in corn productivity [5, 8]. The higher corn yields stimulated the rapid
adoption of hybrid seed corn among US farmers [8, 9]. The new corn hybrids also contributed
to the development of a seed corn industry that focused on refined genetic selection [10]. The
increased intensity of genetic selection contributed to the development of improved varieties that
were better at capturing soil nutrients and more resistant to diseases [5]. As Figure 1 shows, the
result has been decades of genetic improvements and rapid and sustained growth in corn yields.

Starting in the 1980s, progress in biotechnology revolutionized genetic selection. The identifica-
tion of genes and the refinements in gene transfer’ technologies opened new opportunities for
genetic selection. Eventually, this process led to the development of genetically engineered (GE)
corn hybrids that, along with the patenting of GE seeds, stimulated the growth of biotechnology
in agriculture. The first GE corn hybrids became commercially available in the US in 1996, with
US farmers rapidly adopting the technology. In 2017, more than 90% of all corn planted in the
US was GE [12]. The rapid adoption of GE corn in the US led to significant productivity improve-
ments [13]. Over the last two decades, the adoption of GE seed in agriculture has proceeded
around the world, though at different rates depending on each country’s regulations [14].

Two major types of GE traits are currently available in the hybrid seed corn market: those
providing insect resistance (IR) (commercially available in corn in 1996) and those providing
herbicide tolerance (HT) (commercially available for corn in 1998). Hybrid seed corn contains
these traits either singly or combined as stacks or pyramids, so that a single hybrid is both IR
to multiple pests and HT to more than one herbicide.

*We now know that horizontal gene transfers across species are not uncommon and that they played an important role
in the evolution of life (e.g., [11]).
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In the US, currently available IR traits involve gene transfers from the soil bacterium Bacillus
thuringiensis (Bt) so that hybrids express insecticidal proteins in their tissues that help control
specific insect pests. Bt corn hybrids in the US focus on two pests that have had significant
adverse effects on corn yield: European corn borer (Ostrinia nubilalis) and corn rootworm, a
complex of four closely related species (Diabrotica spp.). European corn borer larvae feed on
corn plant tissues, including tunneling through corn stalks and ear shanks, which not only
disrupts plant functions and so causes direct yield loss, but also causes plant lodging and ear
drops, causing additional yield loss. Corn rootworm larvae feed on corn roots, which disrupts
water and nutrient uptake by the plant and so causes direct yield loss, and also causes plant
lodging. Both pests have historically caused significant damage to corn plants, reduced corn
yield and are somewhat difficult to control using conventional insecticides [15].

Bt corn has proven more effective in controlling European corn borer and corn rootworm than
conventional insecticides, thus increasing harvested yields. In addition, farmer adoption in
the US of Bt corn has reduced the aggregate use of insecticides [16]. The rapid adoption of IR
Bt corn in the US reflects that US farmers have obtained significant productivity benefits from
this technology [12, 13].

HT corn hybrids simplify herbicide-based weed management by allowing application of her-
bicides on the crop without causing crop damage. Weed management without HT hybrids
is managerially more complicated since several weed species look similar when they are
small at the time when farmers must make herbicide decisions, but different species com-
monly require different herbicides for effective control. The earliest and still most popular
HT hybrid is tolerant of the herbicide glyphosate, though other types of HT hybrids have
been available. As a broad-spectrum herbicide, glyphosate controls a wide range of weed spe-
cies, so that farmers do not need to know the specific weed species in their fields and which
herbicides provide effective control. As a result, farmers rapidly adopted glyphosate tolerant
corn hybrids and glyphosate quickly become the most commonly used corn herbicide, with
glyphosate used on approximately 75% of US corn acres since 2008 [17]. In US, farmer adop-
tion of HT hybrids has reduced the aggregate use of herbicides [16]. In addition, HT varieties
facilitate farmer adoption of reduced tillage and no-till systems, which not only reduces soil
erosion, but also lowers labor and fuel requirements [18]. Features such as these have made
GE corn attractive to US farmers, contributing to their rapid adoption [12, 13].

3. The role of management

While improved genetics have contributed greatly to increasing corn productivity over the
last 70 years, other factors also played a role. Duvick [5] has noted that corn productivity
per plant has not changed much over the last few decades, suggesting that, under favorable
conditions, the efficiency of photosynthesis for corn (as a C4 plan) has not improved. If so,
what is the source of corn productivity growth? Duvick [5] argued that most of the historical
increases in US corn yields are due to increases in plant density. Thus, corn productivity gains
have come from the interactions between the plant and its environment, along with improve-
ments in farm management and cultural practices. Over the years, new corn hybrids have
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been selected to be more resistant to lodging and more tolerant of biotic stress (pest damage,
weed competition, disease) and abiotic stress (adverse weather, poor soil conditions). These
genetic changes have interacted with improved management practices, including fertilizer
use, irrigation, tillage system, weed control, pest management and crop rotation. Fertilizer
applications remedy soil nutrient scarcity, as corn yield is very responsive to nitrogen [5].
When available, irrigation alleviates soil water scarcity and drought. Pest and weed popula-
tions can be (at least partially) controlled and suppressed by tillage, crop rotations and by the
use of pesticides (insecticides and herbicides). Crop rotation had been used by farmers for
centuries to reduce pest and weed infestation and to restore soil fertility [19-21].

The hypothesis that management and genetic biotechnology interacted in generating recent
corn productivity gains have been investigated by Chavas and Shi [22] and Chavas et al. [23].
They found evidence of the important role of management and of interaction effects between
technology and management. First, they documented how biotechnology has been a major
driver of improved corn productivity over the last decade. They also explored how the benefit
of GE traits can vary with agro-climatic conditions. Second, they showed how GE hybrids
provide enhanced control of pest damages, thus reducing exposure to both risk and downside
risk (the provability of facing low yields). Reducing risk exposure is a major part of the ben-
efits of GE technology [24]. Importantly these GE benefits can go beyond the farm if the sup-
pression of pest population is regional [25]. Third, Chavas and Shi [22] and Chavas et al. [23]
showed how crop rotation and GE technology provide alternative ways to control pest popu-
lations, indicating that they behave as substitutes in the corn production process. Fourth, they
reported the presence of synergy between biotechnology and plant density as they affect corn
productivity. By improving pest control, GE hybrids make it possible to obtain greater pro-
ductivity from higher plant density, evidence that the observed growth in corn productivity
has been the outcome of important synergies between genetics and improved management.

4. Corn markets

In a market economy, technological progress affects producers, consumers and prices.
Figure 2 presents the evolution of US corn prices ($/bu) over the period 1947-2017, reporting
both nominal prices and real prices [6]. Real prices are nominal prices adjusted for inflation
by dividing by the US Consumer Price Index (CPI), in this case with 1983 normalized to 1.
Figure 2 shows that the nominal price of corn has gone from $1.52/bu ($59.8/metric ton) in
1950 to $3.36/bu ($132.3/metric ton) in 2017, corresponding to an average increase of +1.19%
per year. It also shows that the real price of corn has gone from $6.30 to $1.37/bu, correspond-
ing to an average decline of —2.25% per year.’ This sharp decline in real price means that,
holding purchasing power constant, an individual can buy 4.6 times more corn in 2017 than in
1950. This dramatic change mostly arises from productivity gains. Indeed, the rate of change
in the real corn price (-2.25% per year) almost perfectly matches the rate of change in yield
reported earlier (+2.35% per year).

3The difference is due to inflation, the average US inflation rate between 1950 and 2017 being +3.44% per year.
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US Price of corn

SMbu

= Mominal price == Real price (51933)

Figure 2. Historical price of corn, US. Source: The nominal corn price is the price received by farmers ($/bu) as reported
by USDA-NASS [6]. The real price of corn is the nominal price divided by the consumer price index (CPI) as reported
by BLS, with CPI, = 1.

1983
In general, technological progress improves the aggregate welfare of society by allowing the
production of greater outputs at lower cost (less resource use). But productivity growth can
also have important distributional effects. In the corn sector, rapid technological progress
has reduced cost and stimulated supply, which in turn has pushed market prices down. As
just noted, the observed decrease in real prices reported in Figure 2 can be attributed in large
part to technological progress in the corn industry. It indicates that most of the benefits of
productivity gains are actually captured by consumers in the form of expanded quantities
produced and lower market prices. As most corn is not directly consumed by people, but
used for livestock feed and more recently fuel, these consumer gains arise from lower prices
for meat, dairy products, eggs and fuel. But these lower (real) market prices contribute to
declining farm revenue.

Interestingly, technological progress in agriculture may not benefit farmers at the aggregate —
if the lower output price due to increased productivity generates a decline in revenue that
exceeds the reduction in production cost.* This process is called the technology treadmill or
Cochrane’s treadmill after the originator of the theory [27]. Early adopters of new productive
technologies benefit by reducing their cost of production, but later adopters will lose if, as
supply expands, the output price declines more than the decrease in production costs. The

4This can take place when the demand is highly price-inelastic, i.e., when the output price decline is “large enough” to
imply a substantial decline in revenue that swamps the decrease in cost. This scenario is relevant as the demand for food
in general and for corn in particular tends to be highly price-inelastic (e.g., [26]).
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treadmill occurs because, even if farmers in aggregate are made worse off by the new technol-
ogy, farmers individually still have an incentive to adopt the new technology to reduce their
cost of production in a race to outrun the decline in real prices [28, 29].

Globally, about 5% of the calories consumed per person come directly from corn, but this
demand varies across countries. In much of Latin America, corn is mostly used for direct
human consumption. For example, 33% of the calories consumed per person in Mexico come
directly from corn.’ In the US (and many other countries), corn is used mainly as livestock
feed, an important input in the production of meat (beef, pork, and poultry), dairy and eggs.
As a result, the demand for corn is a derived demand, with meat, dairy and eggs being the
final consumer good.

Corn also has other uses such as for making sweeteners and ethanol. Derived demands for
these corn products depend in part on government policy. For example, the US has a protec-
tionist policy toward sugar, so sugar import restrictions have increased the domestic price of
sugar [30]. The higher US sugar price has stimulated the search for sugar substitutes in the US,
including corn sweeteners. This policy increases demand for corn, with more than 5% of US
corn production used for sweeteners, and contributes to a higher corn price, which benefits
US farmers but costs US consumers [30].

The US ethanol policy has an even larger impact. The rapid development of the US ethanol
industry after 2000 is closely associated with government policies supporting the production
of biofuel [31]. Ethanol subsidies, restrictions on ethanol imports and mandates for blending
ethanol with gasoline have greatly stimulated the production of corn-based ethanol, leading
the US ethanol industry to consume almost one third of US corn production. Over the last
15 years, US biofuel policy has greatly stimulated the demand for corn and affected agri-
cultural markets. Roberts and Schlenker [26] estimated that US ethanol policy has increased
world food prices by about 30%. This large effect is due to a price-inelastic demand for food
and a diversion of land away from producing feed/food toward producing biofuel. In general,
farmers have benefited from higher food prices, but the policy has significant distributional
consequences, as consumers pay significantly more for food. Using “consumer surplus” as a
measure of consumer welfare, Roberts and Schlenker [26] estimated that US ethanol policy
contributed to a loss in world consumer welfare of $180 billion per year. The debate about the
economics and policy of corn-based biofuel continues [32, 33].

5. Prospects for the future

Over the last several decades, productivity growth in the corn sector has been stellar, which
is good news in a world where feeding a growing world population is challenging. There are
current concerns that agricultural productivity growth may be slowing down (e.g., [7, 34]).
So far, such concerns do not seem to apply to corn, since US average corn yields continue to
climb at a steady rate, and Chavas et al. [13] provide evidence that biotechnology has helped

5These estimates from https://www.nationalgeographic.com/what-the-world-eats/ based on UN FAOSTAT data for 2011.
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increase corn productivity growth over the last two decades. Despite these continual produc-
tivity gains, challenges still exist, chief among them are resistance and climate change.

The stellar productivity gains from commercially applying biotechnology in corn have
focused on improving insect and weed management, which has created selection pressure on
many pest species to evolve resistance to control. Even if farmers follow resistance manage-
ment practices, pests have and will continue to evolve resistance—these practices only slow
the rate of resistance evolution, they do not stop it.

Western corn rootworm (Diabrotica virgifera virgifera) evolved resistance to rootworm Bt corn within
a few years of commercial release [35]. Rootworm Bt hybrids still have value to farmers, but their
continued use requires that companies pyramid multiple rootworm traits together and that farm-
ers use additional management practices such as crop rotation and conventional insecticides [36].
Companies have also responded by developing alternative GE traits to manage corn rootworm.
Potentially the most promising is RNA interference (RNAi), which uses biotechnology so that
crops create double-stranded RNA segments that interfere with transcription of specific segments
of RNA found in only the target species [37-39]. The first US commercialization of RNAi in corn
received EPA approval in 2017.° Also, corn has been genetically engineered to express insecticidal
proteins from non-Bt bacteria and shows excellent activity for control of corn rootworm larvae [40].

Weed control in corn (as with many crops) is important, with potential yield losses without
control exceeding 50% [41]. Over the last few decades, herbicide resistant weed populations
have continued to develop and spread globally [42]. HT seeds do not directly cause the devel-
opment of herbicide resistant weeds, as herbicide resistant weeds have evolved in regions
such as Western Australia where HT crops are not used [42]. Rather, HT crops contribute by
encouraging farmers to rely on fewer herbicides modes of action and less tillage, which accel-
erate the development and spread of resistant weed populations [43, 44]. Problems with her-
bicide resistant weeds continue to develop and spread globally, which is worrisome because
no new herbicide modes of action have become commercially available since the early 1990s
and weed populations resistant to multiple modes of action having been documented [45, 46].
How weed control in corn and other crops will evolve over the next few decades to address
herbicide resistant weeds and the possible role that GE hybrids and biotechnology will play
is unclear. The race between insects and weeds and our ability to develop technologies and
management schemes will continue to impact agricultural productivity. Maintaining our lead
in this race will require R&D investments and continued innovations in the future.

Climate change presents another challenge for agricultural productivity, with studies documenting
impacts on corn yields [47]. Adaptation to climate change is a rising concern [48, 49]. Some regions
will gain and some will lose productivity as climate patterns evolve and crop production shifts
among regions. US farmers generally see agricultural adaptation to climate change as a private
problem. They expect to respond with managerial changes, such as adjusting crops, using irrigation,
modifying leases and using crop insurance, while seed companies will breed varieties and hybrids
adapted to new climates [50, 51]. Breeding will certainly be important for corn, since hybrids must
be adapted to new photoperiods when changing latitudes. Also, seed companies have commercial-
ized drought-resistant corn hybrids, but these and other traits providing yield gains under extreme
conditions tend to be quantitative or polygenic and can imply productivity tradeoffs [52-54].

Official US EPA news release: https://www.epa.gov/newsreleases/epa-registers-innovative-tool-control-corn-rootworm.
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Despite these and other emerging challenges, several promising opportunities exist to con-
tinue the productivity gains for corn and agriculture more broadly, among them microbial
seed treatments and gene editing techniques. Seed treatments have been used in crop pro-
duction for some time, fungicides to protect seeds during storage, so that in the US all corn
seed (both GE and conventional) uses fungicide seed treatments. More recently, insecticidal
seed treatments became widely used in corn production, particularly neonicotinoid seed
treatments, to control below-ground and early season insect pests. In the US, more than 90%
of corn planted area uses neonicotinoid seed treatment [17, 55]. In addition to insecticidal
properties, neonicotinoids have demonstrated plant grower regulator effects in the laboratory
and are associated with increased early season vigor in the field [56].

These chemical seed treatments have contributed to observed corn yield productivity, but
significant research focus has moved to microbial seed treatments, soil microbes and fungi
that increase yields. These seed treatments improve the rhizosphere around crop seedlings
and plants through a variety of mechanisms, such as increasing nutrient availability, control-
ling diseases or nematodes, or supplying plant growth hormones [57]. Though some microbial
seed treatments have been commercialized, including for corn, research needs still exist before
widespread commercialization and achievement of their potential can occur [58]. An interest-
ing possibility is to engineer microbes or fungi to enhance soil microbes for agricultural use.

A variety of gene editing techniques have recently been developed (e.g.,, CRISPR/Cas9,
TALENs, ZFNs) with agricultural applications only beginning to be realized. The cost of
using gene editing techniques is relatively low compared to gene-transfer technology. Also,
gene editing is likely to face lower regulatory burden, as it does not require gene transfer
across species. Public acceptance exists for therapeutic human health applications and some
agricultural applications as well [59, 60]. Applications to crops could include pest and patho-
gen control, as well as improved tolerance to abiotic stresses such as extreme heat or cold and
drought, helping crop production adapt to climate change and increases in extreme weather
events. Furthermore, gene editing could include the possibility of increasing the efficiency of
photosynthesis in crops. Besides applications to crops directly, gene editing could be applied
to other key organisms, such as to engineer soil microbes to develop new or more effective
microbial seed treatments. Similarly, gene editing can be used to engineer gene drives in order
to introgress select genes into populations in order to suppress or eliminate pest populations
or to make herbicide-resistant weed populations susceptible to herbicides [61, 62]. Given the
economic importance of corn and its existing research and commercial infrastructure, corn
seems likely to be at the frontier of the next wave of such innovations in agriculture.
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Abstract

Maize (Zea mays) is a cereal very important around the world and is a fundamental ele-
ment of the Mexican cuisine. The basis of Mexican traditional food is maize prepared
by the process of “nixtamalizacién” which conserves the properties of the whole grain
cereal. The phytochemical profiles of Z. mays contain total phenolics, ferulic acid, carot-
enoids, and flavonoids called anthocyanins. It is generally accepted that anthocyanin
food colors do not exert obvious toxicity, teratogenicity, or mutagenicity and, indeed,
anthocyanins may inhibit mutagenesis. Nutraceutical properties of phenolic and antho-
cyanin compounds in the maize that offer antioxidant activities is shown in five types of
corn (white, yellow, high carotenoid, blue, and red). Therefore, the consumption of maize
or its derivates such as tortillas, tortilla chips, etc., become functional food, with the abil-
ity to be used to prevent the incidence of diseases such as cancer, diabetes, obesity, and
neurodegenerative disorders. Likewise, a diet that includes corn can be used during the
management of these diseases. However, it is necessary to carry out more studies that
highlight the efficiency of corn byproduct consumption during these diseases.

Keywords: maize, nutraceutics, antioxidants, chronic diseases, functional foods

1. Introduction

Corn is by far the cereal most commonly consumed by the people and cultures of the American
continent: ancient civilizations, such as the Olmec and the Teotihuacan in Mesoamerica
and the Quechuas in the Andean region of South America, developed around this plant [1].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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Pre-Columbian natives deified this plant due to its relevance in their lives; the sacred book of
the Quiche, the Popol Vuh, even tries to explain the origin of man by narrating how corn was
given to mankind by the gods Paxil and Cayalan [2].

Corn is a monocotyledonous plant cultivated widely around the world and has constituted
itself in one very common staple food. Corn and its wild variant, teosinte, belongs to the
Poaceae family, of the Maydeas tribe; species of the Tripsacum genus are wild variants of corn,
also originating in the American continent, but without any direct trade value. This family
also includes important agricultural crops, such as wheat, rice, sorghum, barley, and sugar
cane. Based on the characteristics of the ear or male inflorescence, the Zea genus divides into
two sections, luxurians and annuals [3].

In Latin America, corn is a staple food product, and so it is the crop of greatest production,
and it is also used as a dietary input for livestock, and for the industrial production of large
numbers of products; that is why, from a nutritional, economic, political, and social point of
view, it is the most important agricultural product. Generally, the diet of a people develops
a collective memory and transcends mere food consumption, expressing socioeconomic rela-
tions and revealing acts deeply rooted in cultural symbolism [4, 5].

Corn as food has been found in archeological ruins and manuscripts such as the Florentine or
the Mendoza Codices, wherein it has been possible to elucidate that corn represented on the
main components of the Mesoamerican diet since the Middle Preclassic (1200-400 BC) [4-6].
Archeological remains also show the use and consumption of other plants important during
that period; however, ancient settlers developed a preference for corn and it kept growing in
popularity.

In pre-Hispanic times, the production of flours, pinole, and the ancient equivalent to modern
“popcorn” stood out [7]. Currently, corn is widely consumed in of tortillas, arepas, toasts,
tamales, snacks, corncobs, and in other various forms. When it comes to tortilla, it is now
known that it not ancient as previously thought, but it was already prevalent in Mesoamerican
diet by the time the Spaniards arrived at the continent. Today, the tortilla is considered as
the basis of Mexican people’s diet, directly related to its survival for over 3500 years [8].
The richness of indigenous cuisine based on corn was recorded in the reliable testimonies
of conquistadors and chroniclers alike, from Herndn Cortés and Bernal Diaz del Castillo to
Bernardino de Sahagun, all of them providing evidence of the high cultural development
of ancient Mexicans, as well as of the rich diversity of corn, already noticeable back in those
days. The miscegenation resulting from the Spanish Conquest had in gastronomy one of its
main manifestations, enriching pre-Hispanic diet with elements from Spanish/Arab cuisine,
and the other way around, too. However, the indigenous element dominated in this “food
miscegenation,” as can be seen in the fact that corn remains a fundamental ingredient and one
of the main sources of energy in nowadays Latin American diet. An example of this can be
seen in the fact that the average Mexican today obtains 1022 kilocalories and 26.3 g of protein
from corn daily, which may represent 50% of an adult’s daily intake, based on a diet of 2000
kilocalories with 56 g of protein [9].
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2. Corn as healthy food

In recent years, cereal consumption has been linked to the reduction of chronic-degenerative
diseases such as cancer, obesity, type 2 diabetes, cardiovascular and metabolic problems, and
even symptoms associated with neurodegenerative problems. These health benefits have
been attributed to the vast variety and high concentration of nutraceutical molecules present
in cereals. Strictly speaking, these molecules cannot be considered as nutritional elements
in themselves, but as bioactive components that can interact with biological systems from
various cellular mechanisms, allowing optimal maintenance of the body’s physiological func-
tions, thus preventing the occurrence of diseases [10].

” o

The confusion that usually arises when talking about concepts such as “nutrients,” “nutraceu-
ticals,” “functional foods,” and “nutritional supplements” should be noted. Clarifying these
terms becomes relevant if one takes into account that the different qualities of the elements
included in these categories can directly impact on their consumption. The term “nutrients”
refers to the elements of a diet that can be absorbed by the body and incorporated into differ-
ent physiological systems, allowing for basic functions to occur. For example, lipids and car-
bohydrates are known as the source of metabolic energy, as constituents of the cell membrane
and as hormonal precursors; in its turn, the integration of proteins into the organism is used as
an element of cellular structural reconstitution and integration into enzymatic systems. Also,
vitamins and minerals allow for osmotic maintenance to occur, participate in nerve and mus-
cle functioning, and can act as enzymatic cofactors. On the other hand, the term nutraceutical
refers to the consumption of substances contained in food, able to promote beneficial effects on
health without having direct participation in the basic processes of the different systems. The
functional food concept encompasses natural or processed food products that contain biologi-
cally active compounds, which may or may not be nutrients. Together, these molecules must
have the capacity to promote health benefits, preventing or aiding in the treatment of chronic
diseases, in nontoxic quantities that can be included in a daily diet [11]. As an example of the
above, the consumption of fish that provide omega fatty acids can be mentioned; also, the
consumption of fruits and vegetables rich in minerals, vitamins, and dietary fiber, as well as
other foods added with biologically active substances such as antioxidants and probiotics [12].

In recent times, cereals such as corn have been acknowledged as functional foods, as they
are an important source of calories, as well as proteins, peptides, carbohydrates, fibers, and
antioxidants with a nutraceutical function. The nutritional contribution of corn to the world
population is undeniable, partly because of the great versatility of its kernels to produce food.
Corn for consumption is mainly processed by three methods: dry milling, wet milling, and
alkaline cooking (nixtamalization), and it is through these processes that the raw material
for the production of different products is generated. Corn can be consumed in nixtamalized
products such as tortillas and chips, in prepared beverages such as chicha morada, atole,
tejuino, or pozol, in dishes such as polenta, pozole, or tamales, and all of these are merely
a fraction of the many byproducts derived from this cereal. The flexibility with which this
plant can be exploited should be emphasized, since its contribution to health keeping and
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improvement is not limited only to the kernel or its byproducts [13]; other anatomical parts
of the plant such as stigmata, cobs, and leaf sheaths have proven to be an important source of
nutraceutical molecules, as will be seen later in this chapter.

Corn kernels consist mainly of fiber, ranging from 61 to 86%, depending on the variety of the plant.
Approximately 99% of the fiber is found in the endosperm and consists of starch (approximately
73% of the total weight), and the rest of resistant starch. The kernel also contains non-starch poly-
saccharides such as cellulose, hemicellulose, and, to a lesser extent, lignin (approximately 10% of
the total weight), located mainly in the brand. Protein follows; depending on the variety of corn,
it can range from 6 to 12%, calculated on the dry basis, while lipids represent around 3-6%. Out
of these, between 81 and 85% is stored in the germ. Other phytochemical elements can also be
found in pigmented and yellow varieties, in the form of secondary metabolites, phenolic com-
pounds, and carotenoids for the most part. A very wide range of phenolic content exists among
corn varieties, which has been assessed by the quantification of total polyphenols under the
Folin-Ciocalteu reagent method, reporting amounts of 1756 mg of gallic acid equivalent/100 g
of sample for a variety of purple corn with Andean genotype [14] and 266 mg gallic acid equiva-
lent/100 g of sample for varieties of purple corn with Mexican genotype [15]. When it comes
to Mexican white corn, amounts of 260 mg of gallic acid equivalent/100 g of sample have been
reported; likewise, it is likely that corn types with a high profile of carotenoids contain a higher
concentration of phenolic compounds, reporting 320 mg of gallic acid equivalent/100 g of sample
[15]. It should be noted that yellow corn varieties have reported the highest carotenoid content,
with an average dry base concentration of 13 g of [3-carotene equivalent/100 g of sample [16],
although red varieties also synthesize carotenoids.

These elements act as nutraceuticals depending on their bioavailability, molecular structure,
physicochemical characteristics, and their physiological effects, as well as on the properties
acquired or lost after the different food byproducts have been processed.

3. Nutraceutical properties of corn

The kernel of corn contains proteins that have been classified into four groups in relation to
their solubility. The most water-soluble proteins fall into the category of albumins, while pro-
teins soluble in saline solutions are known as globulins. Proteins soluble in alcoholic solutions
make up the group of prolamins or zeins, and proteins unable to be solubilized in any of the
previous solutions form the group of glutelins. In view of this, the disposition and location
of these proteins have a differential characteristic. For example, albumins and globulins are
located mainly in the germ, while prolamins and glutelins can be found predominantly in the
endosperm. In relation to their concentration, proteins are distributed unevenly in the corn
kernel; 40% of the proteins are concentrated in zeins, followed by the glutelins, with 30%, and
globulins and albumins together representing less than 5%. Of these, approximately 60% of
the proteins are concentrated in the endosperm and are prolamins, with a-zein being the most
abundant in corn, reaching up to 75% of the total prolamins [17]. Due to the water insolubility
of corn proteins, its potential health benefits are limited; however, late technological advances
have allowed to obtain peptides by hydrolysis in order to improve their bioavailability [18].
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Once ingested, corn proteins are hydrolyzed by the activity of gastrointestinal enzymes such
as pepsin, trypsin, and chymotrypsin. In vitro, this process can be carried out by the addition
of enzymes, or by acidification or fermentation. Nonetheless, in vitro hydrolysis processes
have shown some drawbacks, for example, when using acids, controlling the process can
be complicated and some amino acids can be lost; also, protein hydrolysis turns out to be
inefficient under the process of fermentation. As of late, enzymatic digestion has been chosen
for in vitro isolation of bioactive peptides, which has proven to be a more efficient process.
From two-amino acid peptides to 30-amino acid polypeptides can be isolated by means of
these processes. Hydrophobic amino acids can be counted among peptides with bioactive
capacity, structured with a positive charge and a proline in their C-terminal end [19]. On the
other hand, dipeptides and tripeptides have greater resistance to the degradation of stomach,
pancreatic, and intestinal proteases and peptidases, and larger peptides (six amino acids and
larger) have a higher biological activity outside the intestine [20].

Studies have shown that bioactive peptides can have beneficial effects on health, mainly as anti-
hypertensive, anticholesterolemic, antioxidant, anti-inflammatory, anticarcinogenic, antimicro-
bial, and others, due to their immunomodulatory properties. Likewise, it has been reported that
they can help decrease the effects associated with high alcohol consumption. A large number of
bioactive peptides have been obtained by means of the hydrolysis of zeins proteins, for example,
the tripeptide lysine-proline-proline, and from the y-zein protein, the valine-histidine-leucine-
proline-proline-proline polypeptide, whereas the tripeptide proline-arginine-proline, which
has also shown a biological functional activity, has been isolated from the a-zeins protein, as
well as MBP-1 peptides from the corn kernel. Successful efforts have been made to isolate other
peptides from corn gluten meal, such as Cys-Ser-GIn-Ala-Pro-Leu-Ala or Tyr-Pro-Lys-Leu-Ala-
Pro-Asn-Glu. Overall, it has been observed that a large number of peptides can be isolated from
the different components of corn, although their possible biological activity is still undergoing
further research, as it is still necessary to carry out studies that help find the mechanisms from
which these peptides can exert their biological activity.

As for the total fiber contained in corn, resistant starch is a type of non-digestible fiber, as it
is highly resistant to the activity of digestive enzymes. The presence of resistant starch seems
to be directly related to the percentage of amylose content. In normal corn, the presence of
34% of amylose is related to 0.8% of resistant starch, while high-amylose corn starch, the
recorded presence of 83% amylose results in 39% resistant starch [21, 22]. However, resistant
starch can be metabolized by the microbiota of the large intestine through fermentation and
this in turn results in small chains of fatty acids [23]. Both the starch and the resistant starch
contained in corn kernels have grown in relevance due to their possible function as regulators
of body weight, thus a possible natural alternative for the treatment of obesity. On the other
hand, these elements have also been linked to liver protection and the prevention of type 2
diabetes [24, 25].

In turn, phenolic compounds are a group of molecules whose chemical structure is made up of
several hydroxyl groups linked to an aromatic group. When two or more rings are conjugated,
a polyphenolic structure is generated; depending on the number of aromatic rings and the
structural elements that bind them together, thousands of polyphenols have been identified.
The polyphenols synthesized in corn can be classified into three groups according to their
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concentration and their contribution to human health; this way, we can speak of non-antho-
cyanin flavonoids, phenolic acids, and anthocyanin flavonoids. The group of non-anthocyanin
flavonoids includes flavonols (rutin, isoquercetin, flavonol, morin, kaempferol, and quercetin)
and flavonones (naringenin and hesperetin) [26], while the phenolic acids found in corn are pro-
tocatechuic acid, vanillic acid, syringic acid, trihydroxybenzoic acid, caffeic acid, chlorogenic
acid, and p-hydroxyphenylacetic acid. Ferulic acid and p-coumaric acid are the compounds
with more concentrates in corn, particularly in pigmented varieties [27, 28]. Total ferulic acid
content detected in kernels of white varieties with Mexican genotype has been reported as
124,053 mg of ferulic acid equivalent/100 g of sample, while pigmented varieties such as blue or
red corn have reported 129,985 and 130,297 mg of ferulic acid/100 g sample, respectively [15].

The food industry has exploited the varieties of yellow and white corn for a long time now;
however, the use of pigmented varieties has gained more and more strength in the food sector
recently, not only as a possible source of natural edible pigments but also for its properties
as a functional food. Among the most common colors, red, blue, and black can be found.
This pigmentation is conferred by anthocyanins. Anthocyanins are a group of natural pig-
ments soluble in water, widely distributed in the different tissues of the plant. Anthocyanins
are responsible for conferring shades ranging from red to blue and purple. Functionally,
anthocyanins protect the plant from damage by radiation, partake in the defense against
pathogens and/or predators, and in reproductive functions as pollinator attractants; likewise,
they regulate the synthesis of growth factors such as auxin. In corn kernels, anthocyanins
are stored mainly in the aleurone layer; it is also possible to find these molecules in the peri-
carp, or in both structures. Even native non-pigmented varieties, pure lines, and hybrids have
some pigmented tissue in the roots of the seedling or anthers [29-31]. In pigmented corn, the
content of anthocyanins can be evaluated as low, medium, and high, with values that range
between 5.9 and 3045 mg of cyanidin-3-glucocide equivalent/100 g of sample, while values
reported in white or yellow corn varieties range from 0.9 to 1.2 mg of cyanidin-3-glucocide
equivalent/100 g [32, 33]. It is also possible to find anthocyanins in other tissues such as cobs
and leaf sheaths, but the concentration in these structures is not precisely defined. Some stud-
ies have been found concentrations ranging from 430 to 11,700 mg of cyanidin-3-glucocide
equivalent/100 g of sample for the cob [33], whereas for the leaf sheaths, it has been possible
to extract up to 17,7900 mg of cyanidin-3-glucide equivalent/100 g of sample [34]. It should
be noted that cyanidin and its derivates are more abundant in pigmented corn varieties [35].

Carotenoids are natural pigments in corn and other plants, responsible for conferring col-
orations ranging from yellow to orange. Carotenoids participate in functions such as pho-
tosynthesis due to their ability to absorb light from different spectra and transfer energy to
chlorophyll. The carotenoids have a skeleton made up of 40 carbons of isopropene units. These
structures can be cycled in one or both terminations, having several levels of hydrogenation
or can have oxygenated functional groups and, according to this, can be classified into caro-
tenes, which are tetrapenoid hydrocarbons, consisting solely of carbon and hydrogen atoms,
and xanthophylls or oxo-carotenoids, structures that contain at least one oxygen. Yellow corns
contain lutein, zeaxanthin, 3-cryptoxanthin, and p-carotenes [36, 37]. Carotenoid concentra-
tion can vary widely depending on genotypes and external characteristics. For example, the
blue variety of the Mexican genotype has concentrations of 0.18 pg of -carotene equivalent/g
of sample [38], while the yellow variety of the Canadian genotype has concentrations of up



The Maize Contribution in the Human Health
http://dx.doi.org/10.5772/intechopen.78700

to 60 pg of xanthophylls equivalent/g of sample [39]. Carotenoids are found mainly in the
germ, followed by the aleurone and the endosperm. Generally, by decreasing lipoperoxida-
tion, carotenoids can act as antioxidant agents in lipid environments.

Tissues such as stigmata, cobs, stems, and leaf sheaths of corn can be an important source of
anthocyanins, ferulic acid, and some other substances that may help improve health; even
when those are not products fit for human consumption, they could be processed to obtain
extracts with a potential nutraceutical use. As of today, there is scientific evidence of the use
of stigmata for the treatment of conditions such as kidney disorders, hypertension, and some
neurodegenerative diseases. Some of the bioactive compounds that can be isolated from these
tissues are terpenoids, steroids, saccharides, cerebrosides, flavonoids such as flavonones and
anthocyanins, and lignan [40, 41].

3.1. Antioxidant properties of corn

Reactive oxygen species (ROS) are a group of molecules derived from oxygen that are charac-
terized by their high reactivity and a short life span. The reactivity of these molecules is due to
the presence of two unpaired electrons in the outermost electron layer. Among the molecules
included in the ROS group are the superoxide free radical (O,’), the hydroxyl radical (OH"),
and the hydrogen peroxide (H,O,). ROS can be generated by endogenous, extracellular, and
intracellular mechanisms. The main source of ROS is the mitochondria during the cellular
respiration process, followed by cellular metabolism processes, whereas exogenous produc-
tion of ROS arises from smoking, ultraviolet radiation, ionizing radiation, drug consumption,
and the presence of toxins. The damage generated by ROS is due to their reductive property,
and if not properly regulated, they can alter cell integrity due to the peroxidation of lipids and
proteins of the cell membrane, being able to even damage the structure of DNA.

Oxidative stress is generated by excess ROS, linked to cell damage associated with chronic-
degenerative diseases such as cancer, chronic inflammation, cardiovascular diseases, neurode-
generative problems, and metabolic dysfunction. The process of cellular oxidation is regulated
by antioxidant mechanisms, which delay or prevent the formation of ROS. Antioxidant pro-
tection is achieved through the correct balance between pro-oxidants and endogenous and/
or exogenous antioxidants. Cells have an endogenous system of enzymes such as superoxide
dismutase (SOD), catalases (CAT), glutathione peroxidase (GPx), quinone reductase (QR),
and glutathione reductase (GR), which function as ROS stabilizers [42]. Compounds with
antioxidant activity can be introduced in the body through diet, and corn is one important
source of such compounds.

Fruits, vegetables, and seeds in general contain a great diversity of antioxidants that can
act for the benefit of health more efficiently than some synthetic antioxidants. Recent stud-
ies have shown that the consumption of cereals can provide a greater antioxidant activity
[2600-3500 pmol of Trolox equivalent (TE)/100 g] compared to some fruits (1200 umol of
TE/100 g) or vegetables (450 pumol of TE/100 g). Carotenoids, bioactive peptides, and fla-
vonoids such as corn anthocyanins can act as antioxidant agents by lowering ROS levels,
or by activating endogenous antioxidant systems that reduce cell damage. The antioxidant
activity of nutraceuticals in corn is different; for example, when assessing the antioxidant
activity of the carotenoids of Croatian genotype corn through the ABTS technique, values of
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0.767 umol of TE/g of sample were reported [34], whereas the total extracts of Italian geno-
type corn have reported antioxidant activity of 29 pmol of TE/g of sample [43]. These data
suggest that carotenoids only contribute approximately 5% of the total antioxidant activity,
while the phenolic fraction has the highest antioxidant activity. It should be noted that the
antioxidant activity of carotenoids depends on their concentration, their distribution in the
kernel, and the type of carotenoid, as studies have found activity values of 71 umol of TE/g
of sample in extracts of aleurone and 66.2 umol of TE/g of sample in the endosperm. Other
studies measured the antioxidant activity of the carotenoids contained in corn tortillas with
the B-carotene/linoleate bleaching method, showing that the nixtamalization process can
improve the antioxidant activity of carotenoids. In tortillas made of Mexican genotype corn
of red or blue varieties, a decrease in whitening of approximately 27% has been reported,
while in unprocessed kernels, the value reported was 15%. A value of 25% has been reported
for white corn tortillas and 12% for raw kernels [38].

When comparing the antioxidant activity of phenolic compounds of pigmented corn and
the polyphenols of blue berries, it was shown that corn has a greater antioxidant capacity
and greater reaction kinetics [14]. When evaluating the antioxidant capacity in phenolic com-
pounds of the blue, red, white, yellow, and high carotenoid corn varieties by the peroxyl radi-
cal scavenging capacity assay (PSC), an activity of 41-49 umol of vitamin C equivalent/100 g
of sample was reported [15]. This fact has proven that the higher the phenolic content, the
greater the antioxidant activity, not only in kernels, but this quality is also maintained in
byproducts elaborated by the nixtamalization process, such as the tortilla. However, unlike
carotenoids, corn phenolic compounds are affected by production processes such as nixta-
malization, which causes a decrease in their nutraceutical properties. For example, in Mexican
phenotype corn kernels of the blue variety, a concentration of 343 mg of gallic acid equiva-
lent/100 g of sample has been reported, while in products such as tortillas made with this
same kernel, 201 mg of gallic acid equivalent/100 g of sample has been found. Antioxidant
capacity can be expressed as the inhibition of ABTS cation formation; this way, it was deter-
mined that the antioxidant activity of the kernel is approximately 63%, while for the tortilla,
it was 44%. The antioxidant activity of corn is not only limited to inhibiting the formation of
ROS, it can also regulate cellular enzymatic elements for the defense against oxidative stress.
It has been shown that corn components can increase the activity of the QR enzyme [44].
Only some of the phenolic compounds contained in corn have biological activity; for example,
phenolic acids have only been able to recognize the nutraceutical capacity of compounds such
as ferulic acid, protocatechuic acid, and p-coumaric acid [45].

Researchers from the University of Florida quantified and characterized the content of pheno-
lic compounds in commercial genotype corn kernels of white varieties and of two blue variet-
ies, one of Mexican genotype and the other North American, and reported a higher content
of phenols in white corn, mainly ferulic acid, protocatechuic acid, and p-coumaric acid, while
in blue corn, there were no traces of these acids. However, they found high concentrations of
anthocyanins in the Mexican genotype, followed by the North American genotype. In addi-
tion, the antioxidant capacity of the three varieties was evaluated, demonstrating that the
Mexican genotype has a greater capacity to inhibit the formation of ROS [46]. In this sense
and due to their structural composition, the compounds contained in corn with a greater



The Maize Contribution in the Human Health
http://dx.doi.org/10.5772/intechopen.78700

antioxidant activity are the flavonoids, the anthocyanins being those that inhibit, to a greater
extent, the formation of ROS, in a concentration-dependent manner. In addition to kernels,
other tissues such as stigmata, leaf sheaths, and cobs, particularly those of pigmented variet-
ies, stand out as potential sources for anthocyanins, showing a high antioxidant activity.

Another group of compounds that can be found in corn is that of bioactive peptides, exog-
enous antioxidants that can act as scavengers of free radicals, inhibitors of ROS formation,
and promoters of the activation of endogenous antioxidant systems. It has been shown that
from the peptide fraction of corn gluten, only the sequences of Gly-Leu-Leu-Leu-Pro-His and
Tyr-Phe-Cys-Leu-Thr can exert their antioxidant activity through the reduction of the amount
of ROS and regulate the activity of enzymes such as SDO, CAT, and GR [42]. Some peptides
synthesized from corn gluten meal can decrease the formation of the O, radical by acting as
electron donors. In spite of the scientific evidence demonstrating the antioxidant activity of
corn bioactive peptides, it is still necessary to carry out further studies in biological models to
explain their interaction in the organism. From the above, it can be concluded that corn and its
byproducts not only represent a food source with a high nutritional value but also that, due to
its anthocyanin, polyphenol, and peptide content, they contribute to the correct functioning
and homeostatic maintenance of the organism. Moreover, due to its antioxidant properties,
it can be used as an alternative to prevent the oxidative damage caused by stress and the
subsequent negative effects associated with it.

3.2. Corn and metabolism

Obesity is currently a multifactorial etiology, chronic course disease, which involves genetic,
environmental, and lifestyle aspects. Obesity is defined as the abnormal or excessive accumula-
tion of fat harmful to health. One of the parameters that must be evaluated in order to deter-
mine if a person has obesity is the body mass index (BMI). Thus, a person with a BMI equal
to or greater than 30 is considered obese. In recent years, obesity has been acknowledged as a
global public health problem: an estimated 1900 million adults are overweight, and 600 million
are obese [47]. Research carried out in rodents has shown that anthocyanins contained in pur-
ple corn can improve insulin resistance induced by a high-fat diet. For example, the cyanidin
3-glucoside present in purple corn may suppress the transcription of mRNA for the synthesis
of enzymes involved in the production of fatty acids and triglycerides and reduce the sterol,
a regulatory element that binds to the mRNA level of the protein-1 in white adipose tissue.
The downregulation of protein-1 may contribute to the accumulation of triglycerides in white
adipose tissue. These data, reported in 2003 by researchers from the University of Doshisha in
Japan, have established the biochemical and nutritional bases for the use of cyanidin and antho-
cyanins in purple corn, as a functional food factor able to provide benefits for the prevention of
obesity and diabetes [48]. Components of bioactive foods, such as resistant corn starch with a
high content of amylose type 2 and sodium butyrate, reduce obesity in rodents [24].

Recently, an integral version has been used in a study carried out on humans, demonstrat-
ing greater postprandial satiety [49]. In addition, in vitro studies have shown a potential
anti-obesity effect of purple corn stigmata in multiple stages of the adipocyte life cycle. The
potential effects of high concentrations of purple corn stigmata extracts may inhibit adipocyte
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proliferation and adipogenesis, as well as induce lipolysis and apoptosis [50]. Another bioac-
tive compound present in corn is maysin; the use of maysin in some studies has shown that it is
a potent beneficial functional ingredient for health and a therapeutic agent in the prevention or
treatment of obesity [51]. Menopause is a stage in which the production of estrogen is reduced,
promoting the increase of body fat, and is a risk factor that contributes to obesity in older
women. On the other hand, it is known that the modification of the gastrointestinal micro-
biota can reduce obesity by controlling energy expenditure. Therefore, adding prebiotics to the
diet can contribute to the modification of the intestinal microbial flora, thus reducing obesity.
Accordingly, the high-amylose type 2 resistant starch of corn can be used as a prebiotic, as
has been proven in studies performed in ovariectomized rats. These studies showed that the
bacterial levels increased with the addition of resistant starch of high corn amylose to the diet
of the animals. In addition, the weight gain caused by the lack of estrogen was attenuated [52].
The consumption of fermentable corn fiber is recommended for postmenopausal women.

Diabetes is one of the most severe chronic metabolic diseases with great impact on the
health of the population; the complications that this pathology entails are serious, fatal, and
disabling, in such a way that it significantly affects the socioeconomic level of a country.
According to the International Diabetes Federation, worldwide, 425 million people have
been reported with diabetes during the year 2017, and the failure to intervene in time is
expected to increase this figure to 693 million by 2045, while in Latin America, the number
of people with diabetes could reach between 25 and 40 million by the year 2030 [53]. It has
been demonstrated that a diet with purple corn rich in anthocyanins can be useful in the
prevention of obesity and diabetes in mice, since the alterations induced by a high-fat diet
(hyperglycemia, hyperinsulinemia, and hyperleptinemia) were normalized in the group that
consumed purple corn in addition to its conventional diet [48]. It was also observed that the
diet added with purple corn can suppress the transcription of genes involved in the synthesis
of fatty acids and triglycerides. Other studies have shown that the consumption of resistant
starch contained in corn improves insulin sensitivity in humans [52], and several studies in
animals have documented a reduction of glucose concentration and a change of blood lipid
profile due to the consumption of resistant starch [54]. It has also been observed that antho-
cyanin consumption (1 g/day) in non-hypertensive diabetic patients is effective in reducing
triglyceride levels, increasing HDL cholesterol and optimizing glucose control; ferulic acid
seems to be responsible for these antidiabetic properties.

Diabetic nephropathy is one of the main complications in diabetes and is mainly caused
by chronic renal failure, which is growing in prevalence. This disease is characterized by a
microvascular injury that causes glomerular hyperfiltration, renal damage, and an increase in
urinary albumin excretion, finally inducing a glomerular dysfunction with renal failure. The
consumption of feruloylated oligosaccharides, derived from the esterification of ferulic acid
or oligosaccharides, impacts common physiological functions and has been shown to be effec-
tive in the regulation of serum insulin levels, and, although not as effective as ferulic acid, this
esterified compound can slow down weight loss in diabetic rats [45]. In addition, purple corn
extract rich in anthocyanins has been used as a therapeutic agent focused on the regulation
of the abnormal angiogenesis that occurs in diabetic nephropathy, which can lead to renal
failure. This is mediated by the decrease in receptor 2 activity for vascular endothelial growth
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factor after consumption of purple corn, tested in diabetic mice [55]. It has also been reported
that purple corn extract can have antidiabetic effects through the protection of the 3 cells of
the pancreas, favoring the secretion of insulin and the activation of the AMPK pathway in
diabetic mice. The extract also causes increased phosphorylation by AmpC-activated kinase
protein (AmpK), decreases the activity of phosphoenolpyruvate carboxykinase (PEPCK),
decreases the transcriptional activity of genes for glucose 6-phosphatase in the liver, and
increases the expression of the glucose transporter 4 (GLUT4) in skeletal muscle [56].

Another complication of diabetes is the formation of cataracts in the eye, caused by an
optical dysfunction in the lens. Researchers from the KhonKaen University in Thailand
conducted a study with rat enucleated lenses, which were incubated in artificial water
humor containing 55 mM glucose with various concentrations of Zea mays L. (purple waxy
corn), and found that the extract is capable of protecting against diabetic cataract in a dose-
dependent way, probably due to the reduction of oxidative stress, while with high doses
of corn extract, an effect is exerted through the inhibition of aldose reductase, which limits
the speed in the polyol pathway (sorbitol). However, it is necessary to conduct studies
with in vivo models that support these findings [57]. Raw extracts of flavonoids contained
in corn stigmata have been used in models of diabetic mice reporting a decrease in body
weight, glycemia, and antidiabetic capacity, in addition to the reduction in the levels of
total cholesterol, of triglycerides, of low-density lipoproteins and an increase in the levels
of high-density lipoproteins, suggesting an anti-hyperlipidemic effect [58]. Therefore, corn
is proposed as a nutraceutical food, with a potential therapeutic effect to improve the alter-
ations associated with diabetes. The diversity of corn byproducts, such as tortillas, pozol
(thick, cocoa- and corn-based drink of Mesoamerican origin that is consumed in southern
Mexico), chicha (unfermented drink made with purple corn, flavored with pineapple peels,
consumed in Peru), etc., contains a large amount of antioxidant hydrophilic phenolic com-
pounds that are beneficial for the control and maintenance of intermediate metabolism, so
they can be considered an alternative for the prevention or treatment of diseases associated
with metabolic alterations.

3.3. Corn and cancer

Cancer is among the leading causes of death in the world, resulting from the interaction
between genetic factors and external physical factors, such as ultraviolet and ionizing radia-
tion, chemical carcinogens such as asbestos and tobacco smoke, and biological carcinogens
(some viral, bacterial, or parasitic infections). The consumption of pigmented corn, like
purple, red, and blue varieties, has been shown to have anti-mutagenic properties due to
anthocyanin content. Since 2001, research has been carried out to demonstrate the antineo-
plastic effects of corn anthocyanins, finding that it prevents carcinogenesis due to exposure
to 2-amino-1-methyl-6-phenylimidazo pyridine (a free radical belonging to the nitrosamines
group) [59]. Purple corn, in addition, has been shown to have chemopreventive properties in
in vitro models of prostate cancer and in transgenic rats [60]. Also, maysin, one of the most
abundant flavones in stigmata, can inhibit the growth of PC-3 cancer cells by stimulating
apoptotic cell death dependent on the mitochondria [61]. These results suggest that maysin is
a strong nutraceutical that can be used for the treatment of prostate cancer in humans who are
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resistant to chemotherapy, and more recently the non-amylaceous peptide polysaccharide of
corn was isolated and characterized, and after a series of tests, it showed anticancer properties
by blocking metastasis mediated by galectin-3 [62].

In 2015, Mexican researchers conducted a study with extracts of phenolic acids and blue corn
anthocyanins, measuring their anticancer properties in breast, liver, colon, and prostate can-
cer cell lines; results indicated an antiproliferative effect in all cell lines, in which malonyl
glucoside cyanidin was the anthocyanin with the greatest reduction in cell viability [28]. It
has also been shown that the bioactive peptides of corn exert antitumor activity through key
mechanisms such as (a) the induction of apoptosis mediated through specific proteases or cas-
pases; strategies to overcome tumor resistance to apoptotic pathways include the activation
of pro-apoptotic receptors, the restoration of p53 activity, the modulation of caspases, and the
inhibition of the proteasome; (b) blocking the intermediate generation of tumors by regulating
cellular mechanisms associated with cell proliferation and survival, or biosynthetic pathways
that control cell growth; and (c) regulation of immune system functions, increasing the expres-
sion of antigens associated with the tumor (antigenicity) in cancer cells, activating the tumor
cells for them to release warning signals that stimulate the immune response (immunogenic-
ity), or increasing the predisposition of the tumor cells to be recognized and neutralized by the
immune system (susceptibility) by means of autophagy and apoptosis [63]. The possible thera-
peutic use of corn peptide is still limited, since the bioavailability of these molecules depends
on their capacity to remain active and intact elements during the digestive process, and the
probability of reaching the general circulation to exert their physiological effects. Even so,
some evidence supports the use of corn peptides as nutraceutical molecules with therapeutic
capacity against a wide range of diseases related to oxidative damage, including cancer. The
peptides contained in corn represent an important alternative due to their anticancer potential,
but it is necessary to carry out more studies in patients, thus ensuring their therapeutic efficacy.

3.4. Corn and the nervous system

In addition to the nutritional benefits that corn consumption can bring, recent efforts have
been made to evaluate its possible health benefits, especially on the nervous system. It is well
recognized that a poor diet can contribute to the etiology of chronic diseases such as heart
disease, cancer, and others. In view of this, aging should be considered as the main risk factor
for chronic and/or chronic-degenerative diseases, among which are disabling disorders asso-
ciated with cognitive and memory impairment, and dementia, all of them having a lasting
impact on family life, as well as high costs for public health institutions [64]. In this sense, the
consumption of bioactive nutrients contained in a diet rich in vitamins and polyphenols, and
low in saturated fat content, can be a viable alternative for the preservation and/or delay of
damage to the brain, since these elements can modify and preserve the state of health of the
nervous system through the modulation of biochemical and biological processes [65].

A proper diet includes fruits, vegetables, grains, cereals, and other plants that can have benefi-
cial effects on health, preventing the development of various diseases, thanks to the presence
of bioactive components such as flavonols, flavones, catechins, flavonones, anthocyanidins,
procyanidin B, among others [65]. Therefore, recently, special importance has been granted
to the consumption of foods rich in these substances, among which purple corn (Z. mays L.)
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stands out, being an important source of anthocyanins, which is the natural pigment distrib-
uted widely in the plant that confers its characteristic color, also containing other polyphenols
(non-anthocyanin flavonoids and phenolic acids) distributed through the plant, for example,
in the ear and seeds, cyanidin-3-glucoside, pelargonidin-3-glucoside, peonidin-3-glucoside,
and its malonated counterparts can be found. Many biological activities have been attributed
to these anthocyanins, so it is considered that corn and its byproducts that contain them have
an intrinsic capacity to prevent cognitive deterioration and memory decline [66, 67].

3.4.1. Corn and Alzheimer’s

Alzheimer's disease (AD) is a highly prevalent neurodegenerative disease, affecting approxi-
mately 10% of the population over 65 years of age, and it has been estimated that by the year
2050, only in the United States of North America, this disease will affect about 14 million peo-
ple, with an expected incidence close to one million people per year [68], and it has been esti-
mated that the global prevalence of AD will increase to 1 per 85 people in 2050 [69]. AD is the
most common cause of dementia, conceived as a syndrome —a group of symptoms—that have
been attributed to numerous causes, although the most characteristics are deficits in memory,
language, and problem-solving capacity, together with other cognitive disorders that affect
the performance of those who suffer from it and their ability to carry out daily activities [70].

The pathophysiology of AD is characterized by the formation of extracellular deposits of
beta-amyloid peptide and the hyperphosphorylation of skeletons of intracellular tau proteins.
Extensive research has been carried out with the aim of identifying the etiology of AD, although
the specific mechanisms that cause neurodegenerative damage have not been well established
yet. However, this disease is attributed to multiple factors, including the hypothesis of damage
caused by oxidative stresson DNA, RNA, lipid peroxidation, and protein oxidation, responsible
for the cognitive deterioration characteristic of the disease [71]. Studies carried out in patients
diagnosed with AD have shown a decrease in antioxidant concentration in plasma, as well
as an increase in the concentration of metabolites associated with the oxidation of lipids and
proteins (distinctive markers of oxidative stress). It should be noted that this oxidative damage
in the brain is implied in the toxicity induced by the $-amyloid fibrillar peptide (Ap) [72].

Therefore, in recent years, the efforts of a large number of researchers in the world have
focused on the search for natural alternatives that contribute to the prevention of neurodegen-
erative diseases such as Alzheimer’s. Among the bioactive components with important bio-
logical activity, it has been reported that polyphenols (natural compounds present in fruits and
vegetables) have the capacity to act as neuroprotective elements, although the ways in which
they can perform this activity are still being studied. A series of studies are being carried out
aimed at extracting molecules such as polyphenols for their potential use for preventive and/or
therapeutic purposes, from different sources of fruits and vegetables, among which pigmented
corn of the yellow, purple, brown, green, and blue varieties stand out [35]. Polyphenols exert
biological action in the prevention of AD, due to their intrinsic capacity as reducing agents, and
indirectly promote protection by activating endogenous defense systems, and by modulat-
ing cell-signaling processes related to the activation of the nuclear factor kappa B (NF-kB), of
the protein-1 (AP-1)DNA binding activator, of the synthesis of glutathione, of the phospha-
tidylinositide-3 (PI3)-protein kinase B (Akt)pathway, of mitogen activated by protein kinase
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(MAPK)(regulation of extracellular signaling protein kinase (ERK), of c-Jun N-terminal kinase
(JNK) and P38), and also related to the translocation of erythroid nuclear factor 2 (Nrf2) [73].

Corn polyphenols, particularly flavonoids, can also modulate the neuronal signaling cascade
activated by aging, acting on the ERK/CREB pathway involved in synaptic plasticity and long-
term potentiation, improving learning and memory capacity in humans and animals [73].
They have also shown modulatory effects on the signaling pathway of kinases such as calcium
calmodulin kinase II (CaMKII) and ERK, which control the activation of CREB (cCAMP response
element-binding) and increase the expression of brain-derived neurotrophic factor (BDNF) and
nerve growth factor (NGF) at brain level [64]. As a matter of fact, it has been experimentally
proven that polyphenols exert a protective effect on the hippocampus, preserving and promot-
ing learning strategies and visuospatial memory in middle-aged rodents through the restora-
tion of the mRNA levels of CaMKII, and the increase in the expression of hippocampal NGF
[67]. Due to the above, the consumption of foods rich in molecules with biological potential,
such as those present in corn, represents a nutritional alternative that can also help prevent the
cognitive deterioration and dementia associated with age. However, it is still necessary to carry
out studies that help prove their biological effectiveness in in vivo systems, and especially in
the human population vulnerable to the development of neurodegenerative diseases.

4. Conclusions

Corn is a cereal with excellent nutritional qualities due to its resistant fiber, carotenoids, and
polyphenols content. Moreover, the possibility of obtaining peptides with a great biological
activity also contributes to nutraceutical qualities to corn. Regarding this, pigmented corn also
contains anthocyanins, natural pigments that, in addition to their antioxidant properties, can
modulate intracellular signals in different tissues of the organism. All the above makes corn
a functional food to prevent the incidence of diseases such as cancer, diabetes, obesity, and
neurodegenerative disorders. Likewise, a diet that includes corn can be implemented during
the treatment of these diseases. However, it remains necessary to carry out more studies that
highlight the efficiency of corn byproduct consumption during the incidence of such diseases.
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Abstract

Corn seeds are used as a nutritional source for humans, and the stem and leaves are
utilized as fodder for cattle throughout the world. Corn silk and corn cob are usu-
ally discarded as waste. This chapter highlights the nutritional as well as medicinal
importance of various parts of corn plant. All parts of corn plant are good source of a
variety of bioactive phytochemical compounds which possess antioxidant potential.
The principal phytochemicals present in corn seed and corn silk include polyphenols,
phenolic acids, flavonoids, anthocyanins, glycosides, carotenoids, and polysaccharides
of biological importance, reducing compounds and some water-soluble vitamins. The
presence of these phytochemicals makes corn a medicinal plant which shows various
biological activities particularly the antioxidant, antimicrobial, antidiabetic, anti-obesity,
antiproliferative, hepatoprotective, cardioprotective, and renal-protective activities. On
the account of its high antioxidant potential, all parts of corn plant can be used for the
management of oxidative stress and the treatment of various diseases.

Keywords: corn, Zea mays, maize, phytochemical composition, antioxidant potential,
biological activities

1. Introduction

Corn (Zea mays L.), which belongs to the family Poaceae (Gramineae), is the principle cereal
crop around the world following wheat and rice. Its annual production reaches almost 780
million metric tons, of which the larger producers are the USA, China, Brazil, and India. It is
an annual herbaceous plant having 2-20 feet high stalk. The genus Zea comprises five species

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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Z. diploperennis, Z. luxurians, Z. nicaraguensis, Z. perennis, and Z. mays. Zea mays is the only
cultivated species, while others are wild grasses [1-4].

The corn plant is classified as:

Kingdom Plantae

Family Poaceae

Subfamily Panicoideae

Genus Zea

Species mays

Synonyms Maize, corn, mealie

Various parts of corn such as grains, leaves, corn silk, stalk, and inflorescence are commonly
used as food for humans, feedstuff for animals, fuel for small industries, and potential ingre-
dient of homemade remedies [3, 5]. Corn seeds are served as food in Asian countries including
China, Korea, Taiwan, Vietnam, Laos, Myanmar, Thailand, India, and Pakistan [6]. The unripe
seeds of sweet corn are eaten raw or cooked, while the mature seeds are dried and ground to
make flour that is used in various food preparations. The major products of wet and dry mill-
ing of corn seeds are used to make breakfast cereals, snacks, and tortillas, while the coprod-
ucts are used as animal feed. The maize flour has been found to enhance the nutritional and
functional quality of food materials when used in the form of blend with other cereal flours
[7, 8]. Corn kernel is also used to obtain ethanol as a fuel [9]. Oil obtained from seeds is edible
and is used in the preparation of various food products. A semidrying oil obtained from seeds
has many industrial uses like manufacturing of linoleum, paints, varnishes, and soaps.

The edible part of corn is covered by long, silky, and colored (yellowish to reddish) hairlike struc-
tures known as corn silk. Corn silk, due to its high medicinal value, has been traditionally used
as herbal remedies for the treatment of various diseases [6]. It has been reported to be used in the
treatment of hypercholesterolemia, urinary infections, and associated diseases [10]. Corn silk is
also used as an important ingredient in development of various drugs [11]. It has been found to
be nontoxic and is safe for human consumption [12, 13]. In Asia, it is used in tea as a healthy and
medical drink [14]. Corn silk powder can also be used as food additive and flavoring agent as it
does not change the taste; rather, it enhances the content and physical characteristics of meals like
beef patties [15, 16]. Pith of the stem of corn plant is used to make corn syrup [17], the spathes are
used in making papers, straw hats, and baskets, and dried cobs are used as fuel [3].

2. Nutritional composition

Corn, due to its high nutritional quality, is a permanent global crop used to fulfill the
nutritional requirements of humans and cattle [3]. Corn is rich in nutritional compounds
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such as carbohydrates, proteins, vitamins, and minerals including calcium, magnesium,
potassium, and sodium salts [3]. Corn seeds contain sugars (16.39-21.20 g/100 g dw),
protein (11.46-12.70 g/100 g dw), and crude oil (5.73-6.21 g/100 g dw) [18]. Corn silk
contains moisture (9.65-10.4%), protein (9.42-17.6%), fat (0.29-4.74%), ash (1.2-3.91%),
dietary fiber (7.34%), and carbohydrates (65.5-74.3%), and good composition of vita-
mins and minerals as sodium, potassium (28, 1360 mg/100 g dw, respectively), calcium,
magnesium, iron, zinc, manganese, and copper (0.1869, 0.1939, 0.005, 0.0165, 0.0109, and
0.0073 mg/g fw, respectively) [3, 19, 20]. The processed corn silk contains significant
amounts of crude fiber (13%), crude protein (13%), and carbohydrates (69%). Being low
in crude fat content, corn silk can be preferably used in the preparation of fat-free food
formulations [21].

3. Phytochemical composition

Phytochemicals are the non-nutritional bioactive compounds found in various parts of plants.
In plants these compounds perform vital functions particularly protection from predators
and harsh environmental conditions. These compounds are also important in pharmaceuti-
cal and medicinal field due to their antioxidant, antimicrobial, and other biological proper-
ties. Flavonoids are the bioactive phytochemical compounds which make the plant resistant
to the attack of microbes and insects and also protect the animals against various diseases
[22-24]. Flavonoids possess strong antioxidant activity and free radical-scavenging capacity
and inhibit protein glycation [23, 25, 26]. The anthocyanins have been found to protect against
ischemic reperfusion injury in rats [27]. These have been also found to show antioxidant and
antiradical activities which are further associated with certain health-promoting activi-
ties such as anticancer, anti-inflammatory, anti-obesity, antidiabetic, cardioprotective, and
hepatoprotective activities [28-30]. Tannins are polyphenolic compounds which show several
biological activities such as anti-inflammatory, antioxidant, free radical-scavenging, and anti-
mutagenic activities [31, 32].

Various parts of corn plant such as silk, seed, stem, leaves, and roots are good sources of
bioactive phytochemical compounds such as phenolic acids, flavonoids, steroids, alkaloids,
carotenoids, tannins, saponins, anthocyanins, and other phenolic compounds [6, 28, 33, 34].
Corn seeds contain polyphenols, phenolic acids, flavonoids, anthocyanins, carotenoids,
vitamins, sugars, polysaccharides, and other phytochemicals of medicinal importance
[35, 36]. Corn silk contains a number of bioactive phytochemical compounds including
phenols, polyphenols, phenolic acids, flavonoids, flavone glycosides, anthocyanins, carot-
enoids, terpenoids, alkaloids, steroids, luteins, tannins, saponins, volatile oils, vitamins,
some sugars, and polysaccharides (Table 1) [6, 11, 22]. The corn silk flavonoids have been
also reported to reduce the oxidative stress and show anti-fatigue activity in mice [37, 38].
The content of the major phytochemical compounds found in various parts of corn are
summarized in Table 2.
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Corn  Class of Phytochemical components Reference
part phytochemicals
Corn  Polyphenols Tannins, saponins, flavonoids, alkaloids, steroids, cardiac glycosides, [19]
silk allantoins, anthocyanins, hesperidin, and resins
Phenolic acids Para-aminobenzoic acid (PABA), vanillic acid, p-coumaric acid, chlorogenic [20]
acid, protocatechuic acid, caffeic acid, ferulic acid, maizenic acid,
hydroxycinnamic acid ester, and 3-O-caffeoylquinic acid
Flavonoids Catechin, protocatechin, quercetin, rutin, flavone, 3-hydroxyl, [11, 36,
4-hydroxy, 5-hydroxy, and 7-hydroxy flavones and isoflavones. 73-76]
2-O-a-L-rhamnosyl-6-C-3-deoxyglucosyle-3-methoxy luteolin and [20, 34, 77]
6,4-dihydroxy-3-methoxyflavone-7-O-glucoside.
Isoorientin-2-2-O-a-L-rhamnoside, cardiac glycosides
Luteolins: 2”-O-a-L-rhamnosyl-6-C-quinovosylluteolin, 2”-O-a-L-rhamnosyl-
6-C-fucosylluteolin, and 2”-O-a-L-rhamnosyl-6-C-fucosyl-3'-methoxyluteolin,
2”-O-a-L-rhamnosyl-6-C-3"-deoxyglucosyl-3' methoxyluteolin, 2"-O-a-L-
rhamnosyl-6-C-(6-deoxyxylo-hexos-4-ulosyl)-luteolin, 2"-O-a -L-rhamnosyl-
6-C-(6-deoxy-xylo-hexos-4-ulosyl)-luteolin-3"-methylether, kaempferol
Maysins: Rhamnosyl-6-C-(4-ketofucosyl)-5, 7, 3'4-tetrahydroxyflavone,
ax-5'-methane-3'-methoxymaysin, ax-4”-OH-3"-methoxymaysin,
6,4'-dihydroxy-3'-methoxyflavone-7-O-glucosides,
7,4'-dihydroxy-3'-methoxyflavone-2”-O-a-L-rhamnosyl-6-C-fucoside
Carotenoids B-Carotene, zeaxanthin
Sterols Phytosterols like stigmasterol, beta-sitosterol
Tannins Gallotannins, phlobatannins
Volatile Menthol, carvacrol, thymol, eugenol, neo-iso-3-thujanol, cis-sabinene hydrate, [78]
compounds 6,11-oxidoacor-4-ene, citronellol, trans-pinocamphone, cis-sabinene hydrate,
cis-R-terpineol, and neo-iso-3-thujanol
Vitamins Vitamin C, vitamin K, vitamin E [79]
Sugars Dextrose, xylose
Miscellaneous Polysaccharides (galactan), geraniol, limonene, terpenoids, a-terpineol, [6, 23, 25,
compounds citronellol, 34-36, 49,
. . N 1 . 55,70, 74,
trans-pinocamphone, formononetin, apigenin, pelargonidin, anthraquinones,
h . 75,78, 80]
ordenine,
xanthoproteins,
Corn Polyphenols Tannins, saponins, rutin, allantoins, quercetin, isoquercetin, morin,
seeds naringenin, kaempferol
Phenolic acids Gallic acid, chlorogenic acid, syringic acid, hydroxycinnamic acid derivatives, [35]
ferulic acid, 7-hydroxy-2-indolinone-3-acetic acid, caffeic acid
Flavonoids Anthocyanins, quercetin, and catechin [81]
Carotenoids Carotenes including lutein, cyclosadol, B-cryptoxanthin, zeaxanthin, a- and  [82]
[-carotene, a and {-cryptoxanthin
Anthocyanins Cyanogenic glycosides including pelargonidin-3-glucoside, cyanidin-3- [36]
glucoside, and peonidin-3-glucoside
Vitamins Vitamin E (tocopherols), vitamin B (biotin, riboflavin, pantothenic acid, folic ~ [83]
acid, niacin, pyridoxine, thiamine), vitamin C
Miscellaneous Polysaccharide, sugars, proteins, inositols, resins, hexaphosphoric and [28, 30, 35,
compounds maizenic acid, esters of indole-3-acetic acid, d-glucose hydroxyl-2- 78, 82]

indolinone-3-acetic acid, N-coumaryltryptamine, N-feruloyltryptamine,
6-methoxybenzoazoline, oxalic acids, essential fatty acids, and choline



Phytochemical Composition: Antioxidant Potential and Biological Activities of Corn

http://dx.doi.org/10.5772/intechopen.79648

Corn  Class of Phytochemical components Reference
part phytochemicals
Corn  Phenolic Methyl (E)-p-cumarate, methyl (Z)-p-cumarate, methyl ferulate, and [84]
stem compounds 1,3-O-diferuloyl glycerol
Lignan Tetrahydro-4,6-bis(4-hydroxy-3-methoxyphenyl)- [81]
1H,3H-furo[3,4-c]furan-1-one
Flavonoids Tricin, salcolin A, and salcolin B [81]
Anthocyanins Cyanidin-3-glucoside, pelargonidin-3-glucoside, and peonidin-3-glucoside [27,29, 67]
Corn Polyphenols, Flavonoids, terpenoids, alkaloids, tannins, phlobatannins, saponins [85]
root flavonoids, and
and others
shoot
Table 1. Bioactive phytochemical components in various parts of corn.
Corn  Extracting TPC TEC TAC TCC References
part solvent
Corn  Water 1.5 mg GAE/g extract 2-7 ug/ml extract [86]
il
silk 35.34-64.22 mg GAE/g 2.31-7.55 mg CE/g [79, 87]
extract extract
42.71 pg TAE/g extract [88]
256.36-272 mg 4.1-38.01 mg CE/g [87, 89],
GAE/100 g dw dw
Hot water 68.61 mg GAE/g 72.74 mg QE/g 0.02 mg CGE/g [21]
Methanol 101.99-175.8 mg GAE/ 0.66-9.26 mg CE/ [87,90]
g dw g dw
40.38 pg TAE/g extract 0.017-0.023 g [18, 88]
CGE/100 g dw.
272.81 mg GAE/100 g dw [89]
Methanol 69.01-85.49 mg 78.90— [91]
acidified with GAE/100 g of fw 408.54 mg
1% citric acid CGE/100 g fw
Ethanol 164.1 ug GAE/g dw 69.4 ug RE/g dw [34]
1756 mg chlorogenic 1779 mg [92]
acid/100 g dw CGE/100 g dw.
86.26-143.58 mg GAE/g  14.66-26.63 mg [79, 93]
extract CAE/g extract
80.8-117.1 ug GAE/g dw  30.1-88.8 ug 0.4-72.9 ug [57, 41]
RE/g dw CGE/g dw
93.43 mg GAE/g dw 65.58 mg RE/g dw [87,90],
34029.37 +1926.61 211.05+3.73 11.3 mg/ [94]
mg /kg dw mg/kg dw kg dw
Aqueous 2093-4447 81 mg 1840- 1.49 mg [20],
acetone GAE/100 g dw 3644 mg CE/100 CGE/100 g dw
gdw
Ethyl acetate  6.70 mg GAE/g extract 8.40 mg CE/g extract [90]
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Corn  Extracting TPC TEC TAC TCC References
part solvent
Corn  Methanol 115.4-175.5 mg 6.7 ug/g fw, [95]
kernel GAE/100 g dw 9.7 ug/g dw
Methanol 17.67-23.97 and 16.53-45.84 mg [61,91]
acidified with 2.1 mg GAE/g fw, CGE/100 g fw,
citric acid 2.8 mg GAE/g dw 0.3 mg CGE/g
fw, 0.4 mg
CGE/g dw
Methanol 178-515mg 090 mg [95]
acidified with NE /100 g dw CGE /100 g dw
HCl
Ethanol 223-467 mg 16-564 [82]
GAE /100 g dw ug/100 g dw
Ethanol 287.3+0.03 mg 70.50 mg CGE [41]
acidified with GAE/100 g fw /100 g
citric acid
20.06-24.97 mg 25.8-133.26 mg [61,91]
GAE/100 g fw CGE/100 g fw
353 +53 mg 270+ 62 mg 30 £26 mg 135+119 [95]
GAE/100 g dw NE /100 g of dw CGE /100 g dw ug/100 g dw
Aqueous 215.8-3400 53 mg 1.54-850.9 mg [96]
alcohol GAE/100 g dw CGE/100 g dw
Corn  Methanol 129- [67]
cob 1166 mg/100 g
dw
Methanol 15.43-64.02 mg 17.87- [91]
acidified with GAE/100 g fw 115.97 mg
citric acid CGE/100 g fw
Various 79.61-92.64 mg 14.41 mg CAE/g 0.85-1.18g  [93,97]
polarity GAE/g extract, extract, 1.56 g BCE/100 g
solvents 0.86 g GAE/100 g QE/100g, 046 g
QE/100 g
Corn  Various 494-175 ¢ 17.68 g QE/100 g 3.73-4491g [97]
leaves polarity GAE/100 g BCE/100 g
solvents
Corn  Water 69 ug GAE/g extract [85]
shoot
Ethanol 31.32 ug GAE/g extract [85]
Corn  Water 9.98 ug GAE/g extract [85]
root
Corn  Various 1.62-14.77 g GAE/100 g ~ 1.48-2.05 g QE/100 g 045-3.63g  [97]
husk  polarity BCE/100 g
solvents

GAE, gallic acid equivalent; RE, rutin equivalent; TFC, total flavonoid content; TPC, total phenolic content; TAC, total
anthocyanin content; CGE, cyanidin-3-glucoside equivalents; fw, fresh weight; CE, catechin equivalent; TCC, total
carotenoid contents; QE, quercetin equivalent; BCE, (3-carotene equivalent; dw, dry weight; NE, naringin equivalent;
TAE, tannic acid equivalent.

Table 2. Phytochemical composition of extracts from various parts of corn.
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4. Antioxidant potential

The pharmaceutical and medicinal significance of medicinal plants is usually based on their
antioxidant phytochemical composition. Antioxidants are the substances which have the abil-
ity to prevent the oxidation reactions in living and nonliving systems. They possess hydrogen-
donating ability due to which they reduce other species and are themselves oxidized. These
substances perform their action by reducing the reactive oxygen or nitrogen species or metals
in their oxidized forms. These substances have the ability to terminate the free radical chain
reactions occurring in the living system. Owing to their antiradical and reducing properties,
the antioxidant phytochemicals play a key role in the preparation of pharmaceutical formula-
tions against various diseases. The diversity in the phytochemical quality and high content
of bioactive antioxidant phytochemicals make corn a valuable candidate for pharmaceutical
application. Among various parts of corn, the corn silk is a rich source of antioxidant com-
pounds and possesses strong antioxidant potential. The antioxidant properties of various parts
of corn studied in terms of total antioxidant activity, ferric reducing, iron chelating, copper-
reducing properties, and free radical-scavenging capacities are presented in Tables 3-5. The
corn extracts have been also reported to improve the antioxidant status of various organs by
affecting the activity of antioxidant enzymes [38].

Corn Extracting solvent TAOA B-CABC References
part
Corn Water 73-44.19% [87]
silk
Methanol 66.05% [87]
Ethanol 5.61-9.98 mg FeSO,/g dw 52.92% [87]
Ethyl acetate 2.15-2.735 mg GAE/g dw 38.65%, [87,89]
26.33%
Corn Methanol acidified 1827.5-2429.3 umol TE/100 g dw, 61.15%, [61, 82, 91]
seed with citric acid 3.1 pmol TE/g fw, 3.8 umol TE/g dw,
17.9-32.19%
Methanol acidified 18-100 pmol AAE/100 g [95]
with HC1
Ethanol acidified with 22.95% TE [41]
citric acid
Corn Methanol 0.3-10.2 pmol/g dw [67]
cob
Methanol acidified 31.10% [91]
with citric acid
Corn Methanol acidified 11.85% [91]
husk with citric acid

TAOA, total antioxidant activity; 3-CABC, (-carotene-bleaching capacity; GAE, gallic acid equivalent; TE, Trolox
equivalent; AAE, ascorbic acid equivalent; fw, fresh weight; dw, dry weight.

Table 3. Total antioxidant activity and (3-carotene-bleaching capacity of extracts from various parts of corn.
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Corn part  Extracting solvent FRAP CRC References

Corn silk Water 35.01% [87]
Methanol 56.41% [87]
Ethanol 51.16%, 38.90-65.46% [87, 93]
Ethyl acetate 27.21% [87]

Corn kernel Methanol 6.4-12.7 37 uM TE/g dw [95]
Methanol acidified with 0.09 umol Fe(Il) E/g fw [61, 82, 98]
citric acid 0.10 pmol Fe(Il)/g dw

13.1-26.1 uM TE/g
Methanol acidified with HCI 9 +2 mmol TE/100 g dw [95]

Corn cob Various polarity solvents 35.81-41.39% EC,, (218.1-735.0 ug/ml) [93,97]

Cornleaves Various polarity solvents EC,, (152.3-248.8 pg/ml) [97]

Cornhusk  Various polarity solvents EC,, (205.7-723.4 pg/ml) [97]

FRAP, ferric-reducing antioxidant power; CRC, cupric-reducing capacity; EC

inhibition; TE, Trolox equivalent.

50/

effective concentration required for 50%

Table 4. Metal-reducing capacity of extracts from various parts of corn.

Corn part  Extracting solvent DPPH ABTS References
Water 63.5% [89]
IC,; (195.21 pg/ml) [99]
Methanol 81.7% [89]
Methanol IC,; (0.10-0.18 mg/ml) [18]
Methanol 41-76% [19]
Methanol IC,, (140.89 pg/ml) [99]
81.7-71.5% [89]
Cornsilk  Ethanol 84%, 68-75.6% [78]
68.4-75.6% [57]
IC,, (140.89 pg/ml) [87]
Ethanol IC,, (143.55 pg/ml) [99]
Ethanol-water 92.6% with IC, (0.56 mg/ml) [6]
Ethyl acetate IC,, (411.69 pg/ml) [99]
Cornseed Methanol IC,, (66.3-79.8 pg/ml) IC | IC,, (219-799 ug/ml) [40, 98]
(52-177 mg/ml)
Methanol acidified with  13.15%, 28.7% fw, 34.2% dw, [61, 91]
citric acid 10.48-13.46%
Methanol acidified with 5-14 uM TE/g dw [95],
hHa 11 +2 mmol TE/100
gdw
Ethanol acidified with ~ 49.2 uM ET/g [41]

citric acid
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Corn part  Extracting solvent DPPH ABTS References

Corncob  Methanol 4-22 pmol/g dw [67]
Methanol acidified with  21.01% [91]
citric acid
Various polarity IC,, (11.8-154.4 ug/ml) [97]
solvents

Corn husk Methanol acidified with  10.25% [91]
citric acid
Various polarity IC,, (34.1-170.9 pg/ml) [97]
solvents

Corn Various polarity IC,, (9-78 pg/ml) [97]

leaves solvents

DPPH, 2,2-diphenyl-1-picrylhydrazyl radical-scavenging ability; IC

507

inhibition; ABTS, azino-bis-tetrazolium sulfate.

inhibitory concentration required for 50%

Table 5. Free radical-scavenging capacity of extracts from various parts of corn.

5. Biological activities

Epidemiological studies have demonstrated a relationship between the consumption of food
with high quantities of phenolic compounds and a reduction in the risks of chronic and degen-
erative diseases, such as cancers and cardiovascular disease. Corn seed possesses antidiabetic,
antioxidant, antiproliferative, and anti-cataractogenic activities [18, 39-41].

Corn  Extracting Activity Reference
part solvent
Corn Water Diuretic and kaliuretic activity with reduced glomerular function, [43, 55, 59, 99,
silk anti-hepatocarcinomic, antiadipogenic, antiobesitic, antihyperglycemic, ~ 100]
antidiabetic, lipid lowering, hematinic, anti-inflammatory, and analgesic
activity
Hot water Antioxidant activity and inhibition of IgE antibody formation in mice [48, 101]
Methanol Antioxidant, antimicrobial, anti-hyperthyroidism, inhibition of lipid [19, 47, 49, 102,
peroxidation, immunomodulatory activity by enhancing the innate 103]
immunity, lipid lowering, and cardioprotective activity
Ethanol Inhibition of tumor necrosis factor-a and adhesion of leukocytes to [34, 38, 44, 46,
cell surface, activation of human peroxisome proliferator activator 50, 76, 104]
receptors, induction of antioxidant enzymes, and reduction of oxidative
stress, antioxidant and free radical-scavenging, urease inhibitory, anti-
hyperlipidemic, and diuretic activity
Aqueous Anti-fatigue, hepatoprotective, and renal protective activity in terms of ~ [10, 37, 105-108]
alcohol inhibition of lipid peroxidation
Aqueous Antioxidant activity [20]
acetone

Various polarity
solvents

Corn silk
powder

Antioxidant activity in terms of free radical-scavenging, metal-reducing
and beta-carotene-bleaching capacities and antimicrobial activity

Antioxidant and immunostimulatory activity in fish

[24, 87, 109]

[110]
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Corn  Extracting Activity Reference
part solvent
Corn  Methanol Antioxidant activity in terms of free radical-scavenging and metal- [18, 40]
seed reducing capacity
Aqueous Antioxidant and anti-cataractogenic activity against diabetic cataract [39]
alcohol
Corn Methanol Anti-inflammatory, neuroprotective, hepatoprotective, and antioxidant  [81, 84]
stem
Corn  Ethanol Nephroprotective activity by dose-dependent increase antioxidant [111]
husk enzymes in diabetic rat

Table 6. Biological activities of extracts from various parts of corn.

Corn silk has been traditionally used for the treatment of several ailments due to various
pharmacological activities exhibited by its extracts. It has been found to possess antioxidant,
antidiabetic, antiproliferative, antimutagenic, anticoagulant, antifungal, antiadipogenic, anti-
obesitic, antihypertensive, antihyperlipidemic, antilithiatic, antibiotic, antibacterial, antisep-
tic, anti-inflammatory, antidepressant, and anti-fatigue activities [6, 11, 34, 38, 42, 43]. It has
been also reported to possess antihyperglycemic, antihyperlipidemic, diuretic, neuroprotec-
tive, hepatoprotective, and uricosuric activities [44, 45]. Corn silk has been investigated to
activate the receptors for the binding of human peroxisome proliferator activators used in
the treatment of diabetes [46]. Its methanolic extract has been found to be effective in thyroid
dysfunction [47]. Corn silk extracts contain certain bioactive compounds which show immu-
nomodulation activity [33, 48, 49]. Corn silk extracts have been also found to be effective in
inhibition of tumor necrosis factor-a and adhesion of leukocytes to cell surface and induction
of nitric oxide synthase and cyclooxygenase in macrophages [50-52]. The chemically modi-
fied corn silk polysaccharides have been reported to show antioxidant and amylase inhibitory
activities [14]. Recently, the studies have shown that corn silk has no cytotoxic effect, but
the excessive use of corn silk may be cardiotoxic particularly in patients with compromised
cardiac health [4]. The biological activities of various extracts of different parts of corn are
presented in Table 6.

6. Medicinal importance

Corn seed kernel is commonly used as nutritional purpose, but owing to its good phytochem-
ical composition and biological properties, it has great medicinal value. The toxicological
assessment of corn at various doses against various clinical parameters has proven it clini-
cally nontoxic and can be used for nutritional and medicinal purposes [53]. Anthocyanins in
purple waxy corn have been reported to be effective against diabetic cataract [39]. Corn silk
is usually discarded as waste and not used for nutritional purpose. However, it has a great
medicinal importance due to the presence of valuable bioactive phytochemical compounds.
It has been traditionally used as an effective herbal remedy for the treatment of hyperglyce-
mia, diabetes, obesity, hypercholesterolemia, hyperthyroidism, rheumatism, arthritis, gout,
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tumors, hepatitis, heart problems, jaundice, malaria, inflammation, asthma prostatitis, cysti-
tis, nephritis, kidney stones, bed wetting, renal conditions, and other kidney-related diseases.
Corn silk is also known to be urine laxative, antihypertensive, and immune enhancer. Corn
silk tea has been used as diuretic for the treatment of urinal irritation. In combination with
other herbs, corn silk has been found to be effective against mumps or inflammation of the
bladder. It has been also reported to be useful in gonorrhea, acute and chronic cystitis, and
bladder irritation due to uric acid and phosphate gravel [11, 14, 37, 38, 4244, 46, 47, 51,
54-59]. Recently, corn silk polysaccharides have been suggested to be a good choice as func-
tional food or medicine for the treatment of type 2 diabetes mellitus due to its hypoglycemic
activity [60].

7. Factors affecting the phytochemical profile and antioxidant
potential of corn

There are several factors which have been reported to affect the phytochemical quality and
antioxidant potential of various parts of corn. The phytochemical composition and antioxidant
profile of maize have been observed to be different in different varieties and at various stages
of maturity [18, 61-63]. The phytochemical content of corn silk has been found to be enhanced
by treatment with red algae [64]. The location, climatic, water stress, irrigation method, and
plant density significantly affect the growth, metabolism, and physiological characteristics
of corn plant [65-67]. The spraying of salicylic acid and collection period have been found
to increase the growth rate and phytochemical content of corn silk [68]. The fermentation of
corn samples has been found to result in an increase in carotenoid and ascorbic acid content
with a slight decrease in antioxidant activity [69]. The germination conditions between light
and dark periods have been also found to affect the morphological structures, biochemical
and phytochemical composition, and antioxidant activity of corn sprouts [70]. The storage
conditions, processing techniques, and cooking methods have been also found to affect the
phytochemical content and free radical-scavenging activity of maize [21, 71]. Recently, stud-
ies in our laboratory have shown that high-dose gamma irradiation results in a decrease in
antioxidant properties of corn flour [72].

8. Conclusion

All parts of corn plant are good sources of phytochemical compounds which possess antioxi-
dant potential. Corn seed have a valuable role in human nutrition, while corn silk has a great
medicinal importance due the presence of a variety of bioactive phytochemical compounds.
The principal phytochemicals present in corn silk include polyphenols, phenolic acids, flavo-
noids, anthocyanins, glycosides, carotenoids, and some water-soluble vitamins. The presence
of these phytochemicals makes corn a medicinal plant which shows various biological activi-
ties particularly the antioxidant activity. On the account of its high antioxidant potential, all
parts of corn plant can be used for the management of oxidative stress and the treatment of
various diseases.
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Abstract

Mexico is the center of origin of maize where there is a great variety of pigmented corns
with health benefits. These properties are attributed to their high content of phenolic
compounds. The most studied compounds are anthocyanins that no matter the variety
of corn are mainly six: cyanidin, pelargonidin and peonidin-3-glucoside and their malo-
nated derivatives. Among the pigmented corns, the purple has the most concentration
of anthocyanins, these are found in the whole plant but in more quantity in the silk. The
health benefits attach to anthocyanins are principally anti-obesity agent and anticancer
activity. Regarding the phenolic acids reported in the pigmented corn plant, the most
abundant acid in kernel is ferulic acid, in cob is syringic acid while in the silk is chloro-
genic acid. This variation, in the phenolic acid profiles according to the organ, indicates
the biological function that each of them plays in the plant; meanwhile in humans, they
have important antioxidant effects. Flavonoids are the group less studied of bioactive
compounds in pigmented corns; however, the concentrations of these compounds are
high especially in purple silk; inside the flavonoids described are morin, kaempferol,
naringin, maysin, rutin, quercetin and hyperoside; with antioxidant effects, as neuropro-
tective, apoptosis induction and others.

Keywords: pigmented corn, anthocyanins, flavonoids, phenolic acids

1. Introduction

The oldest macroremains unambiguously identified as maize (Zea mays) were retrieved from
preceramic strata of dry caves in two states of Mexico: Puebla (Tehuacan Valley) and Tamaulipas
(Ocampo Caves). These were found with microremains of pepper (Capsicum) and squash
(Cucurbit asp) and other species used by humans. Archeological strata, suggesting a rough date
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InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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for this foods around 9000-7000 B.P. [1]. In different myths, leyends and codices prehispanics
civilizations Olmecas, Mayan and Mexican showing the prominent position of corn. For exam-
ple, one myth the Mexica gods of corn: Tell us that corn was created after the goddess Centéotl
sank into the ground to make vegetables to feed the people. It was in the wake of that event that
cotton, huazantle, chia, sweet potato and corn began to grow from the ground. The Mexican
Indians called corn as “the plant of the gods” [2].

At this time, corn (Zea mays) is the most important cereal that is produced in the world, the
white and yellow corns are more used, the world production of maize was 987 million metric
tons (MMT) and the United States of America (USA) is the largest producer and Mexico is the
sixth producing country [3].

In the world, corn is generally used for animal feed and biofuels. In Mexico, this cereal is used
for making foods; maize grains are consumed fresh (elotes and esquites, boiled grains) or pro-
cessed in the form of dough or cornmeal for the preparation of some foods: dishes (tortillas),
corn flakes (salads and sweets totopos), starch (atoles and pinole), tamale dough (tamales),
fermented foods (pozol and atoles), boiled or steamed corn (pozole), soups (chilaquiles), bak-
ery products and another foods. Some foods and grains of maizes are depicted in Figure 1.

The colorful corns are less common while the white and yellow are the most popular. All
parts such as silk, cob, leaves, husk and kernel of corns have been used by people at remote
time to Mesoamerican civilization, the pigment corns referred to as blue, red or purple corn
are botanically the same species white and yellow. This cereal was used in the preparation to
color foods and beverages. The interest on pigmented (blue, red and purple) corn is due to
the bioactive compounds; these are anthocyanins, p-hydroxycinnamic acids, flavonoids and
to minor proportion carotenoids, phytoesterols, vitamin E, lignans, policosanols and xylans.
The purpose of this chapter is to provide an overview of bioactive compounds and of the

Y

Figure 1. Food products elaborated with pigmented corn.
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Figure 2. Organs of the corn plant. Painting by Esteban Torres 2018.

biological activity of the purple, red and blue corns in all parts of the plant including peri-
carp of the grain (kernel), silk (seda), inflorescence (espiga), husk (totomoxtle) and corn cobs
(olote). The plant parts typical to corn are shown in Figure 2.

2. Anthocyanin in pigmented corn

Anthocyanins are the largest group of phenolic pigments responsible for the pink, red, purple
and blue corns which is the cereal with most anthocyanin content [4]. For that reason, the
pigmented corn has caught attention in research and production. There is a great diversity in
types of corn including sweet corn, popcorn, pod corn, flint corn, flour corn, waxy corn and
dent corn; everyone is able to have different variety of color as shown in Figure 3, which give
us opportunity to get a great source of anthocyanins using the whole plant because, according
with the variety of corn, the silk, corn husk and corn cob could have more anthocyanins than
kernel, as we will see in later section.
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Figure 3. Purple corn and Cacahuacintle corn with purple cornhusk and corn cob.

2.1. Anthocyanin in pigmented corn kernel

Anthocyanin in corn is found in kernel, cob, husk, silk, leaves and stem [5, 6]. In terms of
anthocyanins, kernel is the most studied and anthocyanins are found in pericarp and aleu-
rone layer. Pericarp can be transparent, orange, red or brown while aleurone layer can be
transparent, red or purple [7]. Currently, researches in corn are focused on major production
of anthocyanins, so there are some strategies to find new and better source of pigmented
corns. One of them is the study of Mexican maize due to an excellent source for the produc-
tion of anthocyanins because there are more than 60 native races of corn that have been little
studied. However, Mendoza had studied the anthocyanins content in different corn lines and
found corns with higher anthocyanins [8]. Other strategy is hybrid corn which is also stud-
ied; nevertheless, the anthocyanins content is not better than other pigmented native corns.

The later research about anthocyanin characterization shows a similar profile include cyan-
idin-3-glucoside and cyanidin-3-(6"malonyl) glucoside as the main anthocyanins. Figure 4
shows anthocyanins found in pigmented corn. However, the variety of colors on pigmented
corns is due to the difference on the concentration of each anthocyanin depending on genetics
[9]. Peonidin-3-glucoside and pelargonidin-3-glucoside and their derivatives are the antho-
cyanins that have major variability and a major concentration of pelargonidin-3-(6”malonyl)
glucoside are found in red corn [10] while blue corn has neither pelargonidin-3-glucoside nor
peonidin-3-glucoside as purple corn has [11], moreover blue corn has more cyanidin-3-(6"
malonyl)glucoside than purple corn; however, its total concentration is much less than purple
corn as shown in Table 1 [9].
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Anthocyanin R1 Rz R3 R4 R5
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Figure 4. Structure of anthocyanin found in pigmented corn.

2.2. Anthocyanin in pigmented corn cob

Cob is considered as a by-product from the corn and represents the 20.6-26.2% of the plant
and it is used as animal feed. However, it has a chemical high value due to their high antho-
cyanin concentration and other phenolic compounds. Purple corn cob anthocyanin concentra-
tion is 3-3900 mg/100 g according to the last years’ review (Table 2). Differences are due to
corn variety and also, but in a lesser way, extraction method. Anthocyanin composition in
cob is similar to the kernel, finding the six main anthocyanins, and identification has made by
HPLS-MS [15, 40].

2.3. Anthocyanin in pigmented corn silk

Corn silk can be yellow, green or purple depending on the corn variety. Silk is used in local com-
munity as medicinal herbs; however, it does not take advantage and is considered a waste [34].
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Part of the corn Corn phenotype Anthocyanin Ref.

Kernel Purple corn? Cy-3-glu (45.8%)?, (45.8%)° (47.3%)* (73.62%)° [11]% [12] [13]°
Purple corn bran® Pg-3-gluc (2.0%)* (3.3%)°, (4.7%)* (15.50%)°
Purple corn pericarp® Pn-3-gluc (9.3%)? (4.,1%)° (11.9%)* (10.88%)°

Cy-3-malonylglu (17.2%)? (11.9%)*

Pg-3-malonylglu (2.4%)? (2.1%)*

Pn-3-malonylglu (3.1%)? (6.0%)*

Condensed form (16.8%)? (11.2%)*
Purple corn V1-V9! Condensed forms!; Cy-3-glu'***¢, Pg-3- [97°, [107%, [12]3,
gluc'?*?; Pn-3-gluc'**¢%; Cy-3-malonylglu'?3; [14]5 [15)°

Pg-3-malonylglu'?%3; Cy-3-dimalonylglu’;
Purple Hybrid (WenveiiR5 Pn-3-malonylglu'?%; Pg-3-dimalonylglu'?

Purple corn®*’

R11y Pn-3-dimalonylglu’

Red hybrid corn (Wenwei2 R6 ~ Cy-3-glu’; Pn-3-gluc®; Cy-3-malonylglu® [9P°

x LH287 R8)°

Blue corn Cy-3-glu (24.4%) (61.50%)° (117, [16]°

Pg-3-glu (13.88%)*

Pn-3-glu (3.39%)*
Cy-3-malonylglu (56.6%)"
Pg-3-malonylglu (9.1%)”
Pn-3-malonylglu (10.4%)”
Cy-3-succinylglu (3.62%)®
Cy-3-disuccinylglu (4.56%)*

Blue hybrid corn (Lfy blue RI)> Cy-3-glu’; Cy-3-malonylglu’; Pn-3-malonylglu®  [9]°

Germ Purple corn sprouts Direct condensed [17]
(Epi)catechin-Cy/Pg-3,5 diglu
(Epi)catechin (4-8)-Cy/Pn/Pg 3,5 diglu
(Epi)catechin (4-8)-Cy 3-malonylglu-5 glu
Cy-3,5 diglu
Cy/Pg/Dp/Pn 3-glu
Cy 3-malonylhexoside
Cy/Pg/Pn 3-(6"-malonylglu)
Pn-3-(6"-malonylhexoside)
Cy/Pg/Pn 3-(3",6"-dimalonylhexoside)
Cob Purple corn’ Cy-3-glu®'%; Cy-3-malonylglu®'% Pn-3-glu® '*; [15)°, [18]*

Pn-3-malonylglu® '%; Pg-3-glu® !; Pg-3-

Purple corn (Peru)™® malonylglu®

Purple corn (Peru) Cy-3-glu (75.28%) [14]
Pn-3-glu (8.55%)
Pg-3-glu (16.16%)
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Part of the corn Corn phenotype Anthocyanin Ref.

Husk Purple corn Cy-3-glu (11.7%)" (39.8%)" [19]*, [20]*
Cy-3-malonylglu (29.0%) (8.4%)"
Pg-3-malonylglu (11.0%)"
Cy-3-succinylglu (20.8%)"
Cy-3-glu monomalonate (1.0%)"
Pg-3-glu (~1.5%)" (2.0%)"
Cy-3-malonylglu (6.3%)"
Pn-3-glu (0.9%)"
Cy-3-glu dimalonate (3.9%)"
Cy-3-dimalonylglu (35%)"
Pn-3-malonylglu (2.0%)"
Pg-3-dimalonylglu (1.5%)"
Pn-3-dimalonylglu (1.4%)"
Silk Purple corn Cy-3-glu [21]
Cy-3-malonylglu
Pg-3-glu
Pn-3-glu

Superscript indicates the correlation of the concentration of anthocyanins with its reference.

Table 1. Composition of Anthocyanins found in pigmented corn plant.

Part of corn Maize phenotype Extraction method Anthocyanins Ref.
content (mg/100 g)
Maceration
Kernel Purple/Blue (Zea mays var. Heat water 878.9/26.2 [22]
saccharata) 60 min
Kernel Purple Corn 2% formic acid, 2 h 473 [11]

40:1 liquid-to-solid

3 extractions

Kernel Purple (AREQ-084) Alcoholic extraction (Methanol or 310 [23]
ethanol) with acid (85:15 v/v)

Purple (Zea mays L., cv 55.8 [15]
Zihei) 1-3 extractions
Purple (AREQ-516540TL) 850 [24]
Purple (EP24) 153 [25]
Purple (race Conico) 97-426 [26]
Purple corn 1600 [27]
Purple (KKU-WX) 745 [28]
Purple corn (ZM01-ZM22) 0.8-111.7 [29]

Kernel Red corn (ZM01-ZM22) Methanol acid 0.8-33.4 [29]
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Part of corn Maize phenotype Extraction method Anthocyanins Ref.
content (mg/100 g)
Kernel Pink (ZM01-ZM22) Methanol acid 0.3-1.4 [29]
Pink (EP24) 0.018 [25]
Kernel Blue pericarp Alcoholic extraction (Methanol or 39 [11]
ethanol) with acid (85:15 v/v)
Blue (ZM01-ZM22) 7.3-74 [29]
One to three extractions
Blue (race Chalquefio) 64.6 [30]
Blue (race Conico) 89.2 [30]
Blue hybrid corn 73.0-105.2 [30]
Blue hybrid corn 27.39-78.28 [31]
Cob Red/Purple waxy corn Methanol-1% citric acid (80:20 v/v) 1. 34/37 [5]
1. KKU-WX111031 Mired 2 H6n7s
24h 4°C 3. 17/189
2. KKU-OP
4. 27/336
3. hybrid
4. commercial
Cob Purple waxy corn (red to Methanol 202-1423 [32]
black) Shaken for 2 h
1:10
Two extractions
Cob Purple hybrid corn (KPSC Conventional heating 3660 [33]
901)
Microwave 3970
Ultrasound 3830
Ohmic heating 3280
Husk Purple corn husk 0.1 N HCI 3500 [19]
6 h, room temperature
Husk Red/Purple waxy corn Methanol-1% citric acid (80:20 v/v) 1. 5/3 [5]
1. KKU-WX111031 Mived 2 34130
24h, 4°C 3. 48/494
2. KKU-OP
4. 5/213
3. hybrid
4. commercial
Silk Purple (ZPEXP)/Pink Methanol acidified with 1 N 193/1.49 [34, 35]
(ZP341) (85:15 v/v) 0.44-2.38
Purple hybrid (PWC1-5) Shaking by 30 min
70°C,1.5h
Silk Purple corn Ethanol 50% 970 [21]

Ratio 1:1 w/v

5 min
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Part of corn Maize phenotype Extraction method Anthocyanins Ref.
content (mg/100 g)
Silk Red/Purple waxy corn Methanol-1% citric acid (80:20 v/v) 1. 78/478 [5]
1. KKU-WX111031 leejo c 2 40819
2 KKU-OP ! 3. 289/456
3. hybrid 4. 249/500
4. commercial
Germinated Purple corn (PMW-581) 240 [17]
Foliar Purple corn (Jingzi No. 1) Ethanol 60% with citric acid 1% 1780 [36]
60°C, 120 min
Ultrasound assisted extraction
Kernel Purple corn 96% ethanol and 1.5 N HCI (85:15)  10-300 [8]
1:25/80 solid-to solvent (kernel)
15 min 70-3700
Two extractions (pericarp)
Kernel Purple corn bran 400 W 362 [13]
Cob Dried cob of purple waxy 65°C, 35 min 2.4 [37]
1:20 solid-solvent ratio
Supercritical fluid technology
Kernel Purple corn pericarp (Peru)  50°C, 400 bar 1060 [14]
Supercritical CO2->Ethanol>H,O
Kernel Purple waxy corn (Zea mays ~ Subcritical solvent extraction 99 [38]
L. var. ceratina) method
Water-ethanol 1:3
Sample-to-solvent ratio 1:20)
Cob Purple waxy corn (Zea mays ~ Subcritical solvent extraction 1240-1270 [14, 38]
L. var. ceratina) method
Peru Water-ethanol 1:1
Sample-to-solvent ratio 1:20)
Silk Purple waxy corn (Zea mays ~ Subcritical solvent extraction 1550 [38]
L. var. ceratina) method
Water-ethanol 1:1
Sample-to-solvent ratio 1:30)
Kernel Purple waxy corn High-pressure processing 700 MPa 116 [39]

Zea mays L. ceratina

(3045 min)

Table 2. Anthocyanins extraction methods and concentration.

But silk has a great potential to obtain phenolic compound, among them, anthocyanins. Research
of silk is about its quantification and characterization of anthocyanins and results showed that

has the highest anthocyanins concentration of the whole plant [41].
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2.4. Anthocyanin in pigmented corn husk

Husk is the least studied part of the corn; there is limited research about their anthocyanin
composition; however, they had a high concentration of anthocyanins depending on corn
variety [20]. Most recent reports show a deeper studied of the type of anthocyanins in purple
husk which has more anthocyanin diacylated [19] but there is other report that found cyanid-
ing-3-succinylglucoside instead of diacylated anthocyanin [20]. For that reason, more research
is needed; due to the low information, it is not possible to ensure that corn husk composition
is different from other parts.

2.5. Extraction methods and characterization of anthocyanins in pigmented corn

Extraction of anthocyanin is made with methanol solvent acid and the method most used
is ultrasound-assisted extraction that shows better efficiency, although, microwave-assisted
extraction, ohmic heating extraction and supercritical solvent extraction are also used. Liquid
chromatography techniques are the most used in anthocyanin identification. Table 2 shows
the extraction methods used until 2018 and the anthocyanin content.

2.6. Biological activity of pigmented corn anthocyanins

Structural anthocyanins have conjugation that provides stabilization of free radicals.
Antioxidant activity is plenty reported in pigmented corn. Additionally, anthocyanin extract
of pigmented corn has been used in in vitro and in vivo assays, Table 3 shows some of the
activities studied where anti-obesity is the most recurrent.

Extract of anthocyanin  Biological activity Ref.
Red corn Inhibition proliferation of colorectal cancer cell In vitro Cell [42]
lines
Purple corn Inhibition proliferation of colorectal cancer cell Invitro Cell  [42]
lines
Purple corn (hybrid Cardioprotective activity In vitro [43]
maize) kernel
Purple maize flour Reduce visceral adiposity index, total body fat mass, systolic In vivo [44]
blood pressure, total cholesterol and plasma triglycerides. .
N X In rats diet
Improve glucose tolerance, liver and cardiovascular structure
and function
Purple corn pericarp Adipogenesis, inflammation and insulin resistance in In vitro [45]
adipocytes
Purple waxy corn cob  Neuroprotective and memory enhancing effect [46]
Purple corn silk Anti-obesity agent [21]
(Zea mays L. var.
ceratina)
Blue tortillas Learning capability In rats diet [47]

Table 3. Biological activity found in purple corn.
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2.7. Applications of pigmented corn anthocyanins

Purple corn is used traditionally to make tortillas, atole, chips, popcorn and other type of
food products. However, chemical studies of these food products are limited. Food industry
is more interested in elaboration of products with a major quality and bioactive compounds
content; in consequence, the development of new products with purple corn have been the
most studied. Some of the developed products are presented in Table 4, where the main
purpose was to find the best process to keep the major anthocyanins concentration.

Additionally, the anthocyanins are used to make photosensitizers from different colored parts
of the corn including cob, husk and silk.

Furthermore, due to the low stability of anthocyanins, there are some studies related to this
topic. The stability of anthocyanins has been improved using intermolecular copigmentation
with gallic ferulic, caffeic acids, and results show that those acids do not protect the anthocya-
nins only have a hypochromic effect. There is a better protection by self-association. Other strat-
egy is the encapsulated of anthocyanins in alginate-pectin hydrogel [49] and the spray-dried
purple corn found that 5% of maltodextrin, 150°C and water are the best condition to obtain
a soluble product with the major anthocyanin concentration [50]. Haggard in 2018 also found
that beverage with more pelargonidin-3-glucoside concentration has a major half-life [10].

Corn phenotype Use Ref.

Purple corn Beverage [12]

Blue popping corn and dark-red popping corn (Zea mays ~ Bakery (cookies) with higher phenolic content [4, 35]
L. spp. Everta)

Purple corn (husk, cob and silk) Photosensitizers [48]

Table 4. Use of anthocyanins found in pigmented corn.

3. Phenolic acids in pigmented corn

Pigmented corns are good source of phenolic acids; mainly hydroxycinnamic acids but also
hydroxybenzoic and chlorogenic acids. These compounds are distributed in whole plant.
Table 4 shows the main phenolic acids found in different parts of the plant reported in the
literature (Figure 5).

In white, yellow and pigmented maize, ferulic acid is the most abundant phenolic acid. There
are reports that in white and yellow corn it can be found in the forms of dimers, trimers and
tetramers [51]. Other authors have reported 1.94 mg/100 g [52] of free diferulic acid in blue
Mexican corn which is the most abundant in that variety (Table 5).

3.1. Phenolic acid in pigmented corn kernel

Free ferulic acid concentration in a variety of pigmented kernel is similar among Mexican and
Khao Niew Dum varieties (2.02-3.99 mg/100 g) [24, 52]; however, Peruvian variety has the
highest concentration with 5.50 mg/100 g [53].

79



80 Corn - Production and Human Health in Changing Climate

THGURE 5. STRUCTURE OF FENOLIC ACTD FOUNDHD IN PIGMINTID OORN

R2 R
H H
OCHs H
OCHe OCl:

=
" o
L 4
L
oH ey
Y
-
] gl
Chilorogenic add Diferalic sid
L
o

HE Hydrenycinamis add Hydroxycinsmic scid K1
Ferabic OCHs
pCoumaric H
Calfeh O

g Hydroaybemreic acid

By piydevy ol
Varillie
Syrigh

Hydravybenaais acid

Figure 5. Phenolic acids structures in pigmented corn.

Corn part Phenolic acid Pigmented corn phenotype Content Ref.
(mg/100 g)
Kernel Ferulic acid Peruvian purple (INIA-GOI) 5.52 [53]
Mexican pigmented Pigmentados 1.97-2.02 [24]
Blue-Queretaro (Mexico) 1.94 [52]
Purple corn variety Khao Niew Dum 2.3 [54]
Kernel p-Coumaric acid Blue-Queretaro (Mexico) 0.512 [52]
Purple corn variety Khao Niew Dum 11 [54]
Kernel Diferulic acid Blue-Queretaro (Mexico) 1.9 [52]
Kernel Caffeic acid Peruvian purple (INIA-GOI) 3.81 [53]
Purple corn variety Khao Niew Dum 0.29 [54]
Kernel p-Hydroxybenzoic acid Purple corn variety Khao Niew Dum 0.18 [54]
Kernel Vanillic acid Purple corn variety Khao Niew Dum 0.98 [54]
Kernel Chlorogenic acid Peruvian purple (INIA-GOI) 1.05 [53]
Silk Silk from Thai purple corn 25.64 [21]
Cob Syringic acid Purple corn cob from four phenotypes of 31-202.78 [32]

Thai corn

Table 5. Free phenolic acid concentration in different phenotypes of pigmented corns.
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Also, there are reports that evaluate ferulic concentration among different Mexican corn
phenotypes pigmented white and yellow and there are no statistically significant differ-
ences. The concentration is between 140 and 160 mg and 94-98% are bounded in cell wall
and the rest is free [24]. In the cell wall, ferulic acid plays an important role because it is
cross-linked through photochemical reactions or coupling reactions catalyzed by peroxi-
dases with the polysaccharides present in the grains, thus improving the rigidity in the cell
wall of corn [51].

Other acids found in pigmented maize kernel are as follows: p-coumaric, caffeic, vanillic,
chlorogenic and hydroxybenzoic acids, however concentrations are different according to the
variety. In purple maize variety Khao Niew Dum, the next acid apart of the ferulic acid are
p-coumaric, vanillic, caffeic and p-hydroxybenzoic acid [54]; while in INIA-GUI purple corn
from Peru, the acid with major concentration after ferulic acid is the caffeic acid and choloro-
genic acid [53]. The difference in concentration could depend on different factors as genetic,
environmental, ripening, light-UV exposure and insect and pathogens attack [51].

3.2. Phenolic acid in pigmented corn cob

Research about pigmented corn cob is low; nevertheless, they have concentrations of important
phenolic acids. The most abundant phenolic acid in cob from four pigmented corn pheno-
types is syringic acid (31-202.78 mg/100 g) [32], followed by ferulic acid (7.34-10.73 mg/100 g)
and in minors amounts vanillic acid (1.42-7.05 mg/100 g) and hydroxybenzoic acid
(0.73-7.05 mg/100 g).

3.3. Phenolic acid in pigmented corn silk

Other organ from maize plant which has been studied due to their higher concentration of phe-
nolic acids, in particular chlorogenic acids, is the stigma, commonly called silk. Some authors
highlight that silk from purple corn have 25.64 mg/100 g of chlorogenic acid [21] and other
studies highlight that from 25 days after emergence from four phenotypes of corn (purple,
green, pink and yellow) they have 21.2-29.3 mg/100 g of 3-caffeoylquinic acid, and 5 days
after emergence 923.7-1840.8 mg/100 g [37], also other three chlorogenic acids where studied:
4-caffeoylquinic acid (186.9-362.1 mg/100 g), 5-caffeoylquinic acid (74.4-86.5 mg/100 g) and
p-coumaroylquinic acid (43.4-90.9 mg/100 g). Purple and green silk has the major concentra-
tion of chlorogenic acids.

3.4. Extraction methods and characterization of phenolic acids in pigmented corn

As already mentioned, most of the phenolic acids in the corn kernel are bound to the cell wall
and a minimum amount are free form; for this reason, the way to extract them to identify and
quantify them is not simple and is diverse: some authors point to the extraction of free phe-
nolic acids, making an extraction with 80% methanol and centrifuging [31]; while the solid of
the methanol extraction was carried out by a basic hydrolysis (with NaOH) with a water bath
at 80°C for 30 min, and in this way the acids bound to the cell wall are obtained. Other authors
report successive extraction methods for the recovery of free and bound phenolic acids; first
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for the free acids, they performed an extraction with 80% ethanol using a high-performance
disperser, then the residue was assisted by adding an enzyme cocktail (pectinases, amylases
and cellulases). To the residue of this, they made a thermal hydrolysis doing another extrac-
tion with methanol and 70°C. Finally, to the solid residue of this extraction, they added NaOH
to carry out a basic hydrolysis [55].

In the case of phenolic acids present in corn silk, they only report extractions with organic
solvents; for example, performing a direct extraction of the silk, using 95% methanol, centri-
fuging and using the supernatant for quantification and characterization [35]; other studies
use 50% ethanol [21]. In the same way, for the case of the phenolic acids of the cob where they
describe a simple extraction using methanol and centrifugation [32].

To carry out the characterization and quantification of each of the phenolic acids perform
chromatography techniques: such as HPLC and HPLC-MS [52-55].

3.5. Biological activity of pigmented corn phenolic acids

The phenolic acids present in the pigmented corns are of great importance due to the biologi-
cal effects on human health [56], such as anticancer properties, antimutagenic, anti-inflamma-
tory and cardiovascular diseases [56]. Table 6 shows the biological properties of each of the
phenolic acids present in the pigmented corn plant.

The biological activity that most report is as antioxidant, with phenolic acids having the
capacity to reduce the free radical formation and elimination of ROS, inhibition and repair of
lesions caused by the oxidation and degradation of other molecules and biomolecules [57].

Phenolic acid Biological activity Ref.
Ferulic acid Potential antioxidant [24, 52]
Anticancer properties [57]
Against cardiovascular diseases [56]
Coumaric acid Reduction of blood glucose [21]
Diferulic acid Potential antioxidant [52]
Allelopathic effects
Caffeic acid Immunostimulatory properties [58]
p-Hydroxybenzoic acid Immunostimulatory properties [58]
Vanillic acid Reduction of blood glucose [21]
Chlorogenic acid Potential antioxidant [58]
Reduce visceral adiposity index [21, 35]
Syringic acid Effect against cerebral ischemia [32]
Antihypertensive

Table 6. Phenolic acids present in pigmented maize and their biological properties.
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The effect of antioxidant activity on corn from Bajio and Morelos (Mexico) has been evaluated;
wherein the amount of free and bound phenols was measured; concluding that the antioxi-
dant activity increases three times more in the extractions with basic hydrolysis. Therefore,
antioxidant increase is attributed to phenolic acids linked mainly to phenolic acid [31]. In
other studies, they reported that one-third of the antioxidant activity of the phenolic fraction
in Mexican pigmented corn is given by ferulic acid [24]. They have also described the antioxi-
dant activity between phenolic compounds, reporting that the highest antioxidant activity is
generally presented by hydroxycinnamic acids, with ferulic acid presenting the highest and
hydroxybenzoic acids less activity. In the case of purple and pink corn silk [35], high antioxi-
dant activity is attributed mainly to chlorogenic acids, these activities being so high that they
could be compared with other medicinal plants such as Mentha piperita and Salvia officinalis.

4. Flavonoids in pigmented corn

Other import group of the bioactive compounds that contain the pigmented corns are of fla-
vonoids; with>4000 compounds, these molecules are most abundant polyphenols present in
plant foods. They are characterized by a 15-carbon skeleton, organized as C6-C3-C6, with
different substitutions making up the different subclasses. The major groups of the flavonoids
of nutritional interest are the flavonols or catechins [59].

The most common chemical structures of flavonoids in corn are shown in Figure 6, and the
composition of flavonoids in different parts of is presented in Table 7.

4.1. Flavonoids in pigmented corn kernel

Peruvian purple corn has kaempferol and morin as major flavonoids in kernel (Table 8), the
concentration is 202-224 mg/100 g [53] which represent almost the total flavonoids (Table 9);
after kaempferol and morin the naringenin glucoside and in minor amount rutin and quer-
cetin. Meanwhile, Serbian pigmented corn phenotypes [35] report a lower total flavonoid
concentration with 19.90-33.75 mg/100 g.

4.2. Flavonoids in pigmented corn silk

Flavonoids are the main bioactive compounds in pigmented corn silk [35] as shown in Table 9.
Some authors reports until 3644.9 mg/100 g in Serbian purple corn and Mexican pigmented
corn reports 797.1 a 2602.4 mg/100 g [61]. Among the flavonoids identified and quantified in
pigmented corn silk is the maysin with 12.6-17.1 mg/100 g [35], quercetin (1.58 mg/100 g) and
narigenin glucoside (6.45 mg/100) [21].

4.3. Flavonoids in pigmented corn pollen

Other organ of pigmented corn (blue, red and red dark) which represent higher concentration
of total flavonoids is pollen (916.36-1087.69 mg/100 g) Table 9. The flavonoids identified are
(Table 8) hyperoside, rutin and quercetin [60].
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Flavonoid Part of corn Pigmented corn phenotype Total flavonoid Ref.
content (mg/100 g)
Quercetin Silk Thai purple corn silk 20.26 [21]
Pollen Red corn 0.111 [60]
Blue corn 0.569
Dark red corn 0.145
Kernel Peruvian purple corn 1.58 [53]
Naringenin glucoside Silk Thai purple corn silk 6.45 [21]
Kernel Peruvian purple corn 14.8 [53]
Maysin Silk Serbian purple corn 17.1 [35]
Serbien pink corn 12.6
Rutin Pollen Red corn 0.186 [60]
Blue corn 0.013
Dark red corn 0.010
Kernel Peruvian purple corn 2.74 [53]
Hyperoside Pollen Red corn 0.897 [60]
Blue corn 0.655
Dark red corn 0.537
Kaempferol Kernel Peruvian purple corn 224.0 [53]
Morin Kernel Peruvian purple corn 202.0 [53]

Table 7. Flavonoid concentration in different parts of pigmented corn.
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Parts of the corn Pigmented corn phenotype Total flavonoid concentration (mg/100 g) Ref.
Silk Serbian purple corn 3644.9 [35]
Serbian pink corn 3594.2
Mexican red corn 2602.4 [61]
Mexican dark red corn 797.1
Mexican white-purple corn 809.5
Pollen Red corn 1087.69 [60]
Blue corn 916.36
Dark-red corn 1056.21
Kernel Peruvian purple corn 261-266 [53]
Red 26.76 [62]
Dark red 27.05
Red-yellow 26.84
Light blue 33.75
Dark blue 30.74
Multicolor 19.90
Corn Peruvian purple corn 187 [14]
Pericarp Peruvian purple corn 4200 [14]

Table 8. Total flavonoid concentration in different parts of pigmented corn.

4.4. Extraction methods and characterization of flavonoids in pigmented corn

Flavonoid extraction methods in pigmented corn are made using simple extraction using
organic solvents (methanol, ethanol and water in different proportions), centrifuge and using

aqueous solution for analysis [21, 35, 53, 60].

Characterization and quantification of each one is made by chromatography techniques as

HPLC and HPLC-MS [21, 53].

Flavonoids Biological activity Ref.
Quercetine Apoptosis induction [18]

Adiposites lipolysis

Antioxidant activity [56]
Naringenin glucoside Antioxidant activity [50]
Maysin Neuroprotector [31]
Rutin Antioxidant activity [56]
Hyperoside Antioxidant activity [56]
Kaempferol Antioxidant activity [50]
Morin Antioxidant activity [50]

Table 9. Biological activity of maizes flavonoids.
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4.5. Biological activity of pigmented corn flavonoids

The most important biological activities of flavonoids in pigmented corns that are reported in
the last 10 years are presented in Table 9.

Flavonoids of pigmented corns have been studied mainly for their antioxidant and neuro-
protection activities. Corn flavonoids have also been reported, which can act as inductors of
apoptosis and lipolysis of adipocytes.

5. Conclusions

Pigmented corns and its parts is a food that can be beneficial to the human because of the
presence of phytochemicals and biological activities that are present. The studies of pig-
mented corns have been increased year after year, and they showed that the coloration blue,
purple, pink and red is given by anthocyanins. Also, they have a large amount of phenolic
acids and flavonoids. These compounds are present in the whole plant (kernel, cob, husk,
silk), and their concentration is different depending on the organ.

The most abundant anthocyanins in corn plant are cyanidin-3-glucoside, cyanidin-3- (6”-mal-
onyl) glucoside, peonidin-3-glucoside, peonidin-3- (6”-malonyl) glucoside, pelargonidin-3-
glucoside and pelargonidin-3-(6"malonyl) glucoside and the coloration of each corn is
depending on the concentration and profile of these.

With reference to phenolic acids, the representatives are ferulic acid in the kernel, syringic
acid in the cob and chlorogenic acid in the silk. Finally, the flavonoids are morin, kaemp-
ferol, naringin, maysin, rutin, quercetin and hyperoside; the concentrations of these
compounds are high especially in purple silk. Each of these compounds has a biological
activity, so in the case of anthocyanins is its anti-cancer activity, cardioprotective and
anti-obesity activity; according to phenolic acids, the ferulic acid is a potential antioxidant
and provides anticancer properties, and in general, flavonoids have antioxidant activity.

Therefore, pigmented corns are important for the development of new functional food prod-
ucts from the grain and for obtaining natural colorants and antioxidants from the other parts
of the plant.
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Abstract

Global climate is changing and will impact future production of all food and feed crops.
Corn is no exception and to ensure a future supply we must begin to understand how
climate impacts both the phenological development of corn and the productivity. Temper-
ature and precipitation are the two climate factors that will have a major benefit on corn
phenology and productivity. The warming climate will accelerate the phenological devel-
opment because the number of thermal units required for leaf appearance is relatively
constant in the vegetative stage. Productivity of corn is reduced when extreme tempera-
ture events occur during pollination and is further exaggerated when there are water
deficits at pollination. During the grain-filling period, warm temperatures above the
upper threshold cause a reduction in yield. Model estimates suggest that for every 1°C
increase in temperature there is nearly a 10% yield reduction. To meet world demand, new
adaptation practices are needed to provide water to the growing crop and avoid extreme
temperature events during the growing season. Climate change will continue to affect
corn production and understanding these effects will help determine where future pro-
duction areas exist and innovative adaptation practices to benefit yield stability could be
utilized.

Keywords: agroclimatic indices, simulation models, G x E x M interactions

1. Introduction

Corn (Zea mays L.) is grown throughout the world and as such is subject to a wide variety of
climates and potential scenarios of climate change. Production area continues to increase in
response to the increased demand for corn grain and the production per unit area (yield) has
continued to increase due to enhanced technology (Figure 1). What is imperative to stability

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Figure 1. World corn yield and area harvested since 1960 (data obtained from FAO stat, http://www.fao.org/faostat/en,
downloaded March 8, 2018).
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Figure 2. Deviations from the yield trend line for corn production in the United States from 1950 to 2017. (data obtained
from the National Agricultural Statistics Service, www.nass.usda.gov, accessed March 8, 2018).

and increases in future production is understanding how climate change will impact this trend
in corn production and the areas of the world where corn is produced. Corn is a grain crop
with both food and feed uses and variation in production at the local scale can have major
impact on local economies and local food supplies as well as world food security.

The trend line for corn yield has shown a steady increase and a small amount of variation
among the years; however, at the local scale is where the impacts of seasonal weather and
trends in climate become more noticeable. Across the United States, there have been large
deviations from the trend line in years in which weather events have caused yield reductions
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Figure 3. World corn production by region. (data from FAOSTAT, downloaded March 15, 2018).

(Figure 2). Throughout this chapter, we will focus on the impacts of climate on corn phenology
and production to provide an understanding of the potential for adaptation strategies. In this
chapter we will focus on three components critical to corn production: the changing climate,
impact of climate on corn phenology and phenological models, and impact of climate on corn
productivity.

The production regions for corn show the dominant areas in the Americas followed by Asia
accounted for 81% of the world’s corn production (Figure 3). Climate impacts in the Americas
and China will dominate the effects on future corn production.

2. Projections of climate change

Projections of climate change are a result of a combined set of simulation models using various
scenarios of changes in carbon dioxide (CO,) concentrations and the associated forcing func-
tions [1]. The current CO, concentrations are at nearly 400 ppm in 2018 and are projected to
increase to a range of 794-1142 ppm by 2100 without any abatement scenarios [1]. The result of
these efforts can be summarized as [1, 2]:

1. Global mean temperatures will continue to increase throughout the twenty-first century if
CO; concentrations continue to increase and under the highest emission scenario would
range from 2.6 to 4.8°C.
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2. These temperatures changes will not be uniform across regions with increases over land
surfaces being larger than over the oceans.

3. As the global temperatures increase there will be more hot extremes and fewer cold
extremes at both daily and seasonal time scales.

4. Precipitation will increase with increases in global mean surface temperature and could
increase 1 to 3% °C~'; however, there will be substantial spatial variation in these changes.

5. The water holding capacity of air increases by 7% °C~". The air can take up more water,
and water vapor inclines. That leads to higher intensity of precipitation, i.e. higher amount
of rainfall per rain event.

6. Annual surface evaporation will increase as the temperatures increases; however, over
land, evaporation will be linked to precipitation.

These factors will affect corn growth and productivity and this chapter is directed toward
showing how these changes in climate will potentially affect corn production in the future. A
general summary of climate impacts on crops was prepared by Hatfield et al. [3] and reveal for
corn that temperature and precipitation are the two critical factors. Since corn is a C4 plant, the
response to increasing CO, will be minimal. Leakey et al. [4] found that leaf photosynthetic
response was 3% to a doubling of CO, concentrations while total biomass and grain yield
increased by 4%. They did observe that leaf stomatal conductance was decreased by 34%
under these same experiments. These differences in physiological activity due to increased
CO, are small compared to C3 species and will not the most evident response to the changing
climate. Therefore, in this chapter we will focus on temperature and precipitation impacts on
corn.

3. Phenology of corn

The phenology of corn has been described as the appearance of leaves or leaf collars during the
vegetative stage and accumulation of material in the grain during the reproductive stage. The
developmental stages of corn has been recently described by Abendroth et al. [5] and similar
guidelines are used to quantify the phenological stage of corn during the growth cycle. What is
important for assessing the effect of climate on corn is to explore what role climate variables
have on corn phenology. The most critical variable in phenological development is tempera-
ture and each plant has a specific range of temperatures for growth as defined as the upper
and lower limit (threshold) and an optimum [3]. For corn during the vegetative stage this has
been identified as 8 to 38°C with an optimum of 34°C [6, 7] while the range for the reproduc-
tive stage is 8-30°C [8]. Typically, the lower temperature limit in growth models has assumed
to be 10°C. Survival of pollen are sensitive to temperature, e.g., temperatures exceeding 35°C
have been proven detrimental to pollen viability [9, 10]. There is a strong interaction of
temperature with vapor pressure deficit and the viability in the time of movement from the
tassel to the silk has been shown to decrease with decreasing moisture content [11]. These
results would suggest that as the temperature increases and vapor pressure deficit increases
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that disruption of the pollination process could become more likely especially with the poten-
tial for more extreme temperature events. Quantifying the impact of episodes of temperature
extremes on pollen viability and the disruption of reproductive processes will become more
important with the projection that extreme temperature events will increase under climate
change (Tebabldi et al. [12]). These temperature ranges and the potential for extreme events
will become important for corn growth and production because of the projection that temper-
atures will increase in the future.

The relationship of corn phenology to temperature has been described through the use of
growing degree days with a growing degree day (GDD) calculated as (Tax + Tmin)/2 — Thases
where Tp,.x is the maximum daily temperature, Ty, is the daily minimum temperature and
Thase is the temperature at which growth stops. Kumudini et al. [13] evaluated eight different
thermal models for the estimation of corn phenological development. These thermal models
were classified into empirical linear typical of the GDD model first shown by Gilmore and
Rogers [14] with the most robust model having a Tp,se of 10°C and an optimum of 30°C.
Another class of thermal models is the empirical nonlinear model described by Brown
and Bootsma [15] where the following relationships were used to estimate crop heat units
(CHU): if Thnin < 4.4°C then Tyin = 4.4°C to derive CHUpin = 1.8(Tmin — 4.4°C); if Tmax < 10°C
then Tpay = 10°C; to derive CHU oy = 3.33(Tmax — 10°C) — 0.084(Tpmax — 10°C)* and CHU =
(CHU pax + CHU in)/2. Stewart et al. [16] used a non-linear empirical model and separated the
vegetative and reproductive stages of growth with different functions. The third class of
thermal models can be classified as the process-based models similar to the thermal functions
used in Agricultural Production Systems sIMulator (APSIM) as described by Wilson et al. [17]
which are based on estimates of air temperature at 3 hour intervals throughout the day and
given as: if T < 0°C then T = 0°C and if T > 44°C then T = 44°C and calculated for different
temperature ranges as 0°C =< T < 10°C: IR = T(10/18°C); 18°C =< T < 34°C: IR =T - 8°C; and
34°C =< T < 44°C: IR = 26°C — (T - 34°C)2.6 and thermal units are given as ) (IR/8), where
IR = instantaneous rates or measurements. In comparing these different approaches, Kumudini
et al. [13] found that the precision in terms of goodness of fit was calendar days < empirical
linear < process-based < empirical non-linear.

An application of the GDD approach was developed by Neild and Richman [18] where they
combined thermal units with precipitation in an agroclimatic index to determine where differ-
ent corn hybrids could be grown around the world. Currently, this type of model has been
replaced with simulation models similar to APSIM [19] to determine climate impacts on corn
growth and production. If the thermal units per leaf appearance rate is constant for the
vegetative stage of growth then as the temperature increases there will be a more rapid
accumulation of leaves in the crop. This effect as observed by Hatfield [20] and Hatfield and
Prueger [21] for corn grown under climatic normal (1980-2010) for Ames, lowa and normal
+4°C temperatures throughout the complete growing season for three different corn hybrids.
There was no difference in the total number of leaf collars and cumulative leaf area between
temperature regimes; however, there was a large difference in yield with the higher tempera-
tures greatly reducing grain yield (Figure 4). Analysis revealed there was no difference in the
GDD’s for leaf collar appearance between the two temperature regimes suggesting that as
temperatures increase there will be a more rapid rate of advancement in the phenological
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Figure 4. Differences in total leaf collars, cumulative leaf area, and grain yield of three corn hybrids grown under normal
Ames, Jowa temperatures and normal +4°C temperatures. (data redrawn from [20]).

development with no effect on the size of the corn plant at the end of the vegetative stage.
There was a large difference in grain yield between temperature regimes with a faster rate of
maturity with a subsequent reduction in grain production.

4. Corn productivity in response to climate

Corn productivity relative to climate is a function of both temperature and precipitation.
Effects of increased temperatures have shown a large degree of variation with projections of
reduced production by less than 5% with temperature increases of 1°C [3] to over 50% with
4°C increases [22]. Productivity of corn is affected by temperatures exceeding 35° C during
pollination due to dehydration of the pollen [3]. Controlled environment studies have con-
firmed the effect of high temperatures on corn with temperatures greater than or equal to 3°C
above normal temperatures showing maize yield reductions of over 50% in grain yield [20, 21].
They observed an increased rate of phenology with increased temperatures; however, the
largest effect on productivity was attributed to the increase in minimum temperatures during
the grain-filling period. Field studies on corn have shown under field conditions yield reduc-
tions from 13 to 88% due to increased temperature 6°C above normal temperatures [23]. The
negative effects of high temperatures during the grain-filling period were attributed to pollen
survivability and the efficiency of the grain-filling process. Increasing temperatures likely to be
experienced under climate change demonstrate several negative effects plant growth and
phenology. Lizaso et al. [24] recorded a reduction of corn yield under field and controlled
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conditions owing to reduced pollen viability as impacted by increased temperatures. A critical
knowledge gap under future climate scenarios will be to evaluate the interaction of high
temperature and increased humidity on pollen survivability and the efficiency of the pollina-
tion process. Lobell and Field [25] found maize yields decreased 8.3% per 1°C rise without any
additional effect due to water stress which was confirmed by Mishra and Cherkauer [26] for
Midwest corn grain yields. Challinor et al. [27] compiled a meta-analysis of over 1700
published simulations for wheat (Triticum aestivum L.), rice (Oryza sativa L.), and corn. They
found that without implementing adaptation strategies there would be a loss in yield in both
temperate and tropical regions with only 2°C of warming. They also found that adaptation
practices could increase simulated yields by 7-15% with this same temperature increase;
however, the practices were more effective in wheat and rice than for corn. There was consen-
sus among the simulation models that yield decreases were be greater in the second half of the
century with the greater declines in the tropical areas compared to the temperate regions. They
estimated that corn yields would decrease by nearly 15% in temperate regions with a 4°C
increase and no adaptation but showed no decrease with adaptation practices [27].

Temperature and precipitation interact to affect corn productivity. Short-term water deficits
and drought reduce growth and grain yield and are often the largest cause of crop losses. In
the United States, drought was related to 41% of crop losses, while excess water was attributed
to 16% of the yield loss [28]. Drought stress during the early and middle reproductive stages
affected grain yields and these phenological stages were found to be the most sensitive to
water stress [29]. Increases in spring precipitation can cause yield reductions due to aeration
stress caused by flooded soils; however, drought stress remained the primary factor linked
with reduced grain production [29]. In rainfed environments where corn is primarily grown,
temperature and precipitation changes under climate change will negatively impact grain
production and these interactions need to be more fully understood. In an analysis of wheat
production in Europe, Semenov et al. [30], stated that understanding of the effects of higher
temperatures and drought stresses during the booting and flowering periods would poten-
tially lead to adaptation practices with the potential to reduce losses in grain numbers and
grain weight. With both short-term water stress and drought as major factors affecting grain
yield, improved water availability through more extensive root system and changes in root
architecture would benefit yield stability [31]. The excess soil moisture in the root zone will
require improved soil structure to facilitate gas exchange between the root system and the
atmosphere [32]. The impact of precipitation is a combination of the precipitation amount and
the soil water holding capacity. This was illustrated in an analysis by Egli and Hatfield [33]
where they found average county level corn yields were a function of the soils ability to supply
water.

Evaluation of corn yield response to climate is complex because of the interactions of the
impacts of temperature and precipitation. To provide a more robust framework for evaluating
yield response the utilization of the yield gap as the difference between potential yield and
actual yield has been utilized ([34]; van Bussel et al. [35]). This concept has been discussed and
utilized for several decades but recently has been extended to create a yield gap atlas for the
world. The yield gap approach allows for a quantitative assessment of the ability of the crop to
achieve its potential yield and the inability of closing the yield gap can often be ascribed to
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climatic stress. Potential yield has been defined as “the yield of a cultivar when grown in
environments to which it is adapted; with nutrients and water not limiting; and with pests,
diseases, weeds, and other stresses effectively controlled” [36]. Potential yield (Yp) is an
expression of the ability of a crop canopy to convert solar radiation into dry matter with no
stress during the growth cycle and radiation use efficiency can be used as a measure of this
efficiency [37]. The goal of agronomic science is the evaluate practices and increasing the
farmer yield (Yg) may prove to be more fruitful than increasing potential yield (Yp) ([38];
Lobell et al. [39]. Utilizing the yield gap approach provides a framework for evaluating the
factors which affect crop yields and the phenological stage which these factors are having the
most significant impact during the growing season. These studies are not simple analyses,
because of the interactions of multiple factors affecting yield, and Sinclair and Ruffy [40] argue
that nitrogen and water limit crop yield more than plant genetics and should be considered as
the primary factors limiting yield. Understanding the yield gap requires being able to quantify
both potential and actual yield and comparison among studies is often limited by the lack of
consistent data and to advance our understanding of yield gaps will require standardized
method for yield comparisons [41]. Fischer et al. [41] introduced attainable yield (Y,) as a
metric between Yy and Yp defined as the yield achieved by a producer under near optimum
weather and management inputs. Hatfield et al. [42] utilized this approach on county level
corn yields in the Midwest United States and defined the attainable yield as the years with the
highest yield in the long-term record as illustrated in Figure 5. The values for attainable yield
are derived by statistically fitting a line through the frontier of the yield observations and then
computing the yield gap as the difference between the attainable and actual observed yield for
each year. In this analysis, data from 1950 through the present are used because this represents
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Figure 5. Yield gap analysis for Story County, Iowa, USA using attainable yields derived from annual production values.
(data obtained from the National Agricultural Statistics Service, www.nass.usda.gov, accessed March 8, 2018).
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the period of time with corn hybrids and enhanced production technology. This approach has
been used for different crops and regions of the world to obtain yield gaps.

Hatfield et al. [42] utilized the yield gap approach for the Midwestern US to quantify the
effects of climate variability on corn production and found three dominant climatic factors
related to the yield gap. These were July maximum temperatures, August minimum tempera-
tures, and July—August total precipitation. Yield gaps increased when July maximum temper-
atures exceeded 32°C, August minimum temperatures exceeded 20°C, and July-August
precipitation totals decreased below 150 mm. The physiological reasons for these variables
are related to the disruption of pollination (July temperatures), increased rate of senescence
and reduced efficiency of grain-fill (August minimum temperatures), and water deficits during
a period of the year with high crop water requirements (July-August precipitation). These
relationships were observed for each county in the Midwest and utilized to project the impact
of future climate change on the yield gap on corn production. They found that with the trends
in temperature for the summer in the Midwest US that yield gaps would exceed 50% by the
year 2075 in the southern portion of the Corn Belt. There were some counties in the Midwest in
which excess moisture in the spring was related to the yield gap but these relationships were
not robust enough for use in projections of future climates. The yield gap framework provides
a robust method for assessing the impact of climate on yield variation over time and when
combined with efforts similar to those used by Challinor et al. [27] could be used to quantify
the impact of adaptation practices.

5. Agroclimatic indices to define corn production regions

Corn is produced around the world and within these areas there may be shifts in production
areas due to the changing climate. Green et al. [43] have quantified the changes in the US Corn
Belt and provided a geographic analysis to depict these shifts in distribution. Development
and utilization of agroclimatic indices has value in being able to assess these shifts because
they are related to temperature and precipitation. Neild and Richman [18] were among the first
to use the GDD concept to define potential differences among corn hybrids. Development of
tools to define where crops can be produced is critical to understand crop distribution and
productivity [44]. Estimation of crop distribution within arable areas is necessary to determine
whether a species can thrive in an agroclimatic zone and will become more critical with the
projected increases in temperature. Zomer et al. [45] extended this concept to demonstrate how
climate zones could be used to evaluate technologies that would enhance the ability of man-
agement practices to offset the impacts of climate change on crop production. There have
continued to be advances in the development of agroclimatic indices to evaluate the suitability
of a location for a particular crop since Neild and Richman [18]. Siddons et al. [46] cautioned
that development of robust agroclimatic indices requires observations collected over long time
periods and extensive observations from experimental locations. There has been an evolution
in agroclimatic indices to include more factors affecting plant growth and development to
derive values that characterize the environment and the potential for crop production. Typical
factors are: average daily minimum temperatures below 0°C; daily mean temperature to
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estimate crop development rates; average daily maximum temperature above 35°C to estimate
exposure to heat stress, especially during pollination; average daily soil water availability
(precipitation—reference evapotranspiration (ET)); and length of specific phenological periods
to estimate the effects of changing phenological development on biomass accumulation and
crop yield [47]. They found a positive relationship between productivity and their suitability
index [47]. This approach is a refinement of the effort by Neild and Richman [18] and incorpo-
rated more factors to more link crop physiological responses with phenological development.

Agroclimatic zones are a combination of factors affecting plant growth to evaluate the poten-
tial for grain or forage crop production (e.g., [18, 44, 48-51]). The form of the index depends
upon the assumption of the factors limiting growth. Soil water availability is often the deter-
mining factor in crop production in all ecosystems and the application has ranged from
determination of irrigation water requirements or potential impacts on production caused by
water deficits. Daccache et al. [49] incorporated soil water variability to evaluate the need for
irrigation for potato (Solanum tuberosum L.) production in England and Wales. Their index was
based on the potential soil moisture deficit (PSMD) index defined as:

PSMD; = PSMD;_1 + ET; — P; )

where PSMD; is the value in month i and PSMD;_ is the value for the previous month, ET; is
the reference ET for the current month calculated with the Penman-Monteith equation formu-
lated by Allen et al. [52], and P; the precipitation in the current month. They found increased
variation in precipitation decreased potato production in an area currently suited for produc-
tion, unless supplemental water was provide through irrigation. This type of analyses could be
utilized to determine the need for supplemental irrigation to ensure crop production.

Another form of this type of framework was developed by Moeletsi and Walker [51] to
quantify climate risk for corn production in South Africa. They based their index, Poone
AgroClimatic Suitability Index (PACSI), on three climatic parameters; onset of rains, frost risk,
and drought risk utilized a weighed distribution of climate parameters as

PASCI=0x03+FFx03x WRSIx04 (2)

where O is the probability planting conditions are met, FF is the probability of a frost-free
growing period, and the water requirements satisfaction index (WRSI). These indices require
sufficient data over a long period of record to develop the probability of the different indices to
develop reliable probability assessments [46]. An aspect of this index is the assessment of
drought risk which is a complex interaction by soil water holding capacity and any change in
the soil affecting water availability (Eq. 2).

Precipitation effects on crop productivity are defined by the occurrence of the water deficits in
the soil profile which fail to meet the evaporative demand. Agroclimatic indices for arid and
semiarid regions are often based on precipitation amounts adequate to exceed the ET rate at
the time of planting in order to ensure crop establishment [18, 4749, 51]. Moeletsi and Walker
[51] evaluated soil water dynamics based on the WRSI to determine the potential to meet crop
water requirements at any phenological stage as
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WR; = PET; x kg ®)

where WR; is the water requirements for a decadal period during growing season, PET; is the
potential ET during this decadal period, and k; the crop coefficient for this corresponding
phenological period. For any decadal period during the growing season, the soil water balance
can be used to estimate plant available water (WA;) as

WA; = Prec; — SWi_; 4)

and Prec; is the precipitation in a given decadal period and SWy; is the profile soil water
content for the previous decadal period. Soil water holding capacity (WHC) becomes a critical
component of this method because available SW is a function of WHC. They computed the
WRSI as

WD,

with WD; the water deficit for decadal period i, defined as
WD; = WR; — Prec; — SW;_1 when WR; > Prec; + SW;_1 (6)
Or
WD; = 0 when WR; = Prec; + SW,_1 (7)
In this process soil water in the profile is quantified as
SW; = Prec; + SW;_1 — WR; 8)
SW; = WHC when SW; = WHC )
SW; = 0 when SW; =0 (10)

Using this methodology, Moeletsi and Walker [51] were able to evaluate the suitability for
maize production for various planting dates with a correlation of 0.8 between the PACSI and
grain yields.

Precipitation is changing in intensity and frequency, and directly affect WA, (Eq. 3). Precipita-
tion patterns are projected to increase in annual totals, with decreasing summer precipitation
amounts over the US [1, 53]. If we link these precipitation patterns with the PACSI (Eq. 2), then
corn production could become more variable among years because of soil water availability.

Utilization of agroclimatic indices as a tool for the assessment of climate impacts on corn
production areas will provide a quantitative view of shifts in production areas but potential
risks to production within areas where corn is currently produced. The continued develop-
ment of these tools will benefit corn production because we can evaluate the potential role of
management and genetic resources on increasing yield stability over time.
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6. Simulation models to quantify climate effects

Simulation models have been extensively used to estimate the impact of a changing climate on
productivity. In 2014, Challinor et al. [27] summarized 1700 published reports using simulation
models and the number of papers has increased rapidly since that time. Simulation models
provide the capability of assessing the potential impacts of the change in temperature and
precipitation under a given CO, regime and often models using the different emission scenar-
ios to determine the expected temperature and precipitation parameters which are then placed
into crop simulation models [54, 55]. It has been found that an ensemble of crop models
provides a more rigorous approach to estimating crop responses to climate. This is being
conducted under the Agricultural Model Implementation and Improvement Project (AgMIP)
framework as described by Rosenzweig et al. [56]. Bassu et al. [57] used this framework to
compare 23 different corn models and found temperature decreased yield by approximately
—0.5 Mg ha'°C~! while doubling the CO, from 360 to 720 pmol mol ' increased yield by
7.5% across all models and sites. They concluded that temperature increases would be the
dominant factor affecting corn yields. Zhao et al. [58] summarized a number of published
results and found for each 1°C increase, corn yields decreased by 7.4%. Jin et al. [59] used the
Agricultural Production Systems sIMulator (APSIM) model to evaluate the effect of different
CO; scenarios (RCP4.5 and RCP8.5) for corn production in the US and found drought will be
the largest factor affecting production. However, they stated that combined impacts of tem-
perature and water stress need to be evaluated in breeding programs and adaptation strategies
[59]. Earlier, Jin et al. [60] evaluated the algorithms in 16 different corn models and concluded
that heat and drought stress was best simulated when models used event-based heat and
water stress descriptions, accounted for nighttime temperature stresses, and evaluated the
interactions of multiple stresses. Crop models allow for an assessment of the role of genetics
and management on productivity for a range of present and future environmental conditions.
Hatfield and Walthall [31] utilized this concept as the G x E x M (genetics x environment x
management) framework to determine how these interactions would need to be understood to
provide food security for the future population growth.

There have been efforts to combine observations with crop simulation models to evaluate
changes in yield and yield stability. Leng [61] found yield variability across the US Corn Belt
has decreased from 1980 to 2010 with climatic variability the major factor affected variability
among years and regions. He found that statistical models explained more of the yield varia-
tion than crop simulation models. Bhattarai et al. [62] used the Environmental Policy Inte-
grated Climate (EPIC) model with the combined results for eight general circulation models to
show that under low and medium carbon scenarios, corn yields during the period 2080-2099
increased compared to the 2015-2034 period, while under the high carbon scenario yields
during these same periods decreased. Lychuk et al. [63]) also used EPIC for the southeastern
United States and found in the near-term corn yields increased, but from 2066 to 2070 yields
decreased 5-13% because of the increased temperature stress. Huang et al. [64] combined field
experiments with crop simulation models to evaluate the potential effect of different growing
season length corn hybrids and found the longer growing season hybrid did not yield as high
as the medium length hybrid. These results suggest that efforts be placed in evaluating the
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efficiency of plant growth relative to the changes in temperature and the accumulation of
growing degree days.

The Global Agro-ecological zones model (GAEZ) categorizes areas suitable for crop produc-
tion by climate, soil, terrain, management, and the specific growth limitations of crops, among
others [65, 66]. One essential concept of GAEZ climate module is the temperature growing
period (LGP,), where air temperature is used as a proxy to estimate days of the growing period
with optimal, sub-optimal, and no suitable crop production conditions for a specific crop. The
growing period L is defined as the number of days with average daily temperature > 5°C (i.e.,
LGP;s5). The corn-specific LGP/’s are summarized in Table 1. For example, assume a temperate
corn cultivar for grain production with a total growing period between 90 and 180 days.
During this period average daily air temperature shall not decrease below 5°C, and the
number of days with daily average air temperature between 10 and 15°C shall be below ¥ of
the total growing period to reach optimum growing conditions. In addition to air temperature,
the length of the growing period is further limited by the moisture regime, defined as actual
ET < 0.5 * reference ET.

The GAEZ model also estimates potential yield of a specific crop in a specific agro-ecological
zone, and applies constraint factors, such as heat or water stress, to calculate actual yield and
yield gap. For example, periods of potential water stress occur when actual ET is below the
total water requirement of a crop, maximum ET, and the difference between both cannot be
compensated by precipitation, plant available water, or irrigation. Maximum ET is calculated
as reference ET multiplied by crop coefficient k.. Maximum ET is crop specific and changes
during crop development by applying crop-development specific k. values (Figure 6). The
derived water stress data is then used to calculate yield constraining factors. The GAEZ model

Cultivars Tropics lowland Tropics highland Subtropics-temperate  Subtropics-temperate

Crop Grain Grain Grain Silage

Growing period L 90-120 120-300 90-180 105-180

(LGPys) (days)

Sub-optimum conditions LGP, <19=0 LGP, 25=0 LGP, .5=0 LGP;>30=0

LGPy10-15<0.167L LGPy .5=0 LGPyg_15 < 0.250*L LGP;.5=0

LGPy10-15 < 0.500*L LGPyi0-15 < 0.667*L
LGPyy025 < 0.333*L LGPyps5_30 < 0.500*L

Optimum conditions LGP;<15=0 LGPy 25=0 LGP, .5=0 LGP, 3=0
LGP;.5=0 LGPyi0-15 < 0.200*L LGP;.5=0

LGPy_15 < 0.500L
LGPyp0_5 < 0.333*L

LGPy-15 < 0.500*L
LGPyp5_39 < 0.333*L

Adapted and simplified from [66]

Table 1. Corn growing period L (LGPs), optimum, and sub-optimum conditions of tropical lowland, tropical highland,
and subtropical and temperature cultivars for grain production, as well as subtropical and temperate cultivars for silage
production.
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Figure 6. Crop development specific k. values for corn: kg, ke, kes, and key applies for the initial (d;), vegetative (dy),
reproductive (dz), and maturation (d4) development period, respectively. Crop coefficient ks applies to the end of the
growing period. Corn k., and k data are linearly interpolated between k., kg3, and kes. The four corn development
stages make up 15, 30, 35, and 20% of the total growing period. Data, equations, and redrawn graph according to IIASA/
FAO [66]. In this example, total growing period (day of planting until harvest) was 173 days, for two corn fields nearby
Ames, TA, USA from 2006 to 2017.

also determines which production areas are threatened by climatic changes by applying
different climatic scenarios. Using this approach, Teixeira et al. [67] estimated that 5 Mha of
cropland suitable for corn production are at risk due to climate change induced heat stress, and
that yield declines are expected especially in the Northern hemisphere between 40 and 60°N
latitudes.

One of the large challenges and opportunities for simulation models will be to incorporate the
expected changes in insect and disease populations affecting corn production and link this
with the production models. Integration of these two aspects into a single framework will
allow for a more complete assessment of the corn production system being experienced by
producers.

7. Conclusions

Climate impacts on corn production due to the changing temperature and precipitation
regimes in the corn growing areas. The largest impact of these changes will be at the local scale
where within season weather induced by the change in climate will become more noticeable.
Increasing temperatures will increase the rate of phenological development during the vegeta-
tive and reproductive stages; however, the most negative effects will be exposure to high
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temperatures during the pollination and grain-filling stages. The largest impact on corn pro-
duction will remain linked to the availability of soil water through precipitation and variation
in precipitation during the grain-filling period will have the most detrimental impact on corn
production. To overcome the effects of climate change there will be shifts in areas where corn is
produced; however, these shifts may not be into areas with the capacity of the soil to support
high production or have large variation in yield among years due to the variation in within
season weather [33]. What will be critical is to increase our understanding of the G x E x M
interactions as suggested by Hatfield and Walthall [31] in order to reduce the risk in production
from a changing climate. What will be critical will be to use our current knowledge base (i.e.
genetic resources (G) and management techniques (M)) to determine the viability of potential
adaptation strategies to overcome climate changes (E). Combining experimental studies with
crop simulation models will advance our understanding of the complex interactions occurring
between the biological system and the physical environment and guide us toward viable
adaptation practices with the potential to offset the negative impacts of climate change.
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Abstract

The production of Zea mays (otherwise called maize or corn), which is an important staple
food crop in Nigeria, is limited by the impacts of climate change; thus, posing food
insecurity in the country. The primary purpose of this study is to assess the perception of
smallholders” maize farmers on climate variability; and, their climate change adaptations
practices in Anambra State, Nigeria. A multi-stage sampling technique and structure
questionnaires were applied to this study. Collected data were analyzed using both
descriptive/ inferential statistics, together with a simple technique of geographic informa-
tion system (GIS). The results show that, approximately 57.2% of climate variability
negatively impacts on maize production in the study area. Basically flooding (X =
2.02 £ 1.166), erratic rainfall (X = 2.02 & 0.816), and decrease in crop yield by strange
pests and diseases (X =1.59 & 0.896) affect maize production. The well-informed farmers
practice some climate change adaptations techniques such as: planting of grasses to
prevent erosion, and, use of improved maize seeds to withstand environmental stress. In
conclusion, the lower the standard deviation values, the more knowledgeable the farmers
were about issues of climate variability and on climate change adaptations practices; and,
vice-versa.

Keywords: smallholder maize farmers, climate change perception, adaptation strategies,
GIS, Nigeria
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1. Background information

Zea mays, popularly known as maize or corn, and, sometimes called Indian corn or mealies
[1]; is one of the important Nigeria’s household grains that contributes to food security.
Food security is of high importance on the Nigeria’s national agenda, taken into account the
increasing demand for food for its increasing population [1, 2]. The importance of corn in
Nigeria can be underlined in two ways: (a) its economic value to the national treasury, and,
(b) the large number of smallholder-farmers that cultivate the crop at subsistence level
[3]. According to [2], Nigeria was the tenth largest producer of maize in the world, and the
largest maize producer in Africa. It is estimated that 70% of farmers are smallholders, and
this number accounts for 90% of the total farm outputs [4]. Maize crop started as a subsis-
tence crop in Nigeria and has gradually risen to a commercial crop on which many agro-
based industries depend on, as raw materials [3]. In 2016, maize production for Nigeria
was 10.4 million tonnes. Though Nigeria maize production fluctuated substantially in
recent years, its yield was projected to increase to a maximum of 10.4 million tonnes in
2016 [1].

As a Nigerian staple food, corn is being utilized in making household diets, for industrial
processing as a raw material, and for animal feed formulation [5]. Processed maize product:
tuwo—masara (Hausa), fufu (Yoruba), nri-oka (Igbo), uwe-nyumbakpa (Igede) or semo (common
English branded name), is one of the food products that can be obtained from maize utilization
in Southeast, Nigeria [6]. It is essentially a food gel or dumpling which is stiff, has a yield value
and can be molded into shapes. Other food products that are obtained from maize grain
include the following Nigerian native names: ogi, eko or agidi, egbo, elekute, aadun, abari
and guguru (i.e. popcorn) [7]. This important cereal crop is widely cultivated within the
rainforest and the derived Savannah zones of Nigeria [4, 8]. Improved varieties have been
developed for high yield production in the country [9]. About 60% of maize in Nigeria is from
high rain-forest zones [10]; and many varieties of maize were developed and available for
cultivation in Nigeria [11]. However, maize production is greatly limited by the impacts of
climate change [12].

Climate change is the most serious contemporary environmental threat facing humankind
[13-16]; because, many aspects of planet Earth are changing mainly due to anthropogenic
(human-induced) activities. The foregoing scenario thereby raises climate change issues for
sustainable maize production [2, 12, 17-19] in countries that are susceptible to climate
change impacts. IPCC (Intergovernmental Panel on Climate Change) in 2007 defined climate
change as: “a change in the state of the climate which can be identified (e.g. using statistical
tests) by changes in the mean and/or the variability of its properties, and that persists for an
extended period, typically decades or longer. It further refers to any change in climate over
time, whether due to natural variability or as a result of human activity” [20]. In addition,
IPCC expressed that, Africa seems to be the most vulnerable continent to future climate
change impacts [21-23]. Justly, climate change is already a reality for millions of Africa’s
smallholder farmers, especially, maize producers [24, 25]. Despite that, maize plays funda-
mental roles to national food security in Africa [12]; its production is thus, highly dependent
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on climatic variables [13, 14]. Therefore, concerns have been widely expressed, over the years
by agronomists, research institutions, governmental agencies at both local and international
fora, on the need to tackle the impacts of climate variability on maize yield [16, 26-28].
Climatic factors and are among environmental conditions that affect the productivity of
many varieties of maize crops [29, 30]. Worse -still, many smallholder farmers are resource
constrained, therefore, their demands for certain improved seeds vary as much as agro-
climatic conditions do [24, 31, 32]. However, the formal seed sector has made some success
in raising adoption of various improved maize varieties such as stress-tolerant varieties,
early and extra-early varieties, or N,-efficient varieties [29].

2. Related past research on climate variability and adaptation to climate
change by smallholder maize farmers

This above expressed scenarios have motivated several past research works on climate
variability on maize production over the past decade [12, 13, 33, 34]. Specifically, [33]
identified climate variability as a global environmental challenge that is likely to have a
serious effect on natural and human systems, economies and infrastructures. However, the
nature of these biophysical effects and the human responses to these changes are complex
and uncertain as the changes keep manifesting in different forms on a yearly basis. Climate
change has already exhibited strong negative impacts on food security in many African
countries such as: Eritrea [35]; Ethiopia [36]; Kenya [12, 37]; South Africa [38]; Nigeria [39];
etcetera.

Consequently, past studies have indicated substantial diversity in the awareness level of Nige-
rian maize farmers in regard to climate change adaption techniques [3, 10]. Adaptation to climate
variability is defined as an adjustment in natural or human systems to actual or expected climatic
stimuli or their effects, which moderates harm and exploit beneficial opportunities [40, 41].
Climate change adaptation depends on: demand for improved seeds for maize, category of
techniques adopted to curtail climate variability, time of planting, among others [4]. Planting
time is an essential component of maize crop management, especially in the South-eastern part
of Nigeria [8]. Yields decline with lateness of planting after an optimum time, usually the start of
the rains [17]. Response of maize varieties to climate variability is dependent upon planting time.
Optimum planting in each of the major agro-ecological zones of Nigeria falls within the follow-
ing ranges [42]: Forest zone—Mid April—second week in May; forest—Savannah transition—
third week in April—third week in May; South Guinea Savannah comes up during the last week
in April to the third week in May. These planting dates coincide with the period that flooding
occurs with the riverine communities of the study area. Re-occurring flood is an impact of
climate that strongly manifests in South-eastern Nigeria; thereby decreasing maize production
in flood prone zones [43].

Furthermore, some other previous long-term climate change studies have established a nexus
between the effects of carbon dioxide concentrations in the atmosphere, and the mean global
temperature [13, 44]. In addition, the studies by [43, 45] opined that, global warming has
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influenced agricultural productivity negatively in parts of Sub-Saharan Africa, mostly in
Nigeria, and had thus resulted in decline of food production. Numerous climate variability
effects are outcomes of human activities bothering on industrialization, agricultural expansion,
deforestation, bush burning, use of inorganic fertilizers, intensive livestock farming system
and storage of wastes in landfills [46]. Landfill for example, releases lots of greenhouse gases to
the environment thereby increasing the scourge of global- warming on humans and their crops
[16]. Literature asserts that non-adaptation of climate smart strategies vis-a-vis lack of aware-
ness creation about climate variability in communities, could aggravate a poor Nigerian
economy at a percentage loss of between 2% and 11% GDP, by year 2020 [47]. The foregoing
assertion could further worsen, to a record low of 12-50% by year 2050 [1, 48]. Such a negative
trend can compromise the attainment of the purported Sustainable Development related Goals
[27, 49] in Nigeria.

Nevertheless, the magnitude to which maize yield drastically reduced in last two consecutive
years in Nigeria, creates the need for researchers to examine existing knowledge gaps on
smallholder maize farmers’ perception climate change variability in South-eastern Nigeria; as
a remedy to forestalling future low maize productivity in the country.

3. Statement of the problem

Nigeria’s ecological conditions and cultural diversities put the country at an advantage for
production of a wide range of food products [25]. However, the Climate Change Vulnerability
Index 2014 classified Nigeria’'s vulnerability as extreme and ranked the country as number six
[6] most vulnerable country to climate change [39, 48]. This extreme vulnerability has negative
implications for agricultural production and food security, especially in South-eastern Nigeria.

The awareness of farmers to adopting improved seed varieties as a panacea for climate change
adaptation, has been relatively widely studied in Nigeria [3, 4, 9, 11, 13, 42, 50]. However, most
previous climate change research measured the level of change in decades (long term) without
considering the short term effects and adaptations [40]. The above illustrations also apply to
Nigerian South-eastern states including Anambra State [6].

In a nutshell, smallholder maize farmers with a deep understanding of the specific environ-
mental factors that determine or limit the growth of their crops, would have better capabilities
to significantly increase their crop yields by making through rightful choices and using of
novelty approaches of climate smart agriculture. Therefore, understudying the relative influ-
ence of farmers’ awareness toward curbing severe climate change impacts on their maize plant
growth and yield, is very crucial.

The pervasive role of Geospatial technology in solving agricultural problems has widely been
established. Therefore, Geographical Information System (GIS) is a type of Geospatial technology
that provides the means to collect and use geographic data to assist in support of food production
and food security. GIS is a system for capturing, storing, analyzing and managing data and
associated attributes, which are spatially referenced to the Earth [51].
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Therefore, the overall objective of this present study is to fill the knowledge gap between the
perception of smallholders’ maize farmers on climate variability and their use of climate
change adaptation approaches in relation to GIS, toward contributing to sustainable food
security in Anambra State, South-eastern Nigeria.

4. Research location

Located in South-eastern Nigeria, Anambra state lies between Latitude 6° 45’ and 5° 44’ N and
Longitudes 6° 36’ and 7° 20°E [38]. The climate is humid with mean average rainfall of
2010 mm and average temperature of 87°C (Figure 1). It has a weak soil that is easily eroded
[38]. The climate here is tropical. The average annual temperature is 27.0°C. The rainfall here
averages 1828 mm. The driest month is December, with 7 mm of rain. Most precipitation falls
in September, with an average of 306 mm (Figure 2).

The state is divided into four agro-ecological zones (AEZ): Aguata, Awka, Anambra and
Onitsha. The sites for this present study are shown in Figure 3. There is a difference of
299 mm of precipitation between the driest and wettest months. The average temperatures
vary during the year by 3.8°C. The state occupies a land area of approximately 4887 km?
and a population of 4,182,032 people based on the 2006 census figures. According to the
Nigeria’s National Population Commission figures of 2006, the population distribution is
2,174,641 million males and 2,007,391 million females. Anambra state is bounded to the
north by Kogi state, to the south by Imo and Abia state, to the east by Enugu state and to
the west by Delta state.

In 2006, maize production index for Anambra state was put at 69,1000 metric tonnes [48].
However, the state has in recent years, been substantially experiencing fluctuations in maize
production at a decline rate of 23.28%. The decrease in maize yield in this Southern Nigeria, can
be attributed to: (a) climate change related flooding [9, 25]; that re-occurs almost every year; and
(b) non-adaptation of climate-smart measures by smallholder maize farmers [52, 53]. However,
climate change adaption measures for maize, which is one of the most important grain crops, is
less studied in Anambra State [6]. Another knowledge gap scenario is that, there is a limited

Figure 1. Average temperature per month (left) and average days with precipitation per month (right). Source: adopted
from https://www.yr.no/place/Nigeria/Anambra/Anambra_State/statistics.html.
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Figure 2. Climograph (left) and temperature graph (right and down) of Anambra state. Source https://en.climate-data.
org/location/46675/#temperature-graph.

empirical evidence as to what extent climate variability is perceived by the smallholders maize
farmers in Anambra state. These scenarios create the pertinent need to researching the assessment
of smallholders maize farmers’ perception on climate variability and its emerging consequences
on their livelihoods in Anambra State of Nigeria.

5. Research methods

Survey design was adopted in carrying out the study. [54] describes survey research as the one
in which a group of people or item is studied by collecting and analyzing data from only a few
people or items considered to be representative of the entire group. Population of the study:
Anambra state is made up of 2270 smallholder maize farmers (Anambra State Agricultural
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Figure 3. Map of Anambra state showing the four sampled study sites of Akwa North, Idemili, Orumba North and Oyi 1
local government areas (L.G.A.).

Development Programme, which formed the sample frame). The distribution is as follows;
Anambra-520, Aguata-680, Awka-620, Onitsha-450. Sampling Techniques and sample size:
A multi-stage sampling method was used in selecting the sample units for the study. Anambra
state is made up of four agricultural zones, namely, Anambra, Aguata, Awka and Onitsha.
One extension block was randomly selected from each of the four agricultural zones to
avoid bias; Awka north, Orumba north, Oyi 1 and Idemili to give a total of four blocks.
Secondly, two circles were randomly selected from each of the four blocks again to give
equal coverage, the selected circles were Amansi and Awba ofe nmiri from Awka north,
Ufuma and Ajali from Orumba north, Nteje and Umunya from Oyi 1 and Nkpor and Obosi
from Idemili north, thereby giving a total of eight circles. In the fourth stage, two sub-circles
were randomly selected from each of the circles, the selected sub-circles were Ore, Egbe agu,
Umu eze and Enugu agu from Amansi and Awba ofe nmiri, Umu onyiba, Umu ogem, Umu
abiama and Umu ereh from Ufuma and Ajali, Umuefi, Achalla, Umuebo and Amaezike from
Nteje and Umunya, Akuzor, Nbuba, Ire and Umu ota from Nkpor and Obosi, thereby given a
total of sixteen sub- circles. The last stage involved random selection of eight farmers contact
from each sub-circles. In all, a total of 128 farmers (respondents) were chosen from a list
comprising of 2270 small scale maize farmers provided by Anambra ADP which formed the
sampling size.

Reliability of Instrument: Reliability of the questionnaire was tested using cromlech alpha
method which is 0.82%.
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5.1. Method of data collection

Primary data were collected with well validated open and close ended questionnaire by the
researcher. Questionnaire construction was based on the objectives of this study.

5.2. GIS technique

The aim of the GIS technology applied in this present study is provide maps of climate
variability, degree of climate change adaptation and level of acceptability among the samples
sites. The input data were from outcome of the questionnaire approach and GPS coordinates.

5.3. Data analysis

Descriptive statistics such as mean, frequency distribution and percentage were made to
visualize and analyze the distribution of field data using box plots. Ordinal regression model
statistic was also applied to the study.

5.4. Model specification

1. To get the mean score using three-point Likert scale
High extent = 3, Moderate extent = 2, Low extent =1.
Strongly aware = 3, Aware = 2, Not aware = 1.
Mean score =3+2+1 =20

2. Mean estimation

Each of the total responses from all the respondents is calculated to get their individual
mean response. The code of each of the responses is multiplied, and thereafter added to get
the mean response thus:

For high extent (3), assuming total response to be 90: (90/128)*3 = 2.109.

For moderate extent (2), assuming total response to be 22: (22/128)*2 = 0.344.
For low extent (1), assuming total response to be 16: (16/128)*1 = 0.125.
Total mean score = 2.578 (thus, decision rule for this is high extent).

3. Equation for multiple linear regressions

Yo:ﬁo—FﬁlX1i+,32X2i+...—|—ﬁpoi_|_gi 1)

Explicit.

where f; = the intercept, 8, = slope (regression coefficient), Yo = dependent variable, e; =
standard error, X = independent variable, p > 2.
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Where X; = age (years), X, = sex, X3 = house hold size (No), X, = educational level (no of
years), X5 = farming years (No), X, = farming size (No), X = labor source (Manday), Xg =
membership organization (No), Xy = average income (¥), X; = average yield (kg).

6. Findings and interpretations

6.1. Activities that contribute to climate variability

The various activities of the small scale maize farmers that contribute to climate variability are
shown in Table 1.

Result in Table 1, reveals that the majority of the small scale maize farmers (88.28%) indicated
that bush burning contribute to climate variability while (82.03%), (60.16%), (56.25%) and
(50.78%) indicated that intensive agricultural land use, use of inorganic fertilizers, use of fossil
fuels and deforestation as factors that contribute to climate variability. The implication of this
finding is that many of the farming activities in the area contribute to climate change. This
finding agrees with the study of Oladipo [41], who noted that most agricultural activities are
the major factors of climate variability.

6.2. Level of awareness of climate variability

The result of mean responses of the level of awareness of climate variability by small scale
maize farmers is shown in Table 2.

The result here, reveals that the smallholder maize farmers were significantly aware of the
following climate variability in the study area: decreased rainfall days ( = 2.05; SD = 0.914),
early onset of rainfall and early cessation (X = 2.08; SD = 0.929), late onset of rainfall and early
cessation (X = 2.02; SD = 0.816), shorter than normal rainfall (X = 2.14; SD = 1.132), low

Farmers’ activities Frequency* (n =128) Percentage (%)
Burning of bush 113 88.28
Intensive agricultural land use 105 82.03
Use of inorganic fertilizers 77 60.16
Use of fossil fuels (fuel, kerosene, etc.) 72 56.25
Deforestation 65 50.78
Use of herbicides 54 42.19
Use of pesticides 55 42.97
Improper disposal of farm wastes 46 35.94

*Multiple response.
Source: Field survey, 2017.

Table 1. Percentage response of farmers according to the activities that contribute to climate variability.
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S/N Climate variability X SD Decision
1. Decreased rainfall days 2.05 0.914 S
2. Early onset of rainfall and early cessation 2.08 0.929 S
3. Late onset of rainfall and early cessation 2.02 0.816 S
4. Shorter than normal rainfall 2.14 1.132 S
5. Low intensity rainfall 2.02 0.872 S
6. Flash flooding 2.02 1.166 S
7. Unusual patterns of precipitation 2.02 0.904 S
8. High sunshine intensity 2.01 0.886 S
9. Increase in earth surface temperature 1.50 0.627 NS
10. Longer hours of sunshine 1.95 1.173 NS
11. Short-lived Hamattan 1.48 0.869 NS
12. Increase in crop yield 1.04 1.193 NS
13. Decrease in crop yield 1.39 0.896 NS
14. Loss in soil fertility 1.55 0.954 NS
15. Increased erosion 1.50 0.854 NS
16. Erratic/unusual rain 1.55 1.175 NS
17. Early onset of rain and late cessation 1.03 1.131 NS
18. Late onset of rain and late cessation 1.46 0.904 NS
19. Delay in the onset of rainfall 1.56 1.194 NS
20. Above normal rainfall 1.53 0.893 NS
21. Below normal rainfall 1.40 0.964 NS
22. Longer than normal rainfall 1.41 0.918 NS
23. Longer period of dry spell 1.82 1.141 NS
24. High intensity rainfall 1.52 0.947 NS
25. Increase in rainfall 1.59 1.157 NS
26. Erratic/torrential rainfall 1.48 0.930 NS
27. Increase rainfall days 1.26 1.170 NS
28. Rainstorms 1.62 0.896 NS
29. Coastal flooding 1.48 0.957 NS
30. Gustiness 1.09 1.191 NS
31. Erosion/flooding 1.61 0.796 NS
32. Rivers and stream overflowing their banks 1.41 0.910 NS
33. Constant waves 1.98 1.153 NS
34. Unusual flooding 1.53 1.170 NS
35. Wet spells 124 0.867 NS
36. Land slides 1.08 1.201 NS
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S/N Climate variability x SD Decision
37. Increased in frequency of flooding 1.55 1.160 NS
38. Low sunshine intensity 1.23 0.846 NS
39. Early onset and early cessation of Hamattan 1.09 1.193 NS
40. Late onset and late cessation of Hamattan 1.38 0.887 NS
41. Early onset and late cessation of Hamattan 1.20 0.861 NS
42. Late onset and early cessation of Hamattan 191 1.184 NS
43. Typhoon wind 111 1.205 NS
44. Erratic wind 1.69 1.092 NS
45. High wind speed 1.88 1.136 NS
46. Low wind speed 1.48 0.913 NS
47. Frequency of cloudiness 1.05 1179 NS
48. Frequency of clement weather 1.03 1.048 NS
49. Constant fog 1.08 1.188 NS
50. Constant drought 1.01 1.187 NS
51. Rising temperature 1.52 0.905 NS
52. Presence of frost 1.14 1.202 NS
53. Presence of hailstones 111 1.199 NS
54. Constant waves 1.08 1.164 NS
55. High humidity 1.39 0.889 NS
56. Low humidity 1.73 1.008 NS
57. Presence of unfamiliar diseases 1.95 1.149 NS
58. Presence of unfamiliar pests 1.57 0.986 NS
59. High incidence of pests 1.56 0.970 NS
60. High incidence of diseases 1.41 0.910 NS

Source: Field Survey, 2017.
X =mean; SD = standard deviation; mean > 2 = significant; mean < 2 = not significant.

Table 2. Mean responses of the level of awareness of climate variability by small scale maize farmers.

intensity rainfall (X = 2.02; SD = 0.872), flash flooding (X = 2.02; SD = 1.166), unusual patterns
of precipitation (X = 2.02; SD = 0.904) and high sunshine intensity (X = 2.0; SD = 0.886). The
farmers indicated that they were aware of the following climate variability: erratic/unusual
rainfall with (X = 1.55; SD = 0.914), longer period of dry spell (X = 1.82; SD = 1.132), unusual
flooding (X =1.53; SD = 0.904), longer hour of sunshine (X =1.95; SD = 1.173), decrease in crop
yield (X =1.59; SD = 0.896), loss in soil fertility (X = 1.55; SD = 0.954), increased erosion (X =
1.50; SD = 0.854) and rainstorms (X = 1.62; SD = 0.896). They also indicated awareness of
erosion/flooding (X = 1.61; SD = 0.796), presence of unfamiliar diseases (X = 1.95; SD = 1.149),
presence of unfamiliar pest (X =1.57; SD = 0.986), high incidence of pests (X =1.56; SD = 0.970).
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However, they were not aware of the following climate variability: short-lived Hamattan (X =
1.48; SD = 0.869), presence of frost (X =1.14; SD =1.202), low wind speed (X =1.48; SD = 0.913).
The standard deviations show the means variability. By implication, the lower the standard
deviation the more the respondents are aware of the climate variability; the higher the stan-
dard deviation the lesser the respondents are aware of climate variability. These findings were
in line with the result from trend analysis on such climate change variables conducted by the
studies of Nwaiwu [55], which show that climate change effect is disastrous to agricultural
production and requires mitigation. Also, it supports the findings of FAO [17] that there has
been spatial increase in climatic variables from 1905 to 2010, and this is expected to continue
over time.

6.3. Effects of climate variability on maize production

The ordinal regression on the effects of climate variability on maize production in Anambra
State is shown in Table 3.

The R-square value of 0.572 explains about 57.2% of the level of climate variability affecting
maize production in the study area. The chi-square value of 78.688 with the p-value less than
0.05 shows that the model prediction is good. Maize production is affected by increased
rainfall (0.003), decreased rainfall days (0.004), increased rainfall days (0.002), erratic/
unusual rainfall (0.002), increased earth surface temperature (0.042), decreased crop yield
(0.004), loss in soil fertility (0.001), early rainfall and cessation (0.004), late rainfall and early
cassation (0.000), erosion/flooding (0.002) and presence of unfamiliar diseases because they
have significant coefficients (p < 0.05). This means maize production is affected by climate
variability in Anambra State. This research finding justifies why, between 2015 and 2017,
there was some worrying fluctuations regarding corn production as against its supply and
demand trend in Nigeria (Table 4). Consequently, it is hereby expected that the Anambra
state maize production index could further be constrained mainly by lack of climate smart
improve measures that can contribute to reversing the current national export capacities at
an average of minus-forty-percent (—40%) for Nigeria (Table 4) as against import of the
maize commodity. Worse-still, the lack of government financial support to smallholder
maize farmers and insecurity resulting from incessant herdsmen killings of farmers are
expected to reduce maize production in the study area.

A high percentage of smallholder maize farmers in Anambra State do recycle their own maize
seed from crops from their harvest and only a fraction of farmers purchase these seeds from
other sources.

Detail results of the mean responses of the level of use of indigenous and improved adapta-
tion strategies by small scale maize farmers in Anambra State are shown in Tables 5 and 6.

Table 5 shows that, planting of cover crops (X = 2.96; SD = 1.30) is largely adopted by the
farmers to mitigate climate change impacts. Also, mixed farming (X = 2.59; SD = 1.25),
change in tillage methods (X = 2.62; SD = 1.25), diversification from non-farming to farming
activities (X =2.70; SD = 1.31), use of organic/farmyard/mulch material (X =2.80; SD = 1.19)
were used by maize farmers as indigenous adaptation strategies. On the other hand, mixed
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Climate variability Coefficient Standard  Wald df Sig. Cox & Snell Chi-square
error (R (goodness-of-fit)
Increased rainfall 0.044 0.369 0.014 1 0.003 0.572 78.688*
Erratic/unusual rain 1.017 0.411 0.002 1 0.002
Delay rainfall onset 0.476 0.492 0938 1 0333
Longer dry season period 0.041 0.45 0.008 1 0.928
Increased rainfall days 0.184 0.424 0.188 1 0.002
Decreased rainfall days 0.038 0.422 0.008 1 0.004
Unusual flooding 0.338 0.445 0575 1 0.448
Increased flooding freq 0.829 0.441 3542 1 0.060
Increased earth surface temp 1.429 0.703 4130 1 0.042
Longer sunshine hours 0.463 0.486 0.906 1 0.341
Short-lived Harmattan 0.403 0.585 0474 1 0491
Increased crop yield 0.397 0.609 0425 1 0514
Decreased crop yield 1.105 0.388 8.105 1 0.004
Loss of soil fertility 1.166 0.482 0.118 1 0.001
Increased erosion 0.263 0.443 0352 1 0553
Early rainfall and early cessation  1.108 0.424 0.065 1 0.004
Early rainfall and late cessation 0.105 0.409 0.066 1 0.798
Late rainfall and late cessation 0.493 0.537 0.846 1 0.358
Late rainfall and early cessation ~ 1.225 0.453 0.248 1 0.000
Above normal rainfall 0.157 0.476 0109 1 0.741
Below normal rainfall 0.332 0.509 0425 1 0514
Longer than normal rainfall 0.149 0.428 0121 1 0.728
Shorter than norm rain 0.186 0.581 0.102 1 0.749
High rainfall intensity 0.5 0.427 1368 1 0.242
How rainfall intensity 0.007 0.360 0.000 1 0.985
Erratic/torrential rain 0.533 0.490 1181 1 0.277
Flash flooding 0.636 0.501 1612 1 0.204
Rainstorms 0.323 0.569 0322 1 057
Coastal flooding 0.534 0.476 1257 1 0.262
Gustiness —0.250 0.434 0333 1 0.564
Erosion/flooding 2.230 4.017 0.308 1 0.002
Rivers/streams Overflow their 0.381 0.600 0402 1 0.526
banks
Constant waves 0.240 0.390 0378 1 0.538
Unusual precipitate pattern 0.322 0.453 0.504 1 0478
Wet spells 0.146 0.440 011 1 0.741
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Climate variability Coefficient Standard  Wald df Sig. Cox & Snell Chi-square
error R? (goodness-of-fit)
Landslides 0.283 0.358 0624 1 043
High sun intensity 0.205 0.443 0214 1 0.644
Low sun intensity 0.352 0.386 0.832 1 0.362
Early onset of Harmattan and early 0.393 0.481 0.667 1 0414
cessation
Late onset of Harmattan late and ~ 0.253 0.460 0303 1 0.582
cessation
Early onset of Harmattan and late  0.095 0.375 0.065 1 0.799
cessation
Late onset of Harmattan and early 0.114 0.395 0084 1 0772
cessation
Typhoon wind 0.275 0.472 0339 1 0.561
Erratic wind 0.371 0.345 1156 1 0.282
High wind speed 0.208 0.374 0310 1 0578
Low wind speed 0.391 0.509 0.590 1 0.442
Freq cloudiness 0.451 0.399 1278 1 0.258
Freq clement weather 0.379 0.503 0.566 1 0.452
Constant fog 0.445 0.601 0549 1 0459
Constant drought 0.012 0.372 0.001 1 0975
Rising temp 0.345 0.454 0577 1 0.447
Presence of frost 0.495 0.557 0790 1 0.374
Presence of hailstones 0.022 0.398 0.003 1 0.956
Constant waves 0.010 0.392 0.001 1 0.979
High humidity 0.121 0.552 0.048 1 0.827
Low humidity 0.316 0.561 0317 1 0573
Presence of unfamiliar diseases ~ 1.145 0.525 0.076 1 0.021
Presence of unfamiliar pests 0.294 0.368 0.639 1 0424
High incidence of pests 0.197 0.46 0184 1 0.668
High incidence of diseases 0.013 0.433 0.001 1 0976

Source: Field survey, 2017.

Table 3. Ordinal regression of the climate variability affecting maize production.

cropping (X = 2.05; SD = 1.30) and changing planting dates (X = 2.06; SD = 1.15) were
moderately used by maize farmers as indigenous adaptation strategies while change in
fallow period (X =1.60; SD = 1.23) was used to a low extent by small scale maize farmers in
Anambra State. This finding is in agreement with Okali [56], who found that the use of
mulching materials (Figure 4) could prevent excessive soil moisture loss, and improve soil
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Corn market begin year in 2015/2016 2016/2017 2017/2018 Percentage (%)

Nigeria difference
Oct 2015 Oct 2016 Oct 2017 2016-2017
USDA Other USDA Other USDA Other Other source, only

source source source

Harvested area 3800 3800 4000 4000 0 3800 5.13

Beginning stocks 361 361 161 161 0 161 0.00

Production 7000 7000 7200 7200 0 6900 4.26

MY imports 300 300 300 300 0 200 40.00

TY imports 300 300 300 300 0 200 40.00

TY imports (USA) 98 0 0 0 0 0 0.00

Total supply 7661 7661 7661 7661 0 7261 5.37

MY Exports 200 200 200 200 0 300 —40.00

TY Exports 200 200 200 200 0 300 —40.00

Feed and Residual 1800 1800 1800 1800 0 1800 0

FSI consumption 5500 5500 5500 5500 0 5000 9.52

Total demand 7300 7300 7300 7300 0 6800 7.09

Ending stocks 161 161 161 161 0 161 0

1000 (Ha), 1000 (MT)

Source: Adapted from [53].

Table 4. Observable trend on corn production, supply and demand in Nigeria, 2015-2017.

S/N Items X SD Decision
1. Mixed cropping 2.05 1.297 S

2. Mixed farming 2.59 1.245 S

3. Changing planting dates 2.06 1.155 S

4. Changing tillage methods 2.62 1.255 S

5. Diversification from farming to non-farming activities 2.70 1.312 S

6. Planting of cover crops 2.96 1.376 S

7. Use fertilizers (organic/farmyard/mulch materials) 2.79 1.186 S

8. Change in fallow period 1.60 1.231 NS

Source: Field survey, 2017.

X =mean; SD = standard deviation; mean > 2 = significant; mean < 2 = not significant.

Table 5. Mean responses of level of indigenous adaptation strategies used by small scale maize farmers.
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S/N Items x SD Decision
1. Improved crop variety 2.93 1.112 S
2. Climate predictions 1.56 1.048 NS
3. Precision agriculture 1.50 1.089 NS
4. Drought resistant varieties 2.53 1.065 S
5. Drought tolerant varieties 2.60 1.056 S
6. Resistant to temperature stresses varieties 2.16 1.114 S
7. High yield water sensitive varieties 2.06 1.978 S
8. Mixed crop-livestock farming system 2.14 1.070 S
9. Crop diversification 2.14 1.055 S
10. Changing harvesting date 2.03 1.059 S
11. Rain making 2.06 1.121 S

Source: Field Survey, 2017.
X =mean; SD = standard deviation; mean > 2 = significant; mean < 2 = not significant.

Table 6. Mean responses of the level of improved adaptation strategies used by small scale maize farmers.

Figure 4. Cross section of mulched maize farms available in the study area (photo credit: Mr. Samuel Anarah).

aeration and moisture holding capacity of the soil. Types of grasses usually used for
mulching purposes in the study area include: spear grass (Heteropogon contortus), and guinea
grass (Panicum maximum). [57] observed that growing of varieties of crops on the same plot
of land is an appropriate adaptation strategy for farmers because it helps to avoid complete
crop failure as different crops may be affected differently by climate variability and may also
require different soil nutrients.
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Figure 5. The type of vertiva grass (red circled) that is planted for controlling erosion on farm farms in Anambra State.

Consequently, some smallholder maize farmers plant vetiver grass (Chrysopogon zizanioides) in
(Figure 5) to control erosion menace on their maize farms.

Table 6 reveals that to a low extent precision agriculture (X = 1.50; SD = 1.11), climate pre-
dictions (X = 1.56; SD = 1.05), were used by maize farmers as improved adaptation strategies.
Improved crop variety (X = 2.93; SD = 1.11), drought resistant varieties (X = 2.53; SD = 1.07)
and drought tolerant varieties (X = 2.60; SD = 1.06), were used by maize farmers in high extent
as improved adaptation strategies while resistant to temperature stresses varieties (X = 2.16;
SD = 1.11), high yield water sensitive varieties (X = 2.06; SD = 1.10), mixed-crop-livestock
farming system (X =2.14; SD =1.07), crop diversification (X = 2.14; SD =1.06), changing in
harvesting date (x=2.03; SD =1.06) and rain making (X =2.06; SD =1.12) were moderately used
by maize farmers as improved adaptation strategies to climate variability. This finding concurs
with the work of [57], who concluded that farmers can adapt to climate changes through
improved adaptation strategies relevant to them.
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Sources of information Frequency* (n =128) Percentage (%)
Fellow farmers 99 77.34
Radio set 67 52.34
Extension agents 79 61.72
Television set (NiMET) 62 48.44
Internet/social media 26 20.31

Source: Field Survey, 2017. NiMET = Nigerian Metrological Agency weather forecast.

Table 7. Percentage response of sources of information on climate variability by maize farmers in Anambra State.

Socioeconomic variables Coefficient Standard error Sig. R® p-Value
Age 0.278 0.126 0.028 0.176 0.048
Sex —-0.226 0.242 0.351

Marital status 0.154 0.170 0.363

Household size 0.370 0.152 0.015

Education level 0.199 0.154 0.195

Farming years 0.428 0.183 0.019

Farm size 0.624 0.123 0.046

Labor source 0.021 0.163 0.037

Membership organization 0.330 0.239 0.167

Average income 0.334 0.226 0.164

Average yield 0.233 0.233 0.143

Table 8. Multiple linear regressions of the socio-economic characteristics and production level of small scale maize
farmers.

6.4. Sources of information on climate variability

The percentage response of sources of information among small scale farmers on climate
variability in Anambra State is shown in Table 6.

Result from Table 7 reveals that majority (77.34%) of the maize farmers source their information
from fellow farmers, (61.72%) from extension agents, few (52.34%) from radio set, very few
(48.44%) source from television set while (20.31%) source their information from the internet/
social media. The implication is that farmers that belong to agricultural groups are more likely to
have access to farm information on climate variability adaptation strategies than those who do
not belong to any. This finding is similar to that of [36, 57] whose studies showed that adequate
information flow channel and extension contact with registered farmers have a positive relation-
ship with the adoption of agricultural strategies since extension agents transfer modern agricul-
tural technologies to farmers to help counteract the negative impact of climate change.
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Table 8 shows multiple linear regressions of the socio-economic characteristics of small
scale maize farmers and their production level. The R-square value of 0.176 indicates that
the socio-economic variables explained 17.6% variability of maize production. Of all the
socio-economic variables, age (0.028), household size (0.015), farming years (0.019), farm
size (0.046) and labor source (0.037) have significant coefficients (p < 0.05). The coefficient
value of 0.278 for age indicates that a unit increase in age increases level of maize
production by 0.278 kg. The coefficient value of 0.370 for household size indicates that
increase in household size increases level of maize production by 0.370 kg; that of
farming years which is 0.428 indicates that increase in farming experience increases level
of maize production by 0.428 kg; that of farm size which is 0.624 indicates that increase
in farm size increases level of maize production by 0.624 kg while that of labor source
which is 0.021 indicates that increase in labor source increases the level of maize produc-
tion by 0.021 kg. The p-value at 0.048, indicate that there is a significant relationship
between socio-economic characteristics and production level by the small scale maize
farmers in the study area. This further means that as the age, household size, farming
years, farm size and labor source of small scale maize farmers in Anambra State increase,
their propensity to produce maize also increases. This finding is in agreement with the
study of [41] who noted that household size and farm size increases farmers’ food
production.

7. Conclusion

Better understanding and perception of climate variability and adaptions to climate change
impacts in Anambra State, Nigeria, is crucial for increasing farmers adoption of improved
maize seed varieties and practicing of climate-smart maize production. The ultimate objective
of this study was to assess the smallholder maize farmers’ perception on climate variability
and their use of climate change adaptation approaches in Anambra state.

The results of this study show that, approximately 57.2% of climate variability negatively
impacts on maize production in the study area. Basically flooding (X = 2.02 + 1.166),
erratic rainfall (X = 2.02 £ 0.816), and decrease in crop yield by strange pests and diseases
(X = 1.59 £+ 0.896) were identified as climate change effects on maize production. The
smallholder maize farmers are significantly aware of the consequences of climate variabil-
ity on their maize farms, reason for some of them, practicing climate change adaptations.
88.28% of the smallholder maize farmers perceived bush burning as a major contributor to
climate variability in the study area. Whereas, other identified climate change drivers
include: intensive agricultural land use (82.03%), use of inorganic fertilizers (60.16%), use
of fossil fuels (56.25%) and deforestation (50.78%). Finally, from the statistical analysis in
this study, we conclude that, the lower the standard deviation values, the more knowl-
edgeable the farmers are about climate variability and on practice of climate change
adaptations; and, vice-versa.
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Therefore, an integrated efforts to mobilize funding resource for further research on climate
change mitigation and adaptions in the forest zone of Nigeria and for practical works at the
local level, are hereby recommended.
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