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ABSTRACT

Maize (Zea mays ) is a staple food in Kenya and plays a critical role in addressing food
security and nutrition. Previous research has focused mainly on yield, and drought and
disease tolerance there’s however, limited comprehensive data available on the
nutritional composition of different maize varieties which poses a potential for micro-
nutrient deficiency. This study aimed to determine and compare the nutritional profiles
of selected maize varieties grown across the five sub counties in Kirinyaga county.
Twenty-five maize grain samples collected from demonstration farms to represent
selected commercial varieties were analyzed. Fourier Transform Infrared (FTIR) and
Atomic Absorption Spectroscopy (AAS) techniques to determine their nutritional
profiles. FTIR provided valuable information on the macro-nutrient content.
Absorbance intensities at wavenumbers 997 cm™! -C-O stretch 1076 cm™ -C-O-C-
stretch 1149 cm™!' -C-O-C- asymmetric stretching attributable to carbohydrates, 2854
cm’! -CH. symmetric stretching 2925 cm™! asymmetric stretching 1743 cm™'-C=0
stretching 1709 cm™! -C=0 stretching attributed to fatty acids and fatty acid esters and,
1539 cm™ amide ii -N-H bending/-C-N stretching 1646 cm 'amide i C=0 Stretching
of peptide bonds linked to proteins were obtained to represent relative nutritional
content in the samples. Principle component analysis and heatmaps was used to analyze
the data collected from the spectra. FTIR-PCA which accounted for 95.53% of the
variability showed clustering in terms of variety. Heatmaps revealed that KE-7 had
consistently higher absorbance intensities across the measured wavenumbers. AAS was
used to quantify essential micro-nutrients (Fe, Mg, Mn and Zn). Results showed that
magnesium was the most abundant mineral with a mean concentration of 1254.14
mg/Kkg, zinc ranked second with a mean concentration of 43.27 mg/kg, iron had a mean
concentration of 41.38 mg/kg while manganese had a mean concentration of 5.90
mg/kg. Significant regional differences were observed for the elements measured with
Mwea east and west showing generally higher mineral concentrations. By employing
FTIR, AAS and PCA this research provided a rapid, cost-effective, and accurate method
for assessing the nutritional composition of maize varieties. The findings will contribute
to enhancing our understanding of the nutrient content variation across different maize
varieties in Kirinyaga, Kenya and guide agricultural practices, and dietary
recommendations.
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DEFINITION OF OPERATIONAL TERMS

Pulverize: To Reduce to a fine powder using mechanical grinding or milling in order
to increase sample homogeneity and improve analytical accuracy

Background spectrum: An FTIR spectrum collected without the sample,
representing atmospheric gases and instrument characteristics.

Spectrum: A graphical representation of the interaction between electromagnetic
radiation and a sample, it shows the absorbance or transmittance as a function of the
wavenumber.

Absorbance mode: An FTIR measurement mode in which the amount of infrared
radiation absorbed by a sample is recorded and displayed as absorbance against the
wavenumber.

Baseline correction: A data-processing procedure in which spectral distortions are
removed to ensure that peak intensities accurately represent the sample's chemical
composition.

Asymmetric stretching: A molecular vibration in which excited atoms within a
functional group move simultaneously in opposite directions, resulting in unequal
changes in bond lengths.

Symmetric stretching: A molecular vibration in which two or more bonds increase
or decrease in length simultaneously and equally while maintaining molecular
symmetry.

Atomize: To convert into free gaseous atoms to enable elemental analysis.
Deionized: A solvent from which dissolved ionic impurities have been removed.
Homogeneous: Having a uniform composition and properties throughout the sample.
Temperature ramp: A controlled, gradual increase or decrease in temperature at a
specified rate.

Dissolution: The process by which a solid sample dissolves completely in a solvent.
Calibration curve: A graph constructed by plotting an instruments response against
known concentrations of standards, it is used to determine the concentration of
analytes in unknown samples.

Stock solution: A concentrated solution of accurately known concentration prepared

for dilution into working standards.

Xi



Reagent blank: A solution containing all reagents used in sample preparation but no
analyte.

Calibration standard: A solution containing accurately known concentrations of an
analyte. It is used to plot calibration curves.

Dry ashing: A sample preparation technique in which organic samples are heated to

remove organic matter leaving inorganic mineral ash for subsequent analysis.

Xii



CHAPTER ONE
INTRODUCTION

1.1 Background Information of the Study

Maize (Zea mays), one of the most widely cultivated cereal crops worldwide, is a
staple food in Kenya, providing sustenance to millions and contributing significantly
to the country’s economy. In 2024, approximately 2.4 million hectares were devoted
to maize cultivation, and the crop’s production value was estimated at about KSh 199
billion, underscoring its agricultural dominance and major contribution to national
food security and the agricultural sector (Kenya National Bureau of Statistics, 2024).
Beyond its economic importance, maize plays a critical role in human nutrition as a
major source of energy and nutrients, supplying primarily carbohydrates alongside
moderate amounts of protein and essential micronutrients such as iron, zinc, and
magnesium that contribute to metabolic functions and overall health (Ifie et al., 2026).
However, the nutritional value of maize varies significantly across different varieties
due to genetic diversity, environmental factors, and cultivation practices (Qamar et al.,
2016). This variability is of concern in Kenya, where maize is a dietary staple and

malnutrition remains a persistent challenge (Were, 2021).

Research on maize in Kenya has historically focused heavily on improving agronomic
traits such as yield potential, drought tolerance, and resistance to pests and diseases.
Recent research confirms that breeders and farmers alike tend to prioritize attributes
associated with productivity and stress resilience, while nutritional quality and
compositional traits have received comparatively limited emphasis in many varietal
development and adoption studies (Garcia-Medina et al., 2026). This imbalance
highlights the need for a more holistic research and development approach that
integrates nutritional composition into maize breeding and evaluation frameworks to

better align productivity gains with dietary quality outcomes.

Globally, studies have demonstrated the value of nutritional profiling in improving
dietary intake. Multi-environmental studies conducted across sub-Saharan Africa,
Asia, and Latin America, revealed significant differences in the macro- and
micronutrient content of maize varieties, linking these variations to genetic and

environmental factors (Prasanna et al. 2020). Similarly, studies involving diverse

1



maize germplasm across multiple regions, highlighted the variation in kernel chemical
composition, emphasizing the role of genetic diversity in determining nutrient level
(Flint-Garcia et al., 2015). More recently, Kumar et al. (2019) explored the potential
of biofortification to enhance the nutritional quality of maize, particularly in
addressing micronutrient deficiencies in developing countries. These findings
demonstrate the potential applicability of nutritional analysis in guiding breeding

programs and agricultural practices to meet dietary needs.

Kirinyaga County is a maize-growing region with diverse varieties (hybrids, and
locally adapted types). The final nutritional density of maize at the point of
consumption is a product of Genotype x Environment (G x E) interactions. While
genetic potential determines the theoretical limit of a variety’s nutrient content, the
actual expression of these nutrients depends heavily on site-specific factors such as
soil mineral availability, pH, and rainfall. For instance, maize varieties cultivated in
high-altitude regions generally demonstrate higher concentrations of micronutrients
compared to those grown in lowland areas (Ifie et al., 2026) Therefore, assessing
maize varieties directly from the diverse agro-ecological zones where they are
cultivated provides a more realistic representation of the nutritional value available to

the local population than studies conducted in isolated, controlled environments.

1.2 Statement of the Problem

Maize is a staple crop in Kenya, contributing significantly to the country's food security
and nutrition. Existing literature demonstrates that the nutritional composition of maize
can vary significantly among varieties and with geographical origin. A critical gap
exists in understanding how the nutritional profiles of common maize varieties are
expressed across the diverse terrains of Kirinyaga County. Most nutritional data in
Kenya is derived from breeding stations under optimal conditions, which may not
reflect the actual nutrient density of maize harvested from smallholder farms with
varying soil fertilities. Consequently, there is an urgent need to conduct a field-based
analytical survey that maps the actual nutritional outcomes in different sub-counties to
identify which varieties consistently maintain high quality across varying ecological
conditions. This variation can have implications for human nutrition, livestock feed

quality, and the development of improved maize breeding programs.



The use of Fourier Transform Infrared Spectroscopy (FTIR) and Atomic Absorption
Spectroscopy (AAS), provide accurate and efficient means of nutritional analysis.
Unlike proximate analysis, which is often time-consuming, destructive to the sample,
and dependent on hazardous chemical reagents, FTIR offers a rapid, non-destructive,
and reagent-free approach that can simultaneously identify multiple functional groups
associated to different macronutrient. AAS provides great sensitivity and precision in
quantifying micronutrients. However, despite these benefits, the concurrent
application of FTIR and AAS in determining the nutritional content of maize within

the Kenyan context remains largely unexplored.

1.3. Objectives of the Study
1.3.1 General Objective
To assess and compare the nutritional content of various maize varieties grown in

Kirinyaga County, Kenya.

1.3.2 Specific Objectives
1. To determine the macronutrients composition (proteins, carbohydrates and
lipids) of selected maize varieties, grown in Kirinyaga county.
2. To quantify the concentration of Fe, Zn, Mg, and Mn in selected maize
samples.
3. To compare the nutritional profiles of the maize varieties grown in Kirinyaga

using multivariate statistical analysis tools.

1.4 Research Questions

1. What is the macronutrient composition (proteins, carbohydrates, and lipids) of
the selected maize varieties grown in Kirinyaga County?

2.  What are the concentrations of iron (Fe), zinc (Zn), magnesium (Mg), and
manganese (Mn) in the selected maize samples?

3. How do the nutritional profiles of the selected maize varieties grown in

Kirinyaga County compare based on multivariate statistical analysis?



1.5 Significance of the Study

This study helped quantify the nutritional content of maize in Kirinyaga county. The
study advanced the understanding of how nutritional quality varies with geographical
origin in Kirinyaga county. The data collected under this study will provide maize
breeders with potential varieties for advancement when breeding maize of higher
nutritional quality. The research also highlights high performing varieties that farmers

may adopt. This work will also help promote sustainable agriculture.

1.6 Scope of the Study

The study's findings and conclusions are contingent on the representativeness of the
collected maize samples. The selection process and sample size does not fully
encompass the entire range of maize varieties grown in Kirinyaga. Therefore, the
generalization of results to the entire population of maize varieties should be treated
with caution. The study quantifies micro nutrients and develops a nutritional profile
of the different maize varieties; it does not account for the bioavailability of these
nutrients. Factors such as anti-nutritional compounds (e.g., phytates, tannins), which

are known to inhibit the absorption of minerals like zinc and iron, are not considered.

1.7 Limitation of the Study

All environmental variables such as soil chemistry, agronomic practices, altitude,
moisture etc. potentially introducing variability in the nutritional profiles observed
may not be accounted for. Despite these limitations, this research aimed at providing
valuable insights into the nutritional content of maize varieties in Kirinyaga. By
acknowledging these potential constraints, the study's results can be appropriately

interpreted.

1.8 Contributions of the Thesis

The main contributions of this study were:

I. FTIR analysis identified characteristic absorption bands associated with
carbohydrates (997 cm™, 1076 cm ™' and 1149 cm™), lipids (1709 cm™, 1743 cm™,
2854 cm™! and 2925 cm™) and proteins (1539 cm™ and 1646 cm™), providing a
rapid comparative assessment of macronutrient composition among the maize

varieties. Principal Component Analysis of the FTIR data, demonstrated that



differences in macronutrient composition were largely associated with maize
variety.

Il. Heatmap analysis identified KE-7 as the variety exhibiting consistently higher
absorbance intensities across the analyzed functional groups.

I1l. The study quantified the concentrations of essential micronutrients in maize
grown in Kirinyaga County. Magnesium was identified as the most abundant
mineral with a mean concentration of 1254.14 mg/kg, followed by zinc (43.27
mg/kg), iron (41.38 mg/kg), and manganese (5.90 mg/kg).

IV. Inferential statistics showed that Kirinyaga East had significantly lower
magnesium concentrations than Kirinyaga West, Mwea East, and Mwea West (P
< 0.05). However, Kirinyaga West, Mwea East, and Mwea West did not differ
significantly from one another (P > 0.05). Mwea East and Mwea West had
significantly higher manganese concentrations than Kirinyaga Central (P < 0.05)
Kirinyaga East had significantly higher zinc concentrations than Kirinyaga
Central (p = 0.033) Mwea East had significantly higher iron concentrations than
Kirinyaga Central (p = 0.012), while Kirinyaga East also had significantly higher

iron concentrations than Kirinyaga Central (p = 0.047).

1.9 Organization of the Thesis

Chapter One begins with an introduction of the study it has the following sub sections,
background information of the study, statement of the problem, objectives of the
study, hypothesis of the study, justification of the study, significance of the study and
the scope and the limitations of the study.

Chapter Two which is the literature review gives an overview of the maize plant, its
nutritional content, studies carried out on the nutritional content in maize FTIR and

AAS quantification techniques and their applications in the food industry.

Chapter Three which is materials and methods outlines the materials and all methods

applied in achieving the studies objectives.

Chapter Four chapter four discusses the results and data obtained from the methods in

chapter three. The results are arranged sequentially as per the objectives.



Chapter Five the chapter discusses the conclusions drawn from this study, it also gives

policy and research recommendations for future studies.



CHAPTER TWO
LITERATURE REVIEW

2.1 Introduction

Maize, scientifically known as Zea mays, is one of the most widely cultivated cereal
crops and a major staple food globally. It belongs to the grass family Poaceae and is
believed to have originated in Mesoamerica, where it was domesticated from wild
relatives known as teosintes before spreading worldwide. The crop is characterized by
a tall growth habit, broad leaves, and distinct cobs that bear rows of edible kernels

consumed in various forms (Ifie et al., 2026; Moustafa, 2024)

In Kenya, maize is grown at altitudes ranging from 900 - 2200 m above sea level and
requires a mean annual rainfall ranging from 600 to 1,200 mm distributed uniformly
throughout the growing period. Despite being able to grow in various soil types maize
flourishes in fertile well-drained soils whose pH ranges from 5.5 to 7.5. Waterlogging

reduces crop yield and growth (Cairns et al., 2013)

2.2 Parts of a Maize Plant

Maize plants typically grow to a height of 2—4 meters, although some dwarf varieties
are shorter (Shiferaw et al., 2011). The plant consists of a sturdy stem with long, broad
leaves arranged alternately along the stem as shown in Figure 2.1. Maize has a fibrous
root system, consisting of numerous thin, branching roots that spread out in the soil
(Rossini et al., 2018).

male inflorescence -
classel>

leaf

styles

csilks)
. seed
female inflorescence ckerneb

cear> '- 1/: husk
;:.'

stalk

prop roots

roots

Figure 2.1: Parts of a maize plant (Albertsen et al., 2014)



These roots play a crucial role in absorbing water and nutrients from the soil to support
plant growth. The main stem of the maize plant, known as the stalk, provides structural
support. It is rigid and hollow, composed of long, cylindrical segments called inter-
nodes. The leaves have parallel veins running lengthwise, providing support and
facilitating the transport of water and nutrients throughout the plant at the top of the
maize plant, a structure called the tassel emerges (Strable & Nelissen, 2021; Chen &
Gallavotti, 2021). The tassel is the male reproductive organ, consisting of a central
stalk with numerous branches. It produces pollen, which is necessary for pollination
and fertilization of the maize ears. Maize ears are the reproductive structures of the
plant. They are cylindrical or conical in shape and located at the leaf axils on the main
stem (Rossini et al., 2018). The ears are covered by several layers of modified leaves
called husks. Within the husks, rows of tightly packed kernels develop, each attached
to a central cob. The number of rows and kernels per row varies among different maize
varieties (Shiferaw et al., 2011)

2.3 The Kernel

Maize kernels, also referred to as maize seeds, are the edible part of the maize plant
and are enclosed within the protective husks. Maize kernels have an oval or wedge-
shaped appearance. They are typically plump and rounded, tapering to a point at one
end (Taiz et al., 2023).

The size of maize kernels varies depending on the variety and growing conditions but
is usually between 0.5 to 2 centimeters in length. Maize kernels come in a range of

colors, including yellow, white, and multicolored varieties as shown in Figure 2.2.
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Figure 2.2: Color phenotype of four maize kernels; white, yellow, red—purple
and purple-black arranged from left to right.(Jiang et al.,2023)

The color is determined by the genetic makeup of the maize variety and can vary

significantly. Yellow and white are the most common Kkernel colors, while



multicolored kernels may display a combination of different shades and patterns (Chen

et al., 2024). The texture of maize kernels is firm and starchy.

Vitreous
Endosperm

~— Pericarp

Figure 2.3: Parts of a maize kernel (Hernandez et al., 2023)

The outer layer of the kernel, known as the pericarp or seed coat, is relatively tough
and provides protection. Inside the pericarp is the endosperm, which constitutes the
majority of the kernel's volume as shown in Figure 2.3.

The endosperm is composed primarily of starch but also contains proteins, oils, and
vitamins, it is the largest part of the kernel and serves as the main source of energy
and nutrients. (Alvarez et al., 2021).

The germ is the small embryo located at the base of the kernel and contains essential

oils, proteins, and vitamins. (Burlini et al., 2020)

2.4 Nutritional Content of Maize
Maize kernels are a rich source of carbohydrates, providing energy to the human body.
They also contain proteins, dietary fiber, vitamins, minerals (such as potassium and

magnesium), and antioxidants (Kumar et al., 2019).



2.4.1 Carbohydrates

Carbohydrates are the main macronutrient in maize grain, typically comprising
approximately 70—-75% of the dry weight of the kernel, starch accounts for the majority
of this fraction (Rahimi Jahangirlou et al.,2021; Zea et al., 2021). Starch is composed
of two glucose polymers, amylose and amylopectin. Amylose is a linear polymer

linked by a-(1—4) glycosidic bonds as shown in Figure 2.4.

al-4 glycosidic linkage
®CH>0H ®CH,OH

H OH H OH
Amylose

Figure 2.4: Structure of amylose (Bisht et al., 2022)

Amylopectin is highly branched with both a-(1—4) and a-(1—6) linkages, as shown
in Figure 2.5, creating a larger, more complex molecular structure (BeMiller and
Whistler, 2019; Martens et al., 2018).

®CH>OH
3 O,
H H H
4 1
OH H
3 2
H OH
() al-6 glycosidic linkage
al-4 glycosidic linkage at branch point
*CH OH ®CH> (_)H *CH> OH
OH

Amy lopccnn

Figure 2.5: Structure of amylopectin (Bisht et al., 2022)

The relative proportions of amylose and amylopectin vary among maize genotypes,
with dent and flint maize often showing about 25-30% amylose and 70-75%
amylopectin, whereas specialized waxy maize contains almost exclusively
amylopectin (Obadi et al., 2023; Singh et al., 2022).
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Genetic studies demonstrate substantial variation in amylose and resistant starch
content among maize inbred lines, with amylose ranging from 1.7% - 66.2% and
resistant starch from 1.4% to 39.4% in sub tropically adapted lines (Shashidhar et al.,
2023). Higher amylose content is positively correlated with resistant starch formation,
which reduces enzymatic digestibility and contributes to lower postprandial glycemic
response (Shashidhar et al., 2023). This variation highlights the potential for genetic
selection and breeding to improve carbohydrate quality in maize for health-oriented
applications (Zhong et al., 2022).

The digestibility of maize starch is influenced by both molecular structure and kernel
physical traits. Endosperm hardness, protein—starch interactions, and granule
packaging all significantly affect enzymatic accessibility. Hard endosperm varieties
exhibit slower starch hydrolysis and lower estimated glycemic indices averaging 77.3
compared to soft endosperm types averaging 80.7, as the dense matrix of zein proteins
in vitreous kernels acts as a physical barrier to enzyme penetration (Caballero-Rothar
etal., 2022). These findings underscore the critical interplay between genotype, kernel

structure, and nutritional outcomes in maize

Processing conditions, including drying, boiling, roasting, and extrusion cooking,
further modify starch structure and digestibility. Elevated drying temperatures can
promote resistant starch formation in high-amylose maize, decreasing enzymatic
susceptibility and enhancing its functional properties as a slowly digestible
carbohydrate (Wang et al., 2024). Extrusion cooking, a high-shear, high-temperature
processing method, has been shown to differentially affect starch types: high-amylose
maize retains significantly more resistant starch compared to waxy varieties after

extrusion, which leads to distinct digestibility profiles (Huang et al., 2022).

Furthermore, starch undergoes gelatinization when heated in the presence of water,
losing crystalline order and increasing susceptibility to enzymatic hydrolysis; however,
subsequent cooling and storage can lead to retrogradation, forming resistant starch
type 3 (RS3) (Shah et al., 2023). This specific type of starch resists small intestinal
digestion and contributes to colonic fermentation, demonstrating how processing can
be used to modulate the functional and nutritional properties of maize carbohydrates
(Shah et al., 2016).
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Non-starch polysaccharides, such as arabinoxylans, contribute to dietary fiber in
maize. These structural carbohydrates, concentrated in the pericarp and cell walls,
resist digestion in the small intestine and affect colonic fermentation and bowel
motility. Milling and degemination reduce non-starch polysaccharides in refined
maize flour, thereby altering carbohydrate composition and fiber content (Food and
Agriculture Organization of the United Nations (FAO), 2019). Glucose, fructose, and
sucrose are minor components of mature maize grain but are more prominent in sweet

maize harvested at earlier developmental stages. (FAO, 2019).

2.4.2 Protein

Proteins constitute a nutritionally significant component of maize, particularly in
regions where the crop functions as a principal staple and contributes substantially to
daily protein intake despite its comparatively moderate protein concentration relative
to legumes and animal-source foods (Tanumihardjo et al., 2017). On a dry weight
basis, maize grain typically contains between 8% and 11% protein, although reported
values vary considerably depending on genotype, soil fertility status, nitrogen
availability, climatic conditions during grain filling, and post-harvest handling
(Rahimi Jahangirlou et al.,2021; USDA, 2023). In sub-Saharan Africa, Latin America,
and parts of Asia, where maize supplies a large proportion of daily caloric intake, even
marginal changes in protein quantity or quality can exert pronounced effects on

population-level nutritional outcomes (Bouis and Saltzman, 2017).

From a biochemical standpoint, maize kernel proteins are heterogeneously distributed
across anatomical fractions of the grain, including the endosperm, germ, and aleurone
layer. The endosperm, which constitutes the bulk of the kernel mass, is dominated by
storage proteins, whereas the germ contains a higher proportion of enzymatic and
metabolically active proteins that support seed viability and early seedling
development. This anatomical partitioning has important implications for nutrition, as
common milling practices preferentially remove the germ and outer layers, thereby
altering both total protein content and amino acid composition of maize-based foods
(USDA, 2023).

Maize proteins are conventionally classified into four major fractions based on

differential solubility: albumins (water-soluble), globulins (salt-soluble), prolamins
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(alcohol-soluble), and glutelins (alkali- or acid-soluble). Among these, prolamins
collectively referred to as zeins are the predominant fraction, accounting for
approximately 50-60% of total kernel protein in conventional maize varieties
(Holding, 2014; Yang et al., 2018). Albumins and globulins, although quantitatively
minor, are enriched in essential amino acids and contribute disproportionately to

protein nutritional quality (Li et al., 2017).

Zeins are further subdivided into a-, -, y-, and 8-zeins, each encoded by complex
multigene families and differing in molecular weight, sulfur amino acid content, and
functional role within protein bodies (Li et al., 2017). a-zeins constitute the largest
proportion and are particularly deficient in lysine and tryptophan, whereas y- and -
zeins contain higher levels of cysteine and contribute to protein body structure through
disulfide bond formation. The dominance of a-zeins in conventional maize is therefore

a central determinant of its low protein quality.

The nutritional limitation of maize protein arises primarily from its imbalance in
essential amino acids, especially lysine and tryptophan, which are required for protein
synthesis, immune function, neurodevelopment, and nitrogen balance (Tanumihardjo
et al., 2017). Diets heavily reliant on unmodified maize protein often fail to meet
FAO/WHO amino acid requirements, resulting in low protein digestibility-corrected
amino acid scores (PDCAAS) and digestible indispensable amino acid scores
(DIAAS) (FAO, 1992). Historically, such dietary patterns have been associated with
protein-energy malnutrition and deficiency-related disorders, particularly where
maize is consumed without complementary protein sources such as legumes or animal

products (Bouis and Saltzman, 2017).

The relationship between maize protein quality and human health has long been
recognized, most notably through investigations into pellagra, a disease characterized
by dermatitis, diarrhea, and dementia. While pellagra is primarily linked to niacin
deficiency, inadequate tryptophan intake from maize-based diets exacerbates risk due
to the role of tryptophan as a niacin precursor (FAO, 1992). This historical context
underscores the interconnected nature of protein quality and micronutrient metabolism

in maize-dependent populations.
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Genetic improvement of maize protein quality has therefore been a long-standing
objective in crop nutrition research. A major breakthrough occurred with the discovery
of the opaque-2 (02) mutation, a recessive allele that downregulates a-zein synthesis
and increases the relative abundance of non-zein proteins with superior amino acid
profiles (Holding, 2014; Jia et al., 2018). However, early opaque-2 maize lines
exhibited undesirable agronomic traits, including soft, chalky endosperm, increased

susceptibility to pests, and reduced yield stability (Li et al., 2017).

Subsequent breeding efforts led to the development of quality protein maize (QPM),
which incorporates the opaque-2 mutation together with endosperm modifier genes
that restore kernel hardness, vitreousness, and agronomic performance while retaining
enhanced lysine and tryptophan levels (Prasanna et al., 2020). Modern QPM varieties
typically contain 30-50% higher lysine and tryptophan concentrations than
conventional maize and exhibit protein quality comparable to that of milk on a per-

gram protein basis (Nuss and Tanumihardjo, 2010; Prasanna et al., 2020).

Extensive field evaluations across diverse agroecological zones have demonstrated
that QPM can achieve yields comparable to conventional hybrids under both optimal
and stress conditions, provided that appropriate breeding and management practices
are employed (Prasanna et al., 2020). Feeding trials in children and livestock have
consistently shown improved growth performance, nitrogen retention, and immune
response when QPM replaces conventional maize as a primary protein source
(Tanumihardjo et al., 2017).

At the molecular level, advances in genomics and transcriptomics have provided
deeper insight into the regulatory networks governing maize protein accumulation.
Storage protein synthesis is tightly coordinated with nitrogen uptake, assimilation, and
remobilization pathways, as well as with carbon metabolism during endosperm
development (Li et al., 2021). Genome-wide association studies have identified
numerous quantitative trait loci associated with variation in total protein content, zein
composition, and amino acid balance, highlighting the polygenic nature of protein
traits in maize (Xu et al., 2022).
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Proteomic analyses have further revealed extensive post-translational modification of
maize proteins, including phosphorylation and redox-mediated disulfide bonding,
which influence protein body formation, digestibility, and functional properties during
processing (Holding, 2014). These findings open new avenues for precision breeding
and biotechnological interventions aimed at optimizing both nutritional and
processing-related protein attributes.

Protein digestibility represents an additional critical dimension of maize protein
quality. Zeins are inherently resistant to proteolytic degradation due to their
hydrophobic amino acid composition and dense packing within protein bodies,
resulting in lower digestibility relative to non-zein fractions. This structural resistance
limits the bioavailability of amino acids even when total protein intake appears
adequate (Purewal et al., 2023).

Traditional and industrial processing methods can significantly modify protein
digestibility and amino acid availability. Nixtamalization, which involves cooking
maize in alkaline solutions, partially solubilizes zeins, disrupts protein bodies, and
improves overall protein digestibility. Fermentation processes used in traditional
foods similarly enhance protein quality by enzymatic hydrolysis and microbial
synthesis of amino acids (Nkhata et al., 2018). Conversely, excessive thermal
processing may induce protein cross-linking and Maillard reactions, reduce lysine

availability and impair nutritional value (Li et al., 2021).

Environmental and agronomic factors further influence maize protein quantity and
composition. Increased nitrogen fertilization generally elevates total grain protein
concentration but disproportionately stimulates zein synthesis, thereby diluting
essential amino acid content and reducing protein quality (Xu et al., 2022). This trade-
off highlights the importance of breeding strategies that prioritize protein quality
rather than protein quantity alone, particularly in low-input farming systems (Bouis
and Welch, 2010).

From a global nutrition perspective, improving maize protein quality represents a cost-
effective and sustainable intervention for addressing protein inadequacy in maize-

dependent populations. Biofortification through QPM has been recognized as a
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complementary strategy to dietary diversification and supplementation, particularly
where access to animal-source proteins remains limited (Bouis and Welch, 2010).
Integration of QPM into national agricultural and nutrition policies has shown promise
in improving child growth outcomes and reducing the burden of malnutrition
(Prasanna et al., 2020).

Future directions in maize protein research increasingly emphasize multi-trait
improvement, combining enhanced protein quality with increased micronutrient
density and climate resilience. Emerging genome-editing technologies, such as
CRISPR/Cas-based approaches, offer potential for precise modification of storage
protein genes while minimizing unintended agronomic effects (Xu et al., 2022).
However, the successful deployment of such technologies will depend on regulatory
frameworks, public acceptance, and equitable access for smallholder farmers.

2.4.3 Fats

The fat content of maize is influenced by genotypic variation, environmental growing
conditions, and specific post-harvest processing methods. Recent analyses indicate
that average fat concentrations typically range from 1.1% to 4.8% across diverse
cultivars (Imam et al., 2025; Sharma et al., 2022). This lipid content remains relatively
low compared to specialized oilseeds like soybeans and sunflower seeds, which can
contain upwards of 20% to 50% fat, respectively (Purewal et al., 2023; Saad et al.,
2021). The fatty acid profile in maize is primarily composed of triglycerides, which
consist of fatty acids linked to a glycerol backbone. The fatty acid profile of maize fat
can vary slightly depending on the variety. The predominant fatty acids found in maize
include oleic acid, linoleic acid, and palmitic acid. Oleic acid is a monounsaturated
fatty acid as shown in Figure 2.6. It is known for its potential health benefits, such as

promoting heart health (Pravst, 2014)
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Figure 2.6: Structure of oleic acid (Bhardwaj et al., 2022)
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Linoleic acid is a polyunsaturated omega-6 fatty acid (Figure 2.7) and is considered
essential as the body cannot produce it. Linoleic acid plays a crucial role in
maintaining healthy cell membranes and is important for proper growth and
development (Whelan and Fritsche, 2013).

Figure 2.7: Structure of linoleic acid (Bhardwaj et al., 2022)

Palmitic acid is a saturated fatty acid (Figure 2.8) found in maize fat. High intake of
saturated fats is generally advised to be limited due to their potential association with
adverse health effects, such as elevated low-density lipoprotein (LDL) cholesterol,
increased risk of cardiovascular diseases, and the promotion of metabolic
inflammation (Agostoni et al., 2016). In particular, an over-accumulation of palmitic
acid can lead to dyslipidemia and disrupted cholesterol homeostasis by impairing the

body's ability to clear cholesterol from the bloodstream (Agostoni et al., 2016).
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Figure 2.8: Structure of palmitic acid
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2.4.4 VVitamins

Vitamins are important micronutrients required for normal physiological function,
growth, metabolic regulation, and cognitive and immune competence (Tanumihardjo
et al., 2017; USDA, 2020). Vitamins in maize are categorized as water-soluble
vitamins which consists of members of the B complex group and ascorbic acid, and
fat-soluble vitamins, provitamin A carotenoids and vitamin E (FAO, 1992; Azam et
al., 2022; Bouis and Welch, 2010). Each of these compounds varies in concentration
across maize varieties, and their availability to consumers depends on genetic makeup,
environmental growing conditions, and post-harvest and processing methods to which
maize is subjected (Menkir et al., 2020; De Moura et al., 2020; HarvestPlus, 2020).

The water-soluble vitamins in maize are thiamine (vitamin B1), riboflavin (B2), niacin
(B3), pantothenic acid (B5), pyridoxine (B6), and folate (B9) and trace amounts of
vitamin C (ascorbic acid) (Nuss and Tanumihardjo, 2010; Azam et al., 2022). These
compounds influence energy metabolism, nervous system function, DNA synthesis
and repair, and amino acid metabolism (USDA, 2020). Thiamine functions as a
coenzyme in the decarboxylation of a-keto acids and carbohydrate metabolism (Nuss
and Tanumihardjo, 2010; USDA, 2020). Without adequate thiamine, energy
production from dietary carbohydrates would be inefficient, and neurological
dysfunctions may arise. In maize, thiamine concentrations are in tenths of a milligram
per 100 grams of kernel, but the levels fluctuate widely among varieties and
environmental conditions under which the maize was grown (Azam et al., 2022).
Thiamine is heat sensitive, and its concentration decreases with some processing steps
such as milling and thermal cooking, which are common in maize food systems (FAO,
1992).

Riboflavin (Figure 2.9) serves as a precursor for flavoproteins involved in redox
reactions that are key in mitochondrial respiration. It is metabolized into the
flavocoenzymes flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD),
which act as essential electron carriers in Complex | and Complex Il of the
mitochondrial electron transport chain, facilitating ATP production and maintaining

cellular energy homeostasis.
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Figure 2.9: Chemical structure of riboflavin (Li MuXin et al., 2022)
Niacin (Figure 2.10) forms the core of NAD and NADP coenzymes that drive multiple

metabolic reactions (Nuss and Tanumihardjo, 2010).
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Figure 2.10: Chemical structure of niacin

Niacin in maize is found in a bound form that is not bioavailable to humans unless
nixtamalization is done, the process involves cooking maize in an alkaline medium
such as lime or wood ash that converts niacin into a form that can be absorbed and
metabolized (FAO, 1992). This processing requirement has historical significance, as
the absence of nixtamalization in regions outside of Mesoamerica contributed to
outbreaks of pellagra, a niacin deficiency disease, in parts of Europe, North America,
and Africa during the twentieth century (FAO, 1992).

Recent studies show that fermentation and nixtamalization can increase the
bioavailability of riboflavin and niacin, nixtamalization releases bound niacin that is
otherwise unavailable to humans (Santiago-Ramos et al., 2018). Conventional soaking,

cooking, and dry milling reduce the quantities of bioavailable B vitamins due to
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thermal degradation and leaching into water which reduces the overall nutritional

contribution of refined maize products (Suri, and Tanumihardjo, 2016).

Besides primary B vitamins, maize also contains pantothenic acid and pyridoxine,
which are involved in coenzyme synthesis and amino acid metabolism (USDA, 2020;
Nuss and Tanumihardjo, 2010). Research evaluating inbred maize lines has revealed
substantial genetic variation in B vitamin content, with ranges of vitamin B1 from
approximately 0.1 to 2.7 mg/100 g, B2 from about 0.01 to 0.37 mg/100 g, and B6 from
about 0.14 to over 1 mg/100 g (Azam et al., 2022). These findings show the need for
genetic selection and biofortification to enhance B vitamin levels through targeted
breeding to improve the nutritional quality of maize grain (Bouis and Welch, 2010).

Vitamin C (Figure 2.11) is present in maize in trace amounts. It is easily lost during
thermal processing and storage (USDA, 2020). Its low concentration and ease of loss
makes maize a poor source of vitamin C, especially since raw maize consumption is

rare and cooking or milling predominate.
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Figure 2.11: Chemical structure of ascorbic acid

Maize lacks vitamin B12 entirely, as this vitamin is generally obtained through
animal-based foods therefore, populations that depend heavily on maize without
adequate consumption of animal products or fortified foods are at risk for B12
deficiency unless appropriate supplementation or dietary diversification is achieved
(Nuss and Tanumihardjo, 2010).

Fat-soluble vitamins in maize primarily consist of provitamin A carotenoids and
vitamin E, both of which are sequestered within the lipid fractions of the kernel
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(HarvestPlus, 2020) While commonly grown varieties often contain only negligible
amounts, recent molecular breeding efforts have significantly enhanced these levels
in biofortified lines (Zunjare et al., 2018). Provitamin A compounds such as [3-carotene,
a-carotene, and B-cryptoxanthin (Figure 13) are important due to their role as
precursors to retinol, vitamin A, which is essential for vision, growth, immune

function, and epithelial integrity (De Moura et al., 2020).

The concentration of provitamin A carotenoids in maize is dependent on kernel color
and genetic background; white maize contains negligible amounts, whereas specially
bred orange biofortified varieties possess significantly higher concentrations than
conventional yellow types (Menkir et al., 2015). In conventional yellow maize,
provitamin A levels typically range from 0.25 to 2.5 ug per gram of dry weight
(Palacios-Rojas et al., 2020). Conversely, biofortified orange lines have been
specifically engineered to meet target concentrations of 15 pg/g, a benchmark
designed to provide approximately 50% of the estimated average requirement for
women and children (Bouis & Saltzman, 2017; De Moura et al., 2020). These
biofortified maize lines represent a major nutritional intervention in regions where
vitamin A deficiency is prevalent, affecting an estimated 190 million preschool age
children and millions of pregnant women. Vitamin A deficiency is a public health
burden associated with impaired vision, increased infection risk, growth retardation,

and elevated mortality (De Moura et al., 2020).

Vitamin E is found mainly in the maize germ in the form of tocopherols and
tocotrienols and acts as a lipid-soluble antioxidant protecting cellular membranes from
oxidative damage. Although present at lower concentrations than provitamin A
carotenoids, vitamin E contributes to the dietary supply of antioxidants that support
immune function and protect polyunsaturated fatty acids from peroxidation. The
presence of vitamin E and other phytochemicals such as phenolic compounds and
phytosterols further highlights maize as a complex source of micronutrients beyond

its dominant carbohydrate fraction.

Maize nutritional quality is greatly affected by post-harvest and food processing
procedures, which alter vitamin levels and their bioavailability (Awika, 2017; Azam

et al., 2022). Maize undergoes a series of treatments prior to consumption such as
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drying, milling, soaking, fermentation, boiling, baking, and nixtamalization. Each of
these methods influences the retention, degradation, and accessibility of vitamins
(Santiago-Ramos et al., 2018; Azam et al., 2022). Milling and degemination lead to
significant losses of B vitamins and vitamin E, since these compounds are
concentrated in the outer kernel fractions (USDA, 2023). Thermal processing such as
boiling and roasting can further degrade heat-sensitive vitamins like thiamine and
vitamin C, as well as reduce folate concentrations (Hassan et al., 2021; Tanumihardjo
et al., 2017). However, certain traditional processing methods can enhance nutrient
bioavailability; for example, fermentation increases the bioavailability of B vitamins,
and nixtamalization facilitates the release of bound niacin, improves protein quality,
and increases calcium content while also improving the sensory and functional
properties of flour used for tortillas, tamales, and other products (Santiago-Ramos et
al., 2018; Azam et al., 2022).

Processing affects provitamin A retention as well. Although carotenoids are relatively
stable on exposure to oxygen, light, and elevated temperatures during storage and
cooking can degrade these compounds, reducing the vitamin A potential of maize
products (De Moura et al., 2020; Ortiz et al., 2021). Studies have shown that
provitamin A levels may decline substantially during storage if not properly protected,
with losses of up to 65% over a six-month period in the absence of specialized storage
procedures (Taleon et al., 2017). However, when processed appropriately provitamin
A retention can be high or even greater than the original kernel content in certain
nixtamalization preparations, depending on genotype and processing method (De
Moura et al., 2020).

Genetic diversity among maize varieties offers further opportunities and challenges
for improving vitamin content. Traditional yellow and white maize lines vary widely
in carotenoid content, and biofortified varieties have been developed through selective
breeding to increase provitamin A concentrations. Similarly, substantial genetic
variation exists for B vitamin content, which can be harnessed through breeding
programs to create maize lines enriched in multiple vitamins (Zhu et al., 2018; Azam
et al., 2022). Advances in conventional and molecular breeding, as well as emerging
biotechnological approaches, aim to develop multinutrient biofortified maize that not

only addresses vitamin A deficiency but also enhances other micronutrients and
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essential amino acids (Bouis and Saltzman, 2017). Such approaches represent a cost-
effective and sustainable strategy for improving nutrition in regions heavily reliant on

maize.

The significance of maize vitamins for global nutrition cannot be overstated. Given
maize’s role as a staple that provides major contributions to daily calorie intake in
many low-income countries, enhancing its micronutrient density through
biofortification and optimizing processing methods to preserve and improve vitamin
bioavailability are critical strategies in combating micronutrient deficiencies (De
Moura et al., 2020). As maize continues to feed billions of people worldwide, a
comprehensive understanding of its vitamin profile, the factors affecting nutrient
concentration and stability, and the ways in which processing and genetic selection
can improve nutritional outcomes is essential for informing agricultural, nutritional,
and health policy. In this regard, maize not only represents a fundamental food source
but also a key focus of global efforts to achieve improved nutritional health and food
security for future generations (Bouis and Saltzman, 2017; Tanumihardjo et al., 2017).

2.5 Minerals

Maize encompasses a variety of essential minerals such as: magnesium, with an
average content of about 37 mg per 100 grams (USDA, 2023). Magnesium is essential
for many enzymatic reactions in the body and plays a vital role in energy production,
nerve function, muscle contraction, and bone health (Al Alawi et al., 2018).
Phosphorus content in maize is approximately 35 mg per 100 grams (Sheng et al.,
2018). Phosphorus is an important mineral that is involved in bone and teeth
formation, energy metabolism, and cell membrane structure. Potassium is present in
maize with an average content of about 280 mg per 100 grams. Potassium is an
electrolyte mineral that plays a key role in maintaining fluid balance, nerve function,

muscle contraction, and blood pressure regulation

Although maize is not a significant source of calcium, it still contains a small amount
of this mineral. The calcium content in maize is relatively low compared to other
calcium-rich foods, with an average of about 7 mg per 100 grams (Tanumihardjo et
al., 2017). Maize contains iron, an essential mineral involved in oxygen transport,

energy production, and proper immune function. The iron content in maize varies
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depending on factors such as variety and growing conditions, but it typically ranges
from 1 to 3 mg per 100 grams. Maize is a source of zinc, an essential mineral that is
involved in numerous enzymatic reactions, immune function, and cell growth and
development. The zinc content in maize ranges from 1.2 to 1.9 mg per 100 grams
(Sheng et al., 2018).

Trace minerals found in maize include; copper, which when consumed is necessary
for the production of red blood cells, collagen synthesis, and the proper functioning of
the immune system (Bost et al., 2016). The copper content in maize is relatively low,
typically around 0.1 mg per 100 grams (USDA, 2023). Manganese serves in the body
as a cofactor for several enzymes involved in metabolism, bone formation, and
antioxidant defense. The manganese content in maize is approximately 0.2 mg per 100
grams (Sheng et al., 2018). Maize also contains trace amounts of selenium, when
consumed, selenium exhibits antioxidant properties. It is involved in various
physiological processes, including thyroid hormone metabolism and immune function
(Kieliszek, 2019). The selenium content in maize is relatively low, usually below 1 pg
per 100 grams (Sheng et al., 2018).

2.6 Studies on Nutritional Concentration of Maize

In 2024, Mohammed et al. conducted a study in the Somali region of Ethiopia on
adapted maize varieties to compare their nutritional benchmarks with earlier Ethiopian
data. They found that the protein content ranged from 12.82% to 15.24%. This was in
agreement with the findings reported by Hailu in 2018 (9.69% - 15.30%). Specifically,
the variety Melkasa-6Q achieved a protein content of 15.24%, nearly matching the
15.30% reported by Hailu for BHQMY 545. Mohammed et al. further reported that
the ash content in these varieties reached as high as 5.88%, which was significantly
higher than the 1.3% maximum reported by Ullah in 2010. Their mineral analysis
showed calcium levels reaching up to 512 ppm, which surpassed the maximum level
of 481 ppm reported by Hailu in 2018, suggesting that modern adapted varieties in
semi-arid environments may possess a superior ability to accumulate minerals

compared to those studied in earlier years.

Despite being effective for quantifying proteins, carbohydrates, and fats, the

traditional wet-chemistry procedures used by Hailu and Delelegn (2020) and Ullah et

24



al. (2021) were slow, laborious, and chemical-intensive. The use of FTIR provides a
cheaper, faster and less laborious method for the comparative and quantitative study

of the nutritional content of maize.

2.7 Measurement Using FTIR

FTIR spectroscopy is a highly versatile analytical technique utilized for both
qualitative and quantitative analysis across various scientific domains, such as
chemistry, pharmaceuticals, environmental science, and the food industry. The
technique is specifically used to identify functional groups and characterize molecular
"“fingerprints" by detecting the vibrations of chemical bonds (such as C-H, O—H, and
C=0) when exposed to infrared radiation (Ozaki et al., 2021).

In the pharmaceutical and environmental sectors, it is used for drug purity assessment,
stability testing, and the identification of microplastics in soil or water. Within
the food industry, FTIR is used to determine macronutrient composition (proteins,
fats, and carbohydrates), monitor the oxidation of lipids, and detect food adulteration
(Valand et al., 2020). Crucially for grain science, FTIR can quantify starch ordered
structures, specifically the ratio of crystalline to amorphous regions, which determines
the digestibility of the starch (Warren et al., 2016).

2.7.1 Principles of FTIR Spectroscopy

FTIR spectroscopy operates by passing infrared radiation through a sample and
recording the absorbed wavelengths. Each molecular bond within the sample absorbs
specific frequencies of infrared light, resulting in a unique spectral fingerprint.
Quantitative analysis is achieved by correlating the intensity of absorption bands to
the concentration of analytes, using the Beer-Lambert Law. Advanced computational
techniques, such as multivariate calibration, further refine the quantification process
by accounting for complex sample matrices and overlapping spectral features (Yadav
et al., 2020).

2.7.2 Food Industry Applications
FTIR has been extensively applied in the food industry to analyze the nutritional
composition of cereals. For instance, FTIR has been utilized to assess changes in the

physicochemical and nutritional characteristics of cereal grains during germination,
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providing insights into molecular interactions and nutrient profiles. (Kaur et al., 2021).
Additionally, FTIR has been employed to determine fructooligosaccharides (FOS)
levels in cereals, facilitating the quantification of these prebiotic compounds.
(Protonotariou et al., 2013).

FTIR has been applied in the food industry to ensure product quality and safety.
Rohman and Che Man (2010) applied Fourier Transform Infrared spectroscopy to
detect and quantify adulteration of extra virgin olive oil with soybean and palm oils
through analysis of characteristic infrared absorption patterns. The study employed
FTIR spectra combined with chemometric analysis to achieve precise quantification
of adulterants, ensuring the authenticity of olive oil products.

FTIR spectroscopy is a versatile and powerful tool for quantitative analysis, with
applications spanning various scientific fields. Its non-destructive nature, coupled with
advancements in data processing techniques, has solidified its role in both laboratory
and field settings. Continued research and technological innovations are expected to
further enhance its quantification capabilities, making it an indispensable tool in

analytical science.

2.7.3 Advances in FTIR Quantification Techniques

Recent advancements in Fourier Transform Infrared (FTIR) spectroscopy, particularly
in instrumentation, data processing, and chemometric integration, have significantly
enhanced its quantitative analytical capabilities. Traditionally regarded as a primarily
qualitative technique, FTIR has evolved into a robust quantitative tool through
improvements in spectral resolution, detector sensitivity, and advanced multivariate

data analysis approaches (Igtadar et al., 2025).

A major development contributing to this transition is the integration of FTIR
spectroscopy with chemometric methods such as Principal Component Analysis
(PCA), Partial Least Squares regression (PLS), and Principal Component Regression
(PCR). These multivariate techniques enable the extraction of quantitative information
from complex and highly overlapping infrared spectra, which is especially important
when analyzing heterogeneous matrices such as food products, biological materials,

environmental samples, and pharmaceutical formulations
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Principal Component Analysis (PCA) plays a critical role in preprocessing and
exploratory data analysis of FTIR spectra. By reducing data dimensionality while
retaining the majority of spectral variance, PCA facilitates the identification of
dominant spectral features, systematic trends, and potential outliers. Additionally,
PCA assists in noise reduction and baseline variation correction, thereby improving
the quality of spectral inputs used for subsequent quantitative modeling (Grzelec,
2024). This step is particularly important in FTIR datasets where instrumental noise,
scattering effects, and sample heterogeneity can obscure chemically relevant

information.

Similarly, FTIR-PCA has been used to evaluate butter authenticity and geographical
origin. (Karoui et al., 2013) In the study PCA score plots clearly separated butter
samples based on compositional differences, with the first two principal components
explaining a substantial proportion of the total variance. The loading plots indicated
that spectral regions corresponding to fatty acid functional groups contributed most to
sample discrimination. The authors concluded that PCA can effectively distinguish
butter origin and serve as a preliminary screening tool prior to quantitative

chemometric modeling (Karoui et al., 2013).

PCA has also been used in detecting food adulteration. In an investigation of garlic
powder adulterated with starch and other fillers, PCA separated pure and adulterated
samples into distinct clusters. The discriminatory spectral regions were associated
with carbohydrate absorption bands, indicating the presence of adulterants. The
researchers concluded that PCA enables rapid identification of adulteration and
improves the robustness of subsequent supervised classification models (Galvin-King
et al., 2021). More recent research has applied FTIR-PCA to coffee authentication.
PCA analysis showed clear grouping of pure coffee samples and those adulterated
with barley and chickpea powders. PCA provided essential exploratory visualization
and highlighted spectral features responsible for discrimination. (Khodabakhshian et
al., 2026).

Overall, these studies demonstrate that PCA applied to FTIR spectra in food systems
enables visualization of sample clustering, identification of key discriminatory

spectral regions, detection of adulteration, and authentication of product origin. The
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findings indicate that PCA improves exploratory analysis and supports the
development of robust chemometric models for food quality and authenticity
assessment. Following PCA, regression-based chemometric techniques such as PLS
and PCR are widely employed for quantitative model development. PLS regression,
in particular, has gained prominence due to its ability to simultaneously model spectral
variance and concentration information, even when predictor variables exhibit
multicollinearity. Numerous recent studies have demonstrated that FTIR-PLS models
can achieve high coefficients of determination (R2 > 0.95) and low prediction errors,
confirming their suitability for accurate quantitative analysis in complex matrices
(Fernando et al., 2023; Amit et al., 2020). PCR, while conceptually similar, has also
been shown to be effective in applications where overlapping absorption bands present

significant analytical challenges.

In parallel with advances in data analysis, significant progress has been made in FTIR
instrumentation, particularly through the development of portable and handheld FTIR
devices. These systems incorporate miniaturized interferometers, robust detectors, and
optimized sampling accessories such as attenuated total reflectance (ATR) crystals,
enabling reliable spectral acquisition outside traditional laboratory environments.
Portable FTIR instruments have been successfully validated for on-site quantitative
analysis in environmental monitoring, industrial quality control, forensic

investigations, and food authentication studies (Igtadar et al., 2025).

The coupling of portable FTIR systems with embedded chemometric models has
further expanded their practical utility. Pre-calibrated PCA-PLS models allow for
rapid, real-time quantification of target analytes without the need for extensive sample
preparation or laboratory-based analysis. This capability is particularly advantageous
in field-based applications where timely decision-making is critical, such as
contamination assessment, process monitoring, and regulatory compliance testing
(Igtadar et al., 2025).

2.8 Quantification Using AAS
Atomic Absorption Spectroscopy (AAS) is an analytical technique used primarily in
chemistry to measure the concentration of specific metal elements in a sample. AAS

is based on the principle that atoms in a free gaseous state can selectively absorb
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electromagnetic radiation at specific, unique wavelengths. When light from a lamp
passes through an atomized sample the ground-state atoms absorb energy
corresponding to the electronic transition between the ground and excited states. This
decrease in light intensity is directly proportional to the number of atoms present in
the light path, allowing for precise quantification of mineral concentrations (Wang et
al., 2025).

An AAS instrument primarily consists of: A light source often, a hollow cathode lamp
which emits light at wavelengths specific to the element being analyzed. An atomizer
which can be a flame or an electrothermal atomizer. The sample is introduced into the

atomizer where it's turned into atomic vapor.

Sample Nebulizer Hollow Absorption Detector

M hi t Detecto
Introduction & Atomizer Cathode Lamp by Atoms orCHmERE cor & Readout
i & Readout =

= K g0 S <> Bl

Element Specific Light

Sample Solution Atomized Sample Light Absorbed Wavelength Selection Signal Measurement

by Atoms l

= Concentration Calculation

= Quantitative Results

Figure 2.12: Flowchart on the working of an AAS

A monochromator selects the specific wavelength of light to be measured. A detector
which measures the intensity of the light that passes through the sample. Less light
means more absorption, hence more of the element in the sample. AAS is a
fundamental technique in analytical chemistry for elemental analysis, valued for its

precision, sensitivity, and the ability to measure elements in complex matrices.

2.9 Food industry applications

Atomic Absorption Spectroscopy (AAS) has applied in maize nutritional studies for
quantification of mineral elements. Queiroz et al. (2011) determined iron and zinc
levels in tropical maize inbred lines, demonstrating variability among genotypes and
the usefulness of AAS in mineral screening. Shobhana et al. (2013) similarly applied
AAS to evaluate iron and zinc concentrations in maize germplasm, supporting its

application in biofortification programs. Pereira et al. (2020) evaluated the mineral
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profile of maize flour and quantified calcium, magnesium, iron, manganese, and zinc.
Zano et al. (2000) AAS combined with wet digestion for accurate determination of

zinc and manganese in maize samples.

2.10 Chapter Summary

This chapter discusses maize in depth providing insights into its morphology,
nutritional content and work that has been done to quantify these nutrients globally
and in the regional context. The section places this study into context. The chapter
also extensively discusses FTIR and AAS as analytical tools in food nutrition.

Modern statistical approaches to FTIR interpretation have also been highlighted
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CHAPTER THREE
MATERIALS AND METHODS

3.1 Introduction

This chapter outlines the materials and methods that were used in analyzing the
nutritional content of maize samples collected in Kirinyaga county. FTIR was used to
determine the biochemical profile of the collected maize samples while AAS was
employed for the elemental analysis of the samples. The elements iron, magnesium,

zinc and manganese were analyzed.

3.2 Materials
The following reagents were used in the analytical process and were purchased from
Sigma-Adrich

FeCl;.6H,0(99.2%)
MgCl,-6H,0(99%)
MnCl,-4H,0(99.3%)
ZnCl, (98%)
Nitric(v)acid (65%)

Other equipment used include:

Crucibles

50 mL volumetric flasks
Oven

Muffle furnace

Tongs

Weighing balance
Whatman filter papers

Filter funnels

® Glass stirring rods

3.3 Study Area

Kirinyaga County is found in the central region of Kenya (Figure 3.1). It is located on
the southern slopes of Mount Kenya. The county lies between latitudes 0°1’S

and 0°40' S and longitudes 37°E and 38°E, covering approximately 1,478.1 square
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kilometers (County Government of Kirinyaga, 2023). Its headquarters, Kerugoya, is
located approximately 120 kilometers northeast of Nairobi. The county shares its
borders with several counties: Nyeri County to the west, Embu County to the east, and

Murang’a and Machakos Counties to the southwest and south respectively.

The County has a steep altitudinal gradient that significantly influences its climate and
vegetation. The terrain rises dramatically from the low-lying Mwea plains at
approximately 1,158 meters above sea level to the summit of Mount. Kenya, which
exceeds 5,000 meters (Jaetzold et al., 2006). This topographical transition results in a
bimodal rainfall pattern. The highlands receive up to 2,146 mm of annual rainfall,
while the southern plains average about 1,100 mm (County Government of Kirinyaga,
2023). The county is partitioned into distinct agro-ecological zones (AEZs). The
higher altitudes are characterized by deep, well-drained red volcanic nitisols. As the
elevation drops into the midlands, the vegetation shifts toward more modified
agricultural landscapes. Finally, the lower midland zones are defined by vertisols,
commonly known as "black cotton soils," which are highly prized for their moisture
retention in irrigated agriculture (Kenya Agricultural and Livestock Research
Organization [KALRO], 2020).

These ecological conditions dictate the specific economic activities that sustain the
county’s residents. In this high-altitude region, farmers primarily plant late-maturing
maize varieties, which are better adapted to the prolonged growing seasons (KALRO,
2020). Transitioning into the upper midlands which grow medium-maturity maize
hybrids. The lowlands in the southern region represent a distinct economic hub
dominated by the Mwea Irrigation Scheme, which produces over 80% of the rice
consumed in Kenya (Jaetzold et al., 2006). Due to the shorter rainy seasons in these

plains, maize cultivation focuses on early-maturing and drought-tolerant varieties.

Administratively, Kirinyaga County is divided into five sub-counties that align largely
with its political constituencies: Kirinyaga East (Gichugu), Kirinyaga West (Ndia),
Kirinyaga Central, Mwea East, and Mwea West.
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Figure 3.1: Map of Kirinyaga county showing sample collection points

(Adapted from ResearchGate with some modification)

According to a KPHC report in 2019, its population was 610411 with a population

density of 413 people per square kilometer and an annual growth rate of 1.5%.

3.4 Sample Collection

The maize samples for this study were collected from twenty-five demo farms in
Kirinyaga County, Kenya as shown in Figure 16. The farms were located in different
sub counties in Kirinyaga county as shown in Table 3.1.

Table 3.1: Geolocation of sample collection points

At each selected farm, random sampling was conducted within the maize fields. Two

maize plants were chosen to represent the maize variety being grown. Care was taken
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SUB-COUNTY OF | GEO LOCATION VARIETY
COLLECTION
Kirinyaga central -0.5710680, 37.2980777 AMI-5
-0.5728557, 37.3117610 DE-7
-0.5575333, 37.3065766 MAK
-0.544612, 37.310283 e DUM-3
-0.5585850, 37.3074792 e DE-9
-0.556788,37.306249 e DE-7
Kirinyaga east -0.5889997, 37.2824874 e DE-9
-0.5480940, 37.3100652 e PI-3
-0.6290425, 37.3612065 e DE-7
-0.5654960, 37.3796722 e PI-8
Mwea west -0.676434, 37.442823 e DUM -3
-0.6054180, 37.2947991 e SUN
-0.701478,37.426277 e PI-3
-0.6711776, 37.3610858 o TS-6
Mwea east -0.656123, 37.288862 e PA-5
-0.6610828, 37.2876067 e DUM-3
-0.6735800, 37.3621181 e PI-3
-0.567809,37.241425 o KE-7
-0.6055819, 37.2003709 ® MAK
Kirinyaga west -0.6105776, 37.2531658 e PI-6
-0.567809,37.241425 e PA-5
-0.6500295, 37.2094076 e DE-1
-0.520041, 37.255637 ¢ MAK
-0.5505941, 37.1858849 e DE-3

-0.5720802, 37.1899827
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to ensure selected plants appeared healthy and free from any visible diseases or pests.
For each selected plant, the maize cob was harvested. Special care was taken to avoid
any contamination or mixing of samples. The harvested cobs were labeled properly
with unique identifiers to ensure traceability. The samples were placed in clean and

well labeled sample bags.

Each sample was stored separately to maintain the integrity of individual samples.
Proper documentation was maintained for each collected sample, including
information such as farm location, maize variety, and date of collection. The collected
maize samples were sun-dried to obtain an optimum moisture content for storageAfter
collection and drying the maize samples were transported to the laboratory in 500 g
zip-lock bags. The samples were stored in a cool, dry place to minimize any changes

in their characteristics until further analysis.

3.5 Pre-treatment of the Samples

3.5.1 Cleaning and Sorting

Upon arrival at the laboratory, the maize samples underwent a cleaning and sorting
process. Any visible dirt, debris, or foreign materials were removed from the samples
to eliminate potential sources of contamination. Damaged or discolored kernels were

also removed, ensuring that only healthy and representative kernels were analysed.

3.5.2 Milling

To ensure sample homogeneity and facilitate subsequent analysis, the dried maize
kernels were pulverized into a fine powder using a KM-1500 high-speed rotary mill
(MRC Ltd., Holon, Israel), achieving a uniform particle size across all samples. The
powdered samples were stored in airtight zip-lock bags to maintain their integrity until
they were analyzed.
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3.5.3 Sample Replication

For quality control purposes and to account for any potential variation within the
maize samples, replication of the pre-treated samples was carried out. This involved
dividing the powdered samples into triplicates that were used for analyses. The
replicated samples underwent the same analytical procedures, enabling validation of

the results and ensuring the accuracy of the findings.

3.6 Analysis of Macronutrients

The ground maize samples were sieved using a 0.5 mm sieve. About 100 mg of the
powdered solid sample was used for each analysis. The ATR crystal surface was
cleaned with isopropanol to remove any contaminants. A background spectrum was
collected with no sample applied to the crystal. The powdered sample was placed
directly onto the ATR crystal ensuring uniform contact between the sample and the
crystal. Spectra were collected using a Shimadzu Ir spirit FTIR instrument in
absorbance mode in the mid-infrared range (4000-500 cm-1) with a resolution of 1.43
cm™'. The background spectrum was subtracted from the spectrum obtained from each
sample. After the spectra had been obtained and baseline corrected, the peak heights
at specific wavenumbers were measured as an indicator of the quantity of macro
nutrients present. These wave numbers were: 997 cm™' -C-O stretch 1076 cm™! -C-O-
C- stretch 1149 cm™! -C-O-C- asymmetric stretching attributable to carbohydrates,
2854 cm™! -CH2 symmetric stretching 2925 cm™ asymmetric stretching 1743 cm!-
C=0 stretching 1709 cm™! -C=0 stretching attributed to fatty acids and fatty acid esters
and, 1539 cm™' amide ii -N-H bending/-C-N stretching 1646 cm™' amide | C=0
Stretching of peptide bonds linked to proteins.

3.7 Analysis of Micronutrients

Micronutrient analysis was conducted using an AA-7000 Atomic Absorption
Spectrophotometer manufactured by Shimadzu Corporation. The instrument
generated atomized vapor for each prepared sample and measured the absorption of
element-specific wavelengths of light corresponding to the target micronutrients. The
analytical wavelengths used were 213.9 nm for zinc, 285.2 nm for magnesium, 248.3

nm for iron, and 279.5 nm for manganese (Shimadzu Corporation, 2012, Section 4).
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3.7.1 Measurement Procedure

3.7.1.1 Diluent Preparation

A 2.5 L volumetric flask was used to prepare a 1.0 M nitric acid solution. 158 mL of
65% nitric acid was carefully measured and transferred into the volumetric flask
containing a portion of deionized water. The solution was then diluted with deionized
water up to the 2.5 L mark on the flask. The flask was stoppered and inverted several
times to ensure complete mixing, yielding a homogeneous 1.0 M nitric acid solution
(Harris, 2020).

3.7.1.2 Crucible Preparation
The crucibles used were washed with soap and tap water, they were then soaked in 1.5
M nitric (V) acid for 12 hrs. The crucibles were then washed with deionized water and

dried in an oven for 30 minutes at 105 °C.

3.7.1.3 Sample Incineration

10 g of the ground maize sample was weighed and placed in a clean crucible. The
samples were then transferred into an oven and dried at 120 °C for 90 minutes. The
crucibles were transferred to a muffle furnace and temperature ramped from 250 °C to
500 °C with a temperature increase of 50 °C every 30 minutes. The temperature was
then maintained at 500 °C for three hours. If the ash color was black after leaving the
furnace, the process was repeated until the ash was white or slightly colored (Nielsen,
2017).

3.7.1.4 Sample Dilution

The volumetric flask, funnel and stirrers were washed with the diluent prepared. About
30 mL of the diluent was poured into the crucible and stirred until no further
dissolution occurred. The contents of the crucible were filtered into a 50 mL
volumetric flask using Whatman filter papers (No. 1). The crucible was washed with

the diluent and filtered again, ensuring that all the contents of the crucible were
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emptied. The solution in the volumetric flask was topped up to the mark with the

diluent.
Ashing was done at 500° for
6hrs. temparature ramped
S:}Tples i Ground flour was then dried fEoq S0 Wan N0y
achieve a consistent :
30 t t self
texture inan oven at 120° for 1 hr 30 e

ignition

(o /=iy —> T
' k3
.ll- | s < ‘

Filtration to remove any
residue and dilution
using 20 ml deionised
water

Figure 3.2: A flowchart of the AAS analysis procedure

Ashed samples were acid
digested using 30 ml of 5%
HNO;

AAS analysis

The prepared maize samples, along with the calibration standards and blank solutions,
were introduced into the AAS instrument. The instrument sequentially analyzed each
sample and standard, measuring the absorbance at the specific wavelengths (Zn 213.9
nm, Mg 285.2 nm, Fe 248.3 nm, and Mn 279.5 nm) associated with the target micro-
nutrients. The absorbance values were then compared to the calibration curves to

determine the concentrations of the micro-nutrients in the maize samples.

3.7.2 Preparation of Standards

3.7.2.1 Iron

The stock solution for iron was prepared by dissolving 4.9785 g of FeCls-6H20 in 50
mL of 1 M HNO:s. The solution was then transferred into a 1000 mL volumetric flask
and then filled to the mark with 1 M HNOs to make up the standard. (1000 mg/L Fe).
The standards was then prepared as follows:0 mg/L prepared by using 50 mL of 1 M
HNO:s as blank; 2 mg/L prepared by using 0.1 mL stock then adding 49.9 mL 1 M
HNO:s; 4 mg/L prepared by using 0.2 mL stock then adding 49.8 mL 1 M HNO:s; 6
mg/L prepared by using 0.3 mL stock then adding 49.7 mL 1 M HNOs; 8 mg/L
prepared by using 0.4 mL stock then adding 49.6 mL 1 M HNOs; and 10 mg/L
prepared by using 0.5 mL stock then adding 49.5 mL 1 M HNOs (Harris, 2020).
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3.7.2.2 Magnesium

The stock solution for magnesium was prepared by dissolving 8.366 g of MgCl.-6H-0
in 50 mL of 1 M HNO:s. The solution was transferred into a 1000 mL volumetric flask
and diluted to the mark with 1 M HNO:s to obtain a standard solution containing 1000
mg/L of Mg. From this stock solution, working standards were prepared by serial
dilution as follows: a 0 mg/L standard was prepared using 50 mL of 1 M HNO: as the
blank; 2 mg/L, 4 mg/L, 6 mg/L, 8 mg/L and 10 mg/L standards were prepared by
pipetting 0.1 mL, 0.2 mL, 0.3 mL, 0.4 mL and 0.5 mL of the stock solution,
respectively, and each was diluted to 50 mL with 1 M HNOs (Harris, 2020).

3.7.2.3 Manganese

The stock solution for manganese was prepared by dissolving 3.603 g of MnCl.-4H-O
in mL of 1 M HNOs. The solution was then transferred into a 1000 mL volumetric
flask and diluted to the mark with 1 M HNO:s to give a standard solution containing
1000 mg/L of Mn. Working standards were prepared by serial dilution to obtain
concentrations of 0 mg/L, 2 mg/L, 4 mg/L, 6 mg/L, 8 mg/L and 10 mg/L,
corresponding to 0 mL, 0.1 mL, 0.2 mL, 0.3 mL, 0.4 mL and 0.5 mL of the stock
solution, respectively, each made up to 50 mL with 1 M HNOs (Harris, 2020).

3.7.2.4 Zinc

The stock solution for zinc was prepared by weighing 4.876 g of ZnCl. and dissolving
it in 50 mL of 1 M HNOs, the solution was then transferred to a 1000 ml volumetric
and filled to the mark with 1 M HNOs to make the standard. (1000 mg/L Zn) The
standards was then prepared as follows:0 mg/L prepared by using 50 mL of 1 M HNO:s
as blank, 2 mg/L prepared by using 0.1 mL stock then adding 49.9 mL 1 M HNOs, 4
mg/L prepared by using 0.2 mL stock then adding 49.8 mL 1 M HNOs;, 6 mg/L
prepared by using 0.3 mL stock then adding 49.7 mL 1 M HNOs, 8 mg/L prepared by
using 0.4 mL stock then adding 49.6 mL 1 M HNOs, and 10 mg/L prepared by using
0.5 mL stock then adding 49.5 mL 1 M HNOs (Harris, 2020).

3.8 Quality Control and Method Validation

Quality control measures were implemented during the Atomic Absorption
Spectroscopy (AAS) and Fourier Transform Infrared Spectroscopy (FTIR) analyses
to ensure the reliability and consistency of the results. Reagent blanks were analyzed
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alongside the samples during AAS analysis to monitor possible contamination and
background interference. Standard solutions of known concentrations were used to
generate calibration curves for manganese (Mn), magnesium (Mg), zinc (Zn), and iron
(Fe). All samples for both FTIR and AAS analyses were analyzed in triplicates, and
the mean values were calculated and used for data analysis. This was done to improve
the precision and reproducibility of the analytical results. Method validation for the
AAS analysis was carried out by assessing the linearity of the calibration curves and
the reproducibility of the measurements. Calibration standards ranging from 2 ppm to
10 ppm were used for each element analyzed. The calibration curves showed strong
linear relationships with correlation coefficients of 0.9910 for Mn, 0.9976 for Fe,
0.9950 for Mg, and 0.9994 for Zn(appendix), indicating good instrument performance

and analytical reliability.

3.9 Statistical Data Analysis

The obtained micro and macro-nutrient data was subjected to statistical analysis to
determine any significant variations and similarities among the maize varieties. The
measured absorbance intensities were subjected to PCA to identify similarities and
differences among the samples a heatmap was then employed to visualize the
identified similarities among the varieties. Descriptive statistics, PCA and heat maps
were employed to compare the micro-nutrient profiles and identify any significant

differences. The software employed was R (R version 4.3.1).

3.10 Chapter summary

This chapter comprehensively discusses the materials and methods followed to
achieve the studies objectives. The chapter provides the procedures followed for
sample collection and preprocessing for both FTIR and AAS analysis. Comprehensive
procedures for dry ashing along with standard preparation procedures for calibration
standards are discussed in depth.
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 Introduction

This chapter discusses the macronutrient composition and micronutrient content of the
maize flour samples that were determined using FTIR and AAS respectively. The data
collected using FTIR was analyzed using PCA and heatmaps. Results from AAS were
presented in tables then further analyzed using PCA, ANOVA, WELCH’S ANOVA,
Kruskall-Wallis, Dunn’s test, Tukey’s HSD and Games-Howells test.

4.2 Macronutrient Composition of Maize

Maize flour samples were characterized using Fourier Transform Infrared (FTIR) in
absorbance mode. Each sample was analyzed in triplicate, yielding a total of 75 spectra
for the study. The replicate spectra were averaged using R version 4.3.1 and
subsequently plotted on a common scale (Figure 4.1).

Identity
AMI-S
DE-1
DE-3
DE-7
DE-9
DUM-3
KE-7
MAK

Al

P2
PI-3
P16
P8
SUN

Wavenumber (cm-")

Figure 4.1: Extracted FTIR spectra

The averaged spectra were baseline corrected to eliminate background variation.
Following baseline correction, peak heights at specific wavenumbers associated with
major macronutrients were extracted. These were 997 cm™! -C-O stretch 1076 cm’! -
C-O-C- stretch 1149 cm™' -C-O-C- asymmetric stretching attributable to
carbohydrates, 2854 cm™' -CH:. symmetric stretching 2925 cm™' asymmetric

stretching 1743 cm™'-C=0 stretching 1709 cm™' -C=0 stretching attributed to fatty
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acids and fatty acid esters and, 1539 cm™' amide ii -N-H bending/-C-N stretching
1646 cm™'amide | C=0 Stretching of peptide bonds linked to proteins. These results

of these measurements are shown in table 4.1. Values are in arbitrary units.

4.1: Absorbance intensities for maize samples collected in Kirinyaga county

VARI
ETY

DE-9 0.1714 0.0925 0.0528 0.0349 0.0480 0.0662 0.0294 0.0340 0.0220 0.0163

997 1076 1646 2854 2925 1149 1519 1539 1709 1746

MAK 0.1104 0.0518 0.0280 0.0291 0.0395 0.0372 0.0123 0.0141 0.0081 0.0113

DE-9 0.1320 0.0773 0.0388 0.0317 0.0448 0.0551 0.0197 0.0254 0.0191 0.0130

DE-7 0.1524 0.0941 0.0558 0.0317 0.0448 0.0668 0.0285 0.0334 0.0194 0.0150

D:,’UM_ 0.1134 0.0547 0.0333 0.0293 0.0375 0.0363 0.0160 0.0187 0.0094 0.0083
D3UM- 0.2208 0.1238 0.0753 0.0470 0.0688 0.0855 0.0305 0.0421 0.0106 0.0233

AMI-5 0.2395 0.1308 0.0745 0.0512 0.0730 0.0929 0.0360 0.0420 0.0380 0.0191

DE-7 0.0982 0.0548 0.0404 0.0298 0.0408 0.0350 0.0139 0.0186 0.0125 0.0060

SUN 0.0949 0.0475 0.0227 0.0241 0.0314 0.0352 0.0135 0.0140 0.0107 0.0167
PI-3 0.0597 0.0254 0.0192 0.0224 0.0243 0.0198 0.0128 0.0141 0.0124 0.0117
PI-3 0.0886 0.0452 0.0280 0.0378 0.0279 0.0342 0.0140 0.0178 0.0110 0.0187
D:,’UM_ 0.0599 0.0334 0.0301 0.0214 0.0299 0.0230 0.0162 0.0207 0.0150 0.0084
PI-6 0.2054 0.1227 0.0786 0.0483 0.0714 0.0846 0.0363 0.0463 0.0369 0.0165

PA-5 0.2372 0.1278 0.0619 0.0620 0.0878 0.0969 0.0368 0.0420 0.0380 0.0444

PI-8 0.0761 0.0406 0.0212 0.0199 0.0268 0.0279 0.0138 0.0162 0.0092 0.0145

DE-7 0.2225 0.1166 0.0544 0.0439 0.0617 0.0845 0.0307 0.0348 0.0230 0.0244

TS-6 0.1547 0.0794 0.0414 0.0441 0.0624 0.0575 0.0161 0.0201 0.0199 0.0171

P1-3 0.1261 0.0587 0.0291 0.0315 0.0409 0.0417 0.0128 0.0152 0.0105 0.0147

PA-5 0.1981 0.1156 0.0576 0.0580 0.0800 0.0908 0.0346 0.0396 0.0335 0.0468

KE-7 0.3239 0.2055 0.1425 0.0896 0.1336 0.1371 0.0632 0.0793 0.0636 0.0410

MAK 0.1210 0.0604 0.0295 0.0294 0.0389 0.0418 0.0155 0.0177 0.0116 0.0137

DE-1 0.1305 0.0603 0.0284 0.0236 0.0308 0.0419 0.0154 0.0187 0.0101 0.0097

MAK 0.1207 0.0659 0.0363 0.0271 0.0369 0.0460 0.0212 0.0259 0.0152 0.0150

DE-3 0.3533 0.1840 0.1001 0.0726 0.1086 0.1302 0.0433 0.0532 0.0532 0.0275

P1-2 0.4051 0.2093 0.1131 0.0594 0.0953 0.1496 0.0432 0.0539 0.0345 0.0196

Although the spectral profiles across these regions exhibited only subtle visual

differences that made structural discrimination difficult, noticeable variations in peak
intensities were observed. These differences suggest quantitative rather than
qualitative variation among the maize samples. Examination of individual
wavenumbers of interest further demonstrated distinct absorbance patterns. For
example, KE-7 displayed the greatest absorbance intensity at 1646 cm™, whereas PI-

2 exhibited the highest intensity at around 997 cm™.
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Principal component analysis (PCA) was then applied to allow for the extraction of
more conclusive data from the extracted absorbance intensity peaks. This was done
using the multivariate data analysis software (R version 4.3.1 (2023-06-16 ucrt). PC1
and PC2 were responsible for 95.53% of the variability in the dataset with PC1 was
responsible for 89.75% of the variability. The scatter plot was separated into four close
but distinct clusters. Cluster 1 was composed of PI-3, PI-8, and SUN (Figure 4.2),
which showed that they had similarity in their biochemical profiles and comparable

nutritional composition.

» CLUSTER 4

PC2 (5.8%)
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Figure 4.2: PCA plot for extracted FTIR absorbance intensities

A second cluster, Cluster 2, was located very close to cluster 1, comprised majorly of
the MAK variety. This variety was developed by the Kenya Agricultural and
Livestock Research Organization (KARLO). The variety was bred to enhance food
security in arid and semi-arid areas with a focus on drought resilience, early maturity,
and improved yield in limited water supply. This can be thought of as indicating that

the MAK variety had its own unique biochemical profile.

Cluster 3, which was the largest of the clusters, contained DE-7, DE-9 and, DE-1. This
cluster comprised of three of the four DE varieties which implies that the three
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varieties had similar profiles. This may arise from a similar genotypic make up since
all the samples had been bred by the same parent company. The fourth DE variety
(DE-3) did not cluster in any of the clusters implying some uniqueness of its nutritional
makeup. All DE varieties have however, been separated by PC 1 with little separation
by PC 2, A fourth cluster, cluster 4, was observed that had PA-5 only. This cluster was
separated from all the others, which implied that PA-5 has a unique nutritional profile
compared to the other varieties in this study. KE-7 and PI-2 separated from the rest of
the samples indicating unique profiles. PI-6 and AMI-5 separated from the other
clusters and showed similar nutritional properties. Both genetic and agronomic factors
contribute to variation in the amount and quality of maize constituents, influencing

nutrient composition and grain quality (Prasanna et al., 2020).

To visualize the spectroscopic differences of the maize varieties already highlighted
in general terms by PCA, a heat map(green-yellow-red) of the spectral data set was

generated and presented as Figure 4.3.

WAVENUMBER (CM™)

VARIETY 007 1076 1149 2854 2925 1746 1709 1519 1539 1646
MAK
MAK
MAK
DUM-3
DUM-3
DUM-3
SUN
P13
P13
P13
PI6
PL8
P12
PA-S
PAS
DE-1
DE-7
DE-7
DE-7
DE-3
DE-9
DE-%
AMIS
T5-6
KE-7

Figure 4.3: Heatmap of absorbance intensities at wavenumbers corresponding
to different macronutrients
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From visual inspection it could be seen that both DUM-3 and MAK varieties had low
(red) absorbance intensities across all the measured wavenumbers. This indicated
similarities in their nutritional profiles. The DE varieties (DE-3, DE-7, DE-1 and DE-
9) showed moderate (yellow) to high(green) absorbance intensities across the
measured wavenumbers which indicated similar chemical profiles. DE-3 had the
highest absorbance intensities of all the DE varieties, which set it apart from the rest

of the DE varieties.

PI1-3 and PI-8 showed similar and low absorbance intensities across the measured
wavenumbers; however, the absorbance intensities for wave numbers associated with
lipids in PI-3 higher. PI-2 and PI-6 showed well-balanced profiles, with their
absorbance intensities ranging from moderate to high when compared to the other
varieties in the study. PI-2 had the highest absorbance intensities across wavenumbers
associated with carbohydrates when compared to other varieties in the study. PA-5
showed a balanced profile with moderately high absorbance intensities across
wavenumbers associated with starch, proteins, and lipids. It was also noted that the
variety indicated a very high absorbance intensity at 1746, which was particularly
unique for all the samples in the study which was responsible for its separation from

the rest of samples in the PCA plot (Figure 4.2).

AMI-5 and TS-6 have moderate absorbance intensities across the measured
wavenumbers; however, it was noted that TS-5 lower absorbance intensities across
the wave numbers associated with proteins in comparison. SUN was noted to have a
very similar profile to PI-3, which could indicate a similarity in their nutritional
makeup. KE-7 had notably high absorbance intensities across all the measured wave
numbers when compared to the rest of the samples in the study. This implied it had a

unique profile which separated it from the rest of the varieties in the study.

4.3 Micro-Nutrient Quantification

The digested maize samples were analyzed for their micro-nutrient composition. The
micronutrient composition of the maize samples was analyzed using AAS in triplicate.
The mean values were then presented in Table 4.2. The data obtained from AAS were

in mg/L and were converted to mg/Kg using the mathematical equation;
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m,
Concentrat e (29) -
oncentration of sample Kg

mg

g concentration of solution( 1 ) X Final volume of digest(L)dilution factor(DF)

Mass of digest (Kg)

Table 4.2: Micronutrient concentrations for analyzed maize samples

Sub Maize
county Iron Zinc | Manganese | Magnesium
Variety
*;g;ﬂ{%gl DEo | 3433049 | 20* 0635003 I
*;g;g{%gl vak | 21792050 | 2299F 3401020 | 12020
K;”QS’?Q oEg | 3883212 2%_‘;‘;1“ 4.14+0.19 1117152%1
:'Cre'?]{raa? oE | 2183115 236_1%1“ 5.55 + 0.07 12g23_'gg *
e | U | 36.04£308 RO * 5272008 | 1107
:'Cre'?]{raa? oum.s | 20472097 | 3191 F 5155025 12255_'33? *
s s | e | S sme | P
:Ic::?m{rz? o7 | 35.14%2.13 391'_%‘;1“ 5.17+0.21 12223'112’ *
T | ez S| UE | T
'\g‘;‘ﬁa oLg | 46.89%399 5%5311 9.67 + 0.5 1322;5? *
'\\fv‘g’seta og | 3857+151 4%'23;* 5.58 + 0.10 1253‘5? *
W s | s | |
K;r\jcef’t‘g ors | 3488145 | T0F 6622056 12?3‘58 *
K;m’:t‘g ops | 4281+3.25 4‘;'.92(;1 7.64 +0.45 1388_‘25 *
Kggﬁg og | 47.96%0.96 361'_915f 4.91+0.18 1183523 *
K;ri}r;{;‘g e | 4041346 311'.11%1 4.37+033 11f§_‘§j *
Mwed | e | 2642:231 4%.02%1“ 5.27 +0.27 12172%2%1
K;rg;ﬁ‘g og | 3756%2.80 2‘;'_%531“ 4.35+022 113;52 *
'\g‘;ﬁa ops | 4692%0.74 6%‘%791“ 8.21 +0.09 1382"23 *
Me‘;‘;‘ia £ | 65.87+232 7%.3;3;1 6.17 + 0.56 131312263521
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MW | Ak | 4647052 oL® les2x066 | ool
K;rweﬁ?g e | 4381%411 452'%%1' 6.54 + 0.62 131%%1*
K;rweﬁg VAK | 35.95+185 3‘;'.3;21' 6.40 + 0.52 12g§85§ *
K;m’s?g oEa | 3928246 421'%1 5.81+0.11 12172%_5221
K;r\jcg’s"’;g o, | 34.75£051 54;%231 6.00 + 0.5 12&%%31

Mean 4138 4327 | 590 1254.14
Highestvalue | 3433%0.49 4%‘%%1 0.63 +0.03 12363358 *
Lowestvalue | 21792050 | 0% 13402000 | 12055

*Values are means = SD (n=3)

From the table, magnesium recorded the highest concentration among the analyzed
micronutrients, ranging from 1135.69 to 1354.39 ppm, with an average of 1254.14
ppm across maize varieties grown in Kirinyaga County. These concentrations are
comparatively higher than those reported in several studies conducted in other regions

of Africa and worldwide.

For example, Ullah et al. (2010), in a comparative study on maize cultivars in Pakistan,
reported magnesium concentrations ranging from 985.2 to 1125.3 ppm, values that are
approximately 18.8% lower than those obtained in the current study. Similarly, Guo
et al. (2020), working with twenty-four Chinese maize cultivars under varying
nitrogen fertilization levels, observed magnesium contents between 0.97 and 1.11

g-kg™! (equivalent to 970-1110 ppm), which were also lower than the Kirinyaga mean.

In Europe, Dumbrava et al. (2009) analyzed different maize hybrids and reported
magnesium concentrations ranging from 970 to 3006 ppm, a much wider span
attributed to both genetic differences and the type of sample analyzed (grain and flour
extracts). In Africa, Majamanda et al. (2022) found lower magnesium levels averaging

819 ppm in orange maize varieties grown in Dedza, Malawi.

Furthermore, Gashu et al. (2021) reported in a geospatial assessment of cereal nutrient
composition across sub-Saharan Africa that maize grain magnesium concentrations
typically range from 700 to 1500 ppm, depending on soil fertility and agroecological
zone. When compared across these studies, the magnesium concentrations obtained
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from Kirinyaga maize (1135-1354 ppm) fall toward the upper limit of the ranges

reported internationally.

Zinc was the second most abundant micronutrient detected in the maize samples
analyzed from Kirinyaga County. The concentrations ranged from 19.65 to 83.95 ppm,
with an average of 43.27 ppm across the different varieties. These values show
considerable variation among the samples, reflecting possible variation in soil zinc

availability.

When compared to published studies, the mean zinc concentrations observed in the
study is within or higher than the range reported in several other regions. For instance,
Hailu et al. (2017) investigated zinc levels in Ethiopian maize and reported
concentrations ranging from 23.1 ppm to 29.3 ppm, which are substantially lower than
the Kirinyaga mean of 43.27 ppm. Similarly, Ullah et al. (2010), in a comparative
study of maize cultivars, found zinc concentrations ranging between 37.05 ppm and
52.4 ppm, the mean recorded in Kirinyaga falls within the range reported in this

particular study.

Additional comparative data from outside Africa further supports these findings. Guo
et al. (2020), analyzing Chinese maize cultivars under different nitrogen regimes,
reported zinc concentrations between 21 ppm and 38 ppm (converted from their data
in mg-kg™). In Europe, Dumbrava et al. (2009) documented zinc contents ranging
between 22 ppm and 58 ppm in maize hybrids from Romania. Moreover, Gashu et al.
(2021), in a geospatial analysis of cereal nutrient composition across sub-Saharan
Africa, noted maize grain zinc concentrations typically within 20-40 ppm, depending

on soil and environmental conditions.

Manganese concentrations in maize samples from Kirinyaga County ranged from 0.63
ppm to 11.05 ppm, with an average of 5.90 ppm across all regions and varieties
analyzed. Although manganese occurred in lower quantities compared to
macronutrients such as magnesium, its concentration varied notably among samples,
reflecting both genetic and environmental influences. Varieties such as DE-7
(Kirinyaga Central) and MAK (Mwea East) exhibited the highest Mn levels (> 10
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ppm), while DE-9 from Kirinyaga Central recorded the lowest concentration (0.63

ppm).

The mean manganese content (5.90 ppm) obtained in this study is broadly comparable
to international values reported for maize grain. For instance, Ullah et al. (2010) found
manganese concentrations between 4.95 ppm and 8.24 ppm in maize grown in
Pakistan, while Guo et al. (2020) observed values ranging from 3.2 ppm to 6.5 ppm
among Chinese maize cultivars. Similarly, Dumbrava et al. (2009) reported a range of
2.4 ppm to 5.6 ppm in Romanian hybrids, whereas Majamanda et al. (2022) recorded
1.25 ppm to 2.33 ppm in orange maize varieties from Malawi. A continental-scale
study by Gashu et al. (2021) also reported that maize grains across sub-Saharan Africa

generally contain between 1.0 ppm and 5.0 ppm of manganese.

Based on these comparisons, the manganese levels observed in Kirinyaga maize are
within and slightly above the global range, particularly for certain varieties exceeding
10 ppm. These elevated concentrations suggest that local agroecological factors such
as soil type, pH, and organic matter may enhance Mn bioavailability, or that specific
genotypes possess superior Mn uptake efficiency. Conversely, the lower Mn
concentrations recorded in some varieties may be linked to soil redox conditions or
varietal differences in metal transport and accumulation (Tao et al., 2023; Long et al.,
2020)

The iron (Fe) concentrations in maize samples from Kirinyaga County ranged from
20.47 ppm to 94.43 ppm, with an average of 41.38 ppm across the sampled regions
and varieties. Iron was one of the major micronutrients detected, exhibiting
considerable variation among varieties and sites. The highest Fe level was observed
in the MAK variety from Mwea East (94.43 ppm), while the lowest occurred in DUM-
3 from Kirinyaga Central (20.47 ppm). Such variability may be attributed to genotypic
differences, soil Fe availability, and environmental conditions influencing metal

uptake and translocation (Bouis and Saltzman, 2017)

When compared with literature, the mean Fe concentration obtained in Kirinyaga
maize (41.38 ppm) is within or slightly above the range reported in other studies. Ullah

et al. (2010) reported Fe levels between 33.15 and 46.50 ppm in maize cultivars grown
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in Pakistan, which closely aligns with the current findings. Similarly, Guo et al. (2020)
observed Fe concentrations ranging from 28.6 to 53.2 ppm in Chinese maize cultivars,
showing a comparable magnitude. In contrast, Hailu et al. (2015) found relatively
lower iron levels in Ethiopian maize varieties, ranging from 22.4 to 34.1 ppm, while
Dumbrava et al. (2009) reported slightly higher Fe values of 45.8 to 64.5 ppm in

Romanian hybrids.

Regionally, Gashu et al. (2021), in a geospatial nutrient mapping study across sub-
Saharan Africa, reported Fe concentrations in maize generally ranging between 20 and
60 ppm, with substantial site-specific variation driven by soil properties and
genotype—environment interactions. The Fe concentrations in Kirinyaga maize
therefore fall toward the upper portion of this continental range, indicating favorable

soil Fe bioavailability or efficient Fe uptake by local varieties such as MAK and PI-3.

To further help analyze the data and explain similarities and differences between the

samples PCA was done and the scatter plot presented in Figure 4.4.
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Figure 4.4: PCA plot for the concentration of micronutrients

From the PCA results, the first two principal components (PC1 and PC2) accounted
for 90.7% of the total variability, with PC1 contributing 68.1% and PC2 22.6%. This
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indicates that most of the variation in micronutrient composition among the maize

varieties can be effectively summarized along these two axes.

The scatter plot revealed three distinct clusters. Cluster 1 was primarily occupied by
samples from Kirinyaga East, suggesting that these varieties shared similar
micronutrient accumulation patterns possibly due to analogous soil micronutrient
availability. Cluster 2 consisted of samples from Kirinyaga West suggesting that this
variety shared compositional similarity in certain minerals. Cluster 3 was composed
of Mwea East samples this indicates that this samples had a similar micro nutrient
profile. Samples from Kirinyaga central formed a large cluster below cluster one
however this cluster was not as close knit as the other three clusters this indicated that

there were more intraregional differences in Kirinyaga central than the other regions

The observed overlap among samples from Mwea West with those from other sub
counties suggests non-uniformity in soil micronutrient distribution and its potential
influence on mineral uptake. Variability in soil pH, moisture regime, and organic
matter between the lowland (Mwea) and upland (Kirinyaga Central/East/West) zones

may also contribute to these compositional differences.

Prior to running analysis of variance (ANOVA) to validate the observed PCA
clustering, Shapiro wilk test and Levene’s test were performed to test for normality
and homogeneity of variance in the dataset respectively. Table 4.3 presents the results
of the Shapiro wilk test for the different metals per region.

Table 4.3: Shapiro wilk’s test results

Mineral W-statistic p-value
IRON 0.8360 0.0010
ZINC 0.9500 0.2511
MANGANESE 0.9474 0.2192
MAGNESIUM 0.9745 0.7581

The test provides two outputs: the W statistic and the p-value. The W statistic indicates
how closely the sample distribution approximates a normal distribution, with values
closer to 1 suggesting stronger agreement with normality. The p-value determines

whether deviations from normality are statistically significant.
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For Iron, the Shapiro-Wilk test showed a statistically significant departure from
normality (W = 0.8360, p = 0.0010), indicating that iron concentration data were not
normally distributed. For Zinc (W = 0.9500, p = 0.2511), Manganese (W = 0.9474, p
=0.2192), and Magnesium (W = 0.9745, p = 0.7581), the p-values were greater than
0.05, indicating no statistically significant departure from normality. These results
suggest that the distributions of zinc, manganese, and magnesium were approximately

normal.

Table 4.4: Levene’s test results

Mineral Df(group,res) | F-value Pr(>f) Verdict
Iron 4,20 10.188 0.0001 Unequal
Zinc 4,20 6.077 0.0022 Unequal
Manganese | 4,20 2.550 0.0710 Equal
Magnesium | 4,20 0.544 0.7054 Equal

Levene’s test produces two key outputs: the F-statistic, and the p-value. The F-statistic
measures the extent to which group variances differ from each other, with larger values
indicating greater inequality of variances. The p-value indicates whether these
differences are statistically significant. A p-value > 0.05, as observed for Mn: 0.0710
and Mg: 0.7054 in Table 5, suggests that the assumption of homogeneity of variances
is met, meaning the group variances are not significantly different. In contrast, a p-
value < 0.05, as seen for Fe: 0.0001 and Zn: 0.0022, indicates that the variances are

significantly different across groups, thus violating the assumption of equal variances.

ANOVA was then performed on the two nutrients that showed normality and
homogeneity of variance (Mn and, Mg) to test for significant difference between
different sub counties. Table 4.5 presents the results of ANOVA for the different

metals per region.

Table 4.5: ANOVA between sub counties

Mineral F-value P-value Significant
MANGANESE | 5.170 0.0050 Yes
MAGNESIUM | 7.988 0.0005 Yes
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ANOVA measured the intra-group and inter-group variability between the five sub

counties in Kirinyaga.

The f-value measures the ratio of these variances. From Table 4.5 magnesium had the
largest f-value indicating it had the most difference among the five sub counties. The
associated p-values of p < 0.05 in Mg and Mn indicated that there was significant
difference in the quantities of these metals between the different sub counties. The
mean concentrations per region for Mg and Mn were then calculated prior to running

post hoc tests. The resultant means for the regions are presented in Table 4.6.

Table 4.6: Mean concentration of magnesium and manganese across Kirinyaga
county, Kenya.

Magnesium (mg/kg) | Manganese (mg/kg)
Sub County
Mean + SD Mean + SD
Kirinyaga Central 1238.77 £ 32.36 3.93+1.84
Kirinyaga East 1163.54 £ 28.31 4.44 +0.33
Kirinyaga West 1279.93 £ 23.34 6.50 + 0.64
Mwea East 1300.69 + 47.46 7.23+1.73
Mwea West 1270.44 + 63.27 8.06 + 3.06

Mean magnesium levels ranged from 1163.54 + 28.31 mg/kg in Kirinyaga East to
1300.69 + 47.46 mg/kg in Mwea East. Relatively high magnesium concentrations
were also observed in Mwea West 1270.44 + 63.27 mg/kg and Kirinyaga West
1279.93 + 23.34 mg/kg, while Kirinyaga Central 1238.77 = 32.36 mg/kg showed

intermediate values.

Mean manganese concentrations also showed clear regional gradient, with the lowest
levels recorded in Kirinyaga Central 3.93 + 1.84 mg/kg and Kirinyaga East 4.44 +
0.33 mg/kg. Higher manganese concentrations were observed in Kirinyaga West 6.50
+ 0.64 mg/kg and Mwea East 7.23 £ 1.73 mg/kg, with the highest mean manganese
level occurring in Mwea West 8.06 + 3.06 mg/kg.
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Follow-up comparison using Tukey’s HSD provided deeper insight into the specific
regional contrasts responsible for these effects. Table 4.7 presents results for Tukey’s
HSD.

Table 4.7: Turkey's HSD results for Manganese.
Comparison Diff Lwr | Upr P adj

Mwea East — Kirinyaga Central 3.301 0.18 |6.43 |0.0353

Mwea West — Kirinyaga Central 4.138 081 |7.47 |0.0106
Kirinyaga West — Kirinyaga Central | 2.578 -0.4 | 556 |0.1106

Kirinyaga East — Kirinyaga Central | 0.518 -2.81 |3.85 |0.9897

Kirinyaga West — Kirinyaga East 2.06 -1.27 539 |0.3743
Mwea East — Kirinyaga East 2.784 -0.68 | 6.25 |0.1546
Mwea West — Kirinyaga East 3.62 -0.03 | 7.27 |0.0525
Mwea East — Kirinyaga West 0.723 -24 13.85 |0.9558
Mwea west — Kirinyaga west 1.56 -1.77 1489 |0.6339
Mwea west — Mwea east 0.837 -2.63 | 4.3 0.9486

*Diff = Mean difference between groups, Lwr = Lower bound of 95% confidence
interval, Upr = Upper bound of 95% confidence interval, P adj = Tukey-adjusted p-

value

Manganese showed some regional patterns. Both Mwea East and Mwea West
exhibited significantly higher manganese concentrations compared to Kirinyaga
Central (P<0.05). No significant differences were observed among the remaining
pairs(P>0.05). These results indicate that the Mwea regions are consistently richer in
Manganese, suggesting that soil characteristics, irrigation water composition, or

environmental factors in Mwea may enhance manganese availability to maize plants.

The strongest regional effect was observed for magnesium as shown in Table 4.8.
Tukey’s post-hoc test showed that Kirinyaga East had significantly lower magnesium
levels than Kirinyaga West, Mwea East, and Mwea West, (P<0.05). while the three
latter regions did not differ significantly among themselves (P>0.05). This pattern

indicates that Kirinyaga East is uniquely deficient in magnesium compared to the rest
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of the county. Such a localized deficiency may be linked to soil type, past land-use

patterns, or nutrient depletion from intensive cultivation.

Table 4.8: Turkey's HSD results for magnesium.

Comparison Diff Lwr Upr P adj
Kirinyaga West — Kirinyaga | 116.383 39.87 192.9 | 0.0016
East

Mwea East — Kirinyaga East 137.149 57.63 216.66 | 0.0004
Mwea West — Kirinyaga East | 106.893 23.08 | 190.71 | 0.0085
Kirinyaga East — Kirinyaga | -75.226 -151.74 | 1.29 0.0554
Central

Kirinyaga West — Kirinyaga | 41.157 -27.28 | 109.59 | 0.401
Central

Mwea East — Kirinyaga Central | 61.923 -9.85 133.7 |0.1121
Mwea West - Kirinyaga | 31.667 -44.85 | 108.18 | 0.7298
Central

Mwea East — Kirinyaga West | 20.766 -51.01 | 92.54 | 0.906
Mwea West — Kirinyaga West | -9.49 -86.0 67.02 | 0.9956
Mwea West — Mwea East -30.256 -109.77 | 49.26 | 0.7845

*Diff = Mean difference between groups, Lwr = Lower bound of 95% confidence
interval, Upr = Upper bound of 95% confidence interval adj = Tukey-adjusted p-value

Since the assumption of homogeneity of variances was violated for zinc (p < .05),
Welch ANOVA was conducted since it assumes unequal variance. Table 4.9 shows
the Welch’s ANOVA results for zinc

Table 4.9: Welch's ANOVA result for zinc

df2
8.93

F-statistic dfl
4.23 4

Mineral p-value

0.034

Zinc

Welch’s ANOVA measured the intra-group and inter-group variability of zinc
concentrations across the five sub-counties in Kirinyaga. The F-value represents the
ratio of these variances, the obtained F-value of 4.23 indicates that there were
observable differences in zinc concentrations among the five sub-counties. The
degrees of freedom (df2 = 8.93) reflect the Welch—Satterthwaite adjustment, which

accounts for unequal variances among groups. The associated p-value of 0.034 (p <
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0.05) indicates that there was a statistically significant difference in zinc
concentrations between the sub-counties.

Follow up comparison using Games—Howell post hoc test was used to determine
which specific sub-counties differed significantly in zinc concentrations following the
significant Welch ANOV A result. This test compares all possible pairs of sub-counties
while accounting for unequal variances and unequal sample sizes Table 4.10 shows

this result.

Table 4.10: Games-Howell test results for zinc

Estimate | Conf. Conf. p-
Group 1 Group 2 High Low value
Kirinyaga Kirinyaga east | -5.07 8.78 189 | 0714
central
Kirinyaga Kirinyaga | g 5, 223 383 |0213
central west
Kirinyaga Mweaeast | 19.0 57.2 191 |0374
central
Kirinyaga Mweawest | 17.1 71.8 375 | 0.609
central
Kirinyaga east vlf/:ersltn yaga 14.3 27.4 1.18 0.033
Kirinyaga east | Mwea east 24.1 62.6 -14.3 0.216
Kirinyaga east | Mwea west 22.2 77.4 -33.0 0.425
Kirinyaga Mweaeast | 9.83 48.3 286 | 0.822
west
\'fvg;t”yaga Mwea west | 7.93 63.2 474 | 0.943
Mwea east Mwea west -1.90 50.3 -54.1 1.000

*Conf. High-highest confidence interval, Conf. Low- lowest confidence interval

The results showed that most pairwise comparisons were not statistically significant
(p > 0.05), indicating that zinc concentrations were relatively similar across most sub-
counties. However, a significant difference was observed between Kirinyaga East and
Kirinyaga Central (p = 0.033), where zinc levels in Kirinyaga East were significantly
higher than those in Kirinyaga Central. All other comparisons did not show

statistically significant differences.
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Since Fe did not show normality in the dataset Kruskal-Wallis test which is a non -
parametric statistical test used to determine whether there are statistically significant

differences between independent groups was ran. Table 4.11 shows these results

Table 4.11: Kruskal-Wallis test results for iron.

TEST XZ(H- statistic) DEGREE OF FREEDOM (df) | p-

value
Kruskal 13.022 4 0.011
Wallis

Kruskal-Wallis produces two results the H-statistic which represents how far apart
group rankings are and a p-value which indicates the probability of obtaining the
observed test statistic assuming that no true difference exists among the groups. A p-
value < 0.05 indicates that observed differences are statistically significant. The
observed p- value of 0.011 therefore indicates that the group differences are
statistically significant.

Following a significant Kruskal-Wallis test, post-hoc pairwise comparisons were
performed using Dunn’s test with Benjamini—Hochberg false discovery rate

adjustment. Table 4.12 shows these results

Table 4.12: Dunn’s test results for iron

Comparison Z P. unadj P.ad]
Kirinyaga Central - Mwea East | -3.24613595 | 0.00116983 | 0.0116983
Kirinyaga Central - Kirinyaga
East -2.45576245 | 0.01405861 | 0.04686202

Kirinyaga Central - Mwea West | -2.56100942 | 0.01043685 | 0.05218426
Kirinyaga Central - Kirinyaga

West -1.92193812 | 0.05461354 | 0.13653386
Kirinyaga West - Mwea East -1.41363985 | 0.15746767 | 0.31493535
Kirinyaga East - Kirinyaga
West 0.73672874 0.46128733 | 0.6589819
Kirinyaga West - Mwea West | -0.8419757 0.39980156 | 0.66633593
Mwea East - Mwea West 0.46586011 0.64131564 | 0.71257293
Kirinyaga East - Mwea East -0.56713405 | 0.57062311 | 0.71327889
Kirinyaga East - Mwea West -0.09607689 | 0.9234595 | 0.9234595

Dunn’s test gives two results; the Z statistic reflects the difference in mean ranks
between the two regions a negative Z value shows the second region has higher ranks
while a Positive Z value shows the first region has higher ranks. The test revealed

significant differences between Kirinyaga Central and Mwea East (p = 0.012), and
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between Kirinyaga Central and Kirinyaga East (p = 0.047). Regional iron
concentrations were summarized using medians and interquartile ranges (IQR) due to

non-normal distributions. The results are shown in Table 4.13.

Table 4.13: Medians and interquartile ranges for iron across Kirinyaga county.

Region Median IQR
Mwea West 55.3 42.1
Mwea East 46.9 0.453
Kirinyaga East 39.6 3.79
Kirinyaga West 37.6 6.79
Kirinyaga Central 25.9 115

From Table 4.13 Median iron concentrations were higher in Mwea East and Kirinyaga

East compared to Kirinyaga Central.

4.4 Chapter Summary

The micronutrient content of the collected maize samples was successfully
quantified using AAS. PCA run on the data collected from AAS revealed clustering
in terms of sub county of origin. Statistical analysis for the data collected from AAS
showed that there was significant difference in the levels of all the elements analyzed
within the county. PCA run on the measured absorbance intensities revealed

clustering in terms of variety.
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

FTIR spectroscopy was successfully applied to identify the macronutrient composition
of the maize varieties through characteristic absorption bands corresponding to
carbohydrates, proteins, and lipids. Major peaks were recorded around 997 cm™! -C-O
stretch 1076 cm™! -C-O-C- stretch 1149 cm! -C-O-C- asymmetric stretching
attributable to carbohydrates, 2854 cm’! -CH. symmetric stretching 2925 cm’!
asymmetric stretching 1743 cm™! -C=0 stretching 1709 cm’! -C=0 stretching

attributed to fatty acids and fatty acid esters and, 1539 cm"!

amide ii -N-H bending/-
C-N stretching 1646 cm 'amide | C=0 Stretching of peptide bonds linked to proteins.
The observed variations in spectral intensities among varieties indicated differences

in macronutrient content amongst the varieties.

Principal Component Analysis (PCA) of the FTIR data accounted for 95.53% of total
variance, confirming distinct biochemical groupings among varieties. (DE-9, DE-7,
and DE-1) formed a single cluster, reflecting compositional similarity likely due to
genetic similarity. Conversely, KE-7, PI-6, and PA-5 formed distinct clusters,
implying unique biochemical signatures. KE-7 exhibited the highest spectral
intensities across major bands, suggesting a balanced and rich macronutrient profile.
On the other hand, DUM-3 and MAK varieties recorded relatively low absorbance
intensities, reflecting lower carbohydrate and protein contents. These results indicate
that macronutrient composition is predominantly influenced by genetic makeup, with

environmental factors playing a secondary role.

Atomic Absorption Spectroscopy provided precise quantification of Fe, Zn, Mn, and
Mg across the maize samples collected. The results revealed substantial variation both
between and within varieties, indicating the influence of both genotype and soil
nutrient availability. Magnesium recorded the highest concentrations, ranging from
1135.69 to 1354.39 mg-kg' with a mean of 1254.14 mg-kg™’, suggesting that
Kirinyaga soils are rich in Mg and that the maize varieties under study have high Mg
uptake efficiency. Zinc concentrations ranged between 19.65 and 83.95 mg-kg™,
averaging 43.27 mg-kg!, with DE-7 and KE-7 exhibiting the highest Zn levels. Iron
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levels ranged from 20.47 to 94.43 mg-kg™', with a mean of 41.38 mg-kg™'. The highest
Fe concentration was observed in the MAK variety from Mwea East, implying that
both genotype and local soil conditions favor Fe accumulation. Manganese (Mn)
concentrations were lowest, ranging from 0.63 to 11.05 mg-kg™', with a mean of 5.90
mg-kg'. PCA of micronutrient data explained 90.7% of total variation (PC1 = 68.1%,
PC2 = 22.6%), revealing clear clustering patterns based on region. These results
demonstrate that genetic variation and environmental conditions jointly influence

mineral accumulation.

Comparison of macronutrient and micronutrient profiles across sub-counties revealed
distinct nutritional patterns. Samples from Mwea East and Mwea West generally
exhibited higher nutrient concentrations compared to those from Kirinyaga East and
Kirinyaga West. When both FTIR and AAS findings were integrated, KE-7 emerged
as the most nutritionally superior variety in this study, exhibiting high absorbance
intensities across FTIR spectra and elevated Zn and Mg contents in AAS results. DE-
3 also demonstrated balanced macronutrient and micronutrient composition, making
it suitable for nutritional enhancement initiatives. In contrast, DUM and PI-3 recorded
lower nutrient levels, indicating they are better suited for yield-based or drought-
tolerant breeding objectives rather than nutrition-focused programs. The clear
clustering of varieties according to genotype for macro nutrients rather than region
further supports the conclusion that genetic factors are the major determinants of

maize nutritional quality (Govender et al., 2020; Hailu et al., 2017).

5.2 Recommendations

The findings of this study demonstrated significant variation in both macronutrient
and micronutrient composition across maize varieties cultivated in Kirinyaga County.
The results emphasize the importance of genotype in determining nutritional quality,
supported by minor but notable environmental effects. Therefore, from the insights

offered by this research, the following recommendations are made:

5.2.1. Policy Recommendations
I.  Significant variability in nutrient density was observed among the sampled

varieties. This suggests that the Kenya Agricultural and Livestock Research
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Organization (KALRO) and other plant breeding institutions should incorporate
nutrient profiling using FTIR and AAS into standard varietal development.

Il.  Since drought-tolerant varieties (e.g., MAK and DUM-3) showed relatively
lower nutrient content in this study, future programs should focus on balancing
resilience and nutritional quality through breeding and agronomic optimization.

I1l. The successful application of FTIR and AAS in this study highlights their
potential for use in food quality monitoring. National laboratories and agro-
industries should adopt these technologies for routine analysis to ensure
consistent nutrient standards in maize-based food products regardless of the

variety or region of origin.

5.2.2 Recommendations for Future Studies

I. Since nutrient composition varied by sub-county, a county-wide or national
nutrient mapping program should be initiated. This would identify areas with
micronutrient-deficient soils and inform site-specific soil and crop management
practices.

Il. While this study quantified nutrient concentrations, it did not assess their
bioavailability. Future studies should analyze anti-nutritional factors such as
phytates, oxalates, and tannins, which influence mineral absorption, to provide a
more realistic picture of nutritional quality.

I11. The observed micronutrient variability could partly be attributed to differences in
soil fertility and agronomic management. Future research should integrate soil
and plant analyses to elucidate nutrient uptake dynamics and optimize fertilizer
regimes.

IV. The current study analyzed samples collected during a single season. Longitudinal
studies across multiple growing seasons should be undertaken to capture seasonal
variations and provide a more comprehensive understanding of nutrient stability.

V. The study established that genotype plays a significant role in macronutrient
composition. Further research should utilize genomic and transcriptomic
analyses to identify specific genes responsible for nutrient accumulation and

metabolism in maize
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VI. While some varieties (e.g., KE-7 and DE-3) exhibited higher nutrient levels in
this survey, these results should be validated through controlled, multi-locational

trials to isolate genetic potential from environmental influences.
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Appendix 1: Calibration Curves and Tables
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