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General introduction

11 Trends in cereal production and consumption in Africa

The predominant cereal crops in Africa are maize, rice, wheat, sorghum and millet, with
maize contributing 45% of the cereal production and mostly being used as food [1-3],
(Figure 1.1). In 2018, worldwide maize production was 1,074 million tonnes (MT), with
the United States, China, Brazil and Mexico producing 34.4% (370 MT), 20.7% (223
MT), 8.3% (90 MT) and 2.4% (26 MT), respectively.?l Africa as a whole produces 8%
(84 MT) of the total world production. South Africa and Nigeria are the largest
producing countries in Africa, with an average production of 15 MT and 11 MT,
respectively; together these countries account for 31% of Africa’s maize production.?
Despite the huge production of maize in the United States and China, merely 34 and 18
g/person/day, respectively, is consumed as food in these countries. The per capita
consumption of maize in Sub-Saharan Africa (SSA) is an average of 130 g/day, with
values varying extensively. For instance, inhabitants of Lesotho consume 449
g/person/day, Malawians (359 g), Zambians (307 g), Zimbabweans (297 g) and South
Africans (271 g).[2l These figures signify the paramount importance of maize in the daily
diet of Africans. Africa uses more than 80% of its maize production as food, contrary
to other regions where maize is mostly reserved for animal feed, biofuel and industrial

uses.[1,4 5]

® Maize
® Wheat

H Rice

Production Food use

u Other coarse grains

Figure 1.1: Africa’s cereal production and food use. Adapted from OECD-FAO Agricultural
Outlook 2018.

The asymmetry in the production and food use of cereals in Africa needs a change to
avert an impending food security crisis. For instance, production of wheat (Figure 1.2 -
chart A) is low but wheat remains the predominantly consumed cereal, mainly for
bakery use, pasta and noodles (Figure 1.2 - chart B). SSA produces 1.0 % of world wheat
production and 23.7% of Africa’s production.lf! As the agro-ecological conditions in
SSA are generally unsuitable for wheat production, African countries depend on
importation to cater for the ever-rising drive for food produced from crops not
sufficiently grown locally. This unsustainable trend, if left unchecked, will continue to
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Chapter 7

hurt the economy and possibly trigger food crises - not ruling out uprising and riots as
observed in Mozambique, Sudan, Zimbabwe and during the popular “Arab spring”.
Import dependent staple crop economy often prompt supply issues and high price
volatility causing food insecurity and driving social unrest. The trend raises the need to
find solutions to issues related to poor shelf life, poor baking properties, food safety, a
decrease of nutritional value and sensory properties of maize (and other resilient and
climate-smart indigenous crops) for baked foods, particularly bread making.
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Figure 1.2: Projected cereal production (chart A) and food use (chart B) in SSA.
Adapted from OECD-FAO Agricultural Outlook 2018.

Maize is an integral part of the daily diet of many Africans, serving as a significant source
of energy and protein, albeit heavy reliance can result in malnutrition due to natural
deficiencies of some nutrients or losses during post-harvest handling. This buttresses
the need for continued investigation of feasible ways to improve the nutritional values
of maize foods, enhance maize food diversity as well as encourage acceptance of
nutrient-dense varieties, which is the overarching aim of this thesis - izprovement of maize-
based foods in Sub-Sabaran Africa.

1.2 Contribution of maize to the daily diet of Africans
1.2.1  Caloric intake

Cereals account for about 80% of the total caloric intake in Africa, with maize as the
major contributor. Maize contributes as much as 55% of the total energy consumption
in Lesotho, 50% in Zambia, 49% in Malawi, 40% in Zimbabwe and 31% in Kenya.[27]
The presented consumption data are based on average national figures. Region-specific
data could show higher diversity; for example, in Chongwe district of Zambia, maize
contributes for atleast 75% to the total energy intake ¥l and a vast multicultural country
like Nigetia could even show a wider diversity. Maize supplies on average 363 kcal/100
g [19; less than 200 g/capita/day of maize is needed to meet the 130 g Recommended
Dietary Allowance (RDA) for carbohydrates.[19] People in some countries in SSA are
now consuming far more than this amount. Therefore, in these countries, assorted

11



General introduction

energy sources in the meal are needed, rather than an increase in maize consumption.
According to the OECD agricultural projection 2018 — 2027, Africa will experience a
continuous rise (1.5 - 2.5% per annum) in the production of legumes, meat, fish and
dairy products.l?l This demonstrates the available potential for food diversification to
address malnutrition or hidden hunger that may result from over-reliance on maize

meal.
1.2.2 Protein and essential amino acids

Maize accounts for more than 30% of the total daily protein intake in Kenya, Lesotho,
Malawi, Zambia, Zimbabwe and Swaziland.l?l Since the protein in maize is poor in
essential amino acids (e.g. lysine and tryptophan), people who highly depend on maize
for their nutrition may incur problems associated with protein deficiencies.[!!l This is
particularly relevant since the available protein can be lost during traditional
processing.['2l However, quality protein maize (QPM) has higher amounts of lysine and
tryptophan due to an about 50% reduction in the level of zein.[3]

Assuming an average maize intake of 130 g/person/day 12l in Africa and an 80% nutrient
retention after cooking, both adults and children are not able to meet the RDA for
protein through maize intake, see Table 1.1. A child (1-2 yr.) can derive all the needed
amino acids from quality protein maize (QPM) except for lysine (i.e. an additional intake
of 43 g per day is needed to meet the lysine requirement), while only threonine and
leucine can be sufficiently derived from conventional maize. An adultis not able to meet
the daily dietary requirement for protein and all essential amino acids (e.g. an adult
requires an impossibly high additional intake of 775 g of conventional maize or 543 ¢
QPM to meet the daily requirement for lysine). Although protein and amino dietary
requirements cannot be achieved by either the normal and QPM varieties, it is obvious
that a lower quantity of protein from maize is needed when other quality protein staple
crops are available.[!3]

12



Chapter 7

Table 1.1: Estimated daily intake (g) from common and quality protein maize (QPM) to meet the protein
and essential amino acid requirements of a 70 kg adult and 12 kg child.

Maize type Protein | Trp | Thr | Lys | Leu | Ile Val
Common (100 g) = 9.0 0.07 | 030 | 0.29 | 1.32 | 0.31 | 0.39
QPM (100 g) » 9.8 0.09 | 038 | 0.39 | 0.96 | 0.34 | 0.54
Recommended Dietary Allowance (g/kg-bw/day)>
Adult (70 kg) 46.2 0.28 | 1.05 | 2.10 | 2.73 | 1.40 | 1.82
child (1-2) yrs, 12 kg 10.3 0.08 | 0.28 | 0.54 | 0.65 | 0.32 | 0.43
Intake balance sheet: g maize /person/day to meet RDA<d

Adult (common) -512 -370 | -308 | -775 | -129 | -435 | -453
Adult (QPM) -459 -259 | -215 | -543 | -224 | -385 | -294
Child (common) -13 -7 +15 | -103 | +69 | -1 -8

Child (QPM) -2 +23 | +39 | -43 +46 | +11 | +29

Authors’ calculations based on the following sources:

*Data derived from Qi ef a/. '], Prasanna e a/. "5l and Mbuya e7 a/. 119

b Recommendations provided by WHO 17 and Schénfeldt ez al 113

¢ Calculated quantity of additional maize required to meet RDA, assuming an average maize intake of 130
g/person/day in Africa (without information on the complete meal). The negative sign indicates an intake deficit while
a positive sign indicates a surplus.

4 Assumed protein and amino acid retention of 80% after cooking. 18]

1.2.3 Vitamin A

White maize, which unfortunately contains insignificant retinol activity, is usually
preferred in most parts of Africa where vitamin A deficiency prevails.l9 Vitamin A
deficiency is still rampant in Africa.[20 Vitamin A deficiency results in preventable vision
loss, poor growth, and immune weakness, which increases the risk of infections and
premature death.l2l.22l Provitamin A (i.e. a-carotene, B-carotene and B-cryptoxanthin)
and non-provitamin A (i.e. zeaxanthin and lutein with no vitamin A activity) carotenoids
are found mainly in yellow maize in different proportions, i.e. from high to low — lutein
> zeaxanthin > B-carotene > B-cryptoxanthin > o- carotene (Table 1.2). Bioconversion
of dietary carotenoids to vitamin A was established at 12 pg 3-carotene, and 24 pg a-
carotene or B-cryptoxanthin equivalent to 1 pg retinol activity.?2 However, the
bioconversion rate is influenced by the food matrix, food processing, differences in
individual genetic variability and the amount of fat in the diet. Processing activities could
also denaturalize carotenoids, which have consequences on the bioavailability. About
40% of B-carotene could be lost during traditional processing of maize-based foods due
to the removal of pericarp and germ.!?3l Muzhingi e a/. 124 found that the conversion
factor of yellow maize B-carotene to 1 pg retinol by weight is 3.2 + 1.5, Li ¢ a/. 25 found
6.5 *+ 3.5 ng B-carotene and Gannon e al. 29 calculated 10.4 pg B-carotene for B-
carotene—biofortified maize. This signifies that the B-carotene in yellow-orange maize
is an efficacious source of vitamin A.[20]
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General introduction

The amount of carotenoids in maize is genetically improved through conventional
breeding by exploiting the naturally occurring variation in provitamin A carotenoid
concentrations.l?l In breeding programmes between 2012 — 2018, more than 30
provitamin A enriched maize varieties were released in SSA.12621 Aside from breeding
efforts, identification of the most effective provitamin A maize-based food matrix,
suitable traditional processing and storage methods could have a significant impact on
meeting the target for carotenoids in maize for vitamin A deficient populations. The
overall nutritional contribution of provitamin A maize could be significantly reduced by
the loss of carotenoids along the value chain. Understanding the parameters necessary
for optimal handling of provitamin A biofortified maize, to enable better acceptance
and higher impact on the target population is needed. Therefore, a better understanding
of critical postharvest parameters to prevent vitamin A degradation during storage
under tropical conditions is a crucial study area.

Table 1.2: Major carotenoids in maize

Conventional maize® Biofortified maize
Carotenoids (orange)b
min.- max. (ug/g)

Lutein 1.3-323 09-141
Zeaxanthin 0.4 -349 1.2-375

B - cryptoxanthin 0.0-6.1 0.7-8.8

B - carotene 0.0-7.6 1.3-13.0

o - carotene 0.0-23 -

* Data adapted from Ortiz-Monasterio e al. 1?3): carotenoids in over 1000 tropical maize genotypes identified at CIMMY'T,
- not determined. ® Data adapted from Muzhingi e a/. 1?8, Pillay e al. 3%l and Cabrera-Soto ez al. 31

1.2.4  Mineral intake and the influence of the anti-nutrient phytate

In most countries in Africa, maize plays a critical role in the total zinc and iron intake,
i.e. more than 10% of the zinc and iron supply in about 24 countries is derived from
maize.l?l In fact, in Zambia, Zimbabwe, Lesotho and Malawi more than 50% of total
zinc supply is from maize consumption. Furthermore, with the advent of maize
biofortified with zinc, which contains up to 34 ug zinc/g (normal maize contains ~20
ug zinc/g grain), these countries and many more can meet the daily requirement for
zinc for adults and even exceed the requirement for children. With the relatively high
genetic diversity of zinc in maize (mean 20 + 5, range 15 — 47 pg/g), further
improvements of maize through biofortification is achievable.[®] Though the known
genetic diversity in iton contents in maize is low (mean 25, range 11 — 39 pg/g) 23],
improvement through further identification of genetic diversity in iron levels, multiple
aleurone traits, and exploration of the latest genome editing techniques seem promising
as measures to help alleviate anaemia and associated problems. /32
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Although the increase in the mineral contents of maize is of great importance, their use
for normal body functions, i.e. bioavailability, is limited due to the presence of anti-
nutrients such as phytate. A substantial increase in micronutrient bioavailability has been
reported after traditional processing, e.g. fermentation and lime-cooking, as well as due
to the use of low phytic acid bred maize and transgenic bred maize containing Aspergilius
phyA (encoding phytase).32l Maize accounts for 39.4% of the total phytate supply in
SSA, with eastern and southern Africa having the largest burden (Table 1.4). A complete
reduction of phytate intake from maize through processing and breeding programmes
could achieve a decrease of 20 — 60% in the overall phytate intake, with huge
consequences for mineral bioavailability.

Table 1.3: Estimated mineral intake of an adult (31-50 yr.) and a child (1-3 yr.) from the current maize
consumption rate

Ca Cu Fe Mg Se Zn
Maize (mg/100 g)= 6.5 0.21 3.7 121 0.0019 | 1.8
Recommended Dietary Allowance (mg /day)P
Adult (31-50 yr) 1000 0.90 18* 420 0.06 11*
Child (1-3 yr) 700 0.34 7 80 0.02 3
Intake Balance Sheet (i.e. amount of maize g/person/day needed to complete
RDA)< 4
Adult (31-50 yr) -19101 -406 -478 -304 -3488 | -634
Child (1-3 yr) -13332 =72 -106 +47 -1186 | -78

Authors’ calculations based on the following resources:

*Data averaged from Stadlmayr e# a/. ), USDA [7 and Lukmaniji ez al. 33

b Recommendations provided by WHO B4

¢ Calculated quantity of additional maize required to meet RDA, assuming an average maize intake of 130
g/person/day in Aftica. The negative sign indicates intake deficit while positive indicates a surplus.

4 Assumed retention of after cooking. [ 35 *Maximum RDA value for male or female was taken.
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Table 1.4: Estimated phytate intake (in %) from maize consumption (g/capita/day) in Africa

Maize Phytate supply Phytate intake Phytate intake
intake by all foods maize from maize
Eastern 156.1 2798 1169.5 41.8
Africa
Middle 87.3 1840 653.5 35.5
Africa
Southern 263.3 3254 1971.8 60.6
Africa
Western 76.8 2923 575.1 19.7
Africa
Grand 134.9 2703.8 1092.5 39.4
Total

Authors’ calculations based on the following resources:
*Average phytate per 100 g maize is 749 mg.[36.37

* Maize supply, three-year average - 2009,2010 and 2011
*Data for phytate supply was derived from Joy ez al. 1%

1.3 Adoption of nutritionally improved maize varieties

In response to the incessant malnutrition in developing countries, maize breeding
programmes have given ample attention to improving the nutritional composition, for
instance, a better protein quality by increased lysine and tryptophan, higher levels of
minerals like iron and zinc, and increased vitamins such as in biofortified provitamin A
maize.[26: 39, 40l Despite the agronomic competitiveness of the nutritionally improved
varieties, the crops have a low adoption rate in Africa, for reasons ranging from grain
colour to sensory perception.l*!l Conventional maize usually consumed in Aftrica is
deficient in two essential amino acids, namely lysine and tryptophan - indispensable
amino acids required for proper human physiological function and development. QPM
has been bred to have twice the amount of these amino acids but the adoption rate in
Africa remains abysmally low. White maize, which contains no retinol activity, remains
the preferred in most parts of Africa where vitamin A deficiency is prevalent.'?) A
similar fate befalls all improved varieties of maize meant to solve one nutrition problem
or the other. Obviously, a lasting solution to the nutritional challenges of SSA has no
general remedy but requires a holistic chain approach.

1.31 Sensory profile of improved maize varieties

In theory, if the flavour of the biofortified and improved varieties is not significantly
altered by breeding and agronomic activities, their adoption and use for improvement
of the nutritional status of the target group is likely to be successful. This is because
biofortification tends to solve undernutrition problems without changing traditional
ways of food processing and consumption. However, in the quest to unravel the reason

for low adoption of the improved varieties, most attention has been given to research
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about consumer sensory evaluation using affective testing, e.g. using “like and dislike”
questionnaires. Comparative analytical testing of the flavour profile of the different
maize genotypes and the foods derived from them has not been executed, whereas the
flavour profile is likely to be connected to consumer preferences. To complement and
validate the current affective consumer studies on the improved varieties, critical
laboratory assessments of the flavour profiles are needed to identify the deviations from
the preferred traditional African maize varieties and also to determine the impact of
deterioration due to storage under tropical conditions. Comparative tests are required
since available sensory analyses appear to be very subjective and largely different in the
vast swathes of Africa. The research on flavour analysis of different varieties present in
Africa is necessary because one of the reasons for the dismissal of yellow maize was
attributed to organoleptic properties, e.g. some respondents claim to hate the smell and
taste of yellow maize-based foods.[1%. 4243

Deterioration of the volatile composition of maize during storage is likely, hence the
analysis of volatiles associated with rancidity or off-odour is a worthy research area. For
instance, the production of hexanal has been associated with rancidity of food
products.l*6. 47 Therefore, tracking the production of hexanal can help to set parameters
to prevent off-odour and possibly help maize breeders to improve the crop for slower
odour deterioration.

1.4 Finding alternative to wheat-bread for SSA

Several food technological options to improve the quality of maize-based foods in SSA
require further research but should be attuned to users’ needs and preferences. This
implies the need for an assessment of the most relevant food processing practices as
well as a proper understanding of consumer preferences with respect to different maize-
based foods. In SSA, maize is used in a wide array of traditional food products.
However, making bread from maize flour remains a technological challenge.!*8! With
the large-scale urbanization and shift in preference for fast food, the demand for bread
has increased in SSA. The population is caught up in need for food produced from
wheat, a crop not sufficiently grown locally. To achieve food self-sufficiency and
security in SSA, an alternative to wheat flour for bread making is needed. This has been
acknowledged by many African countries, especially in West Africa, where over the
years policies have pressed towards the incorporation of local ingredients to make
composite flour for bakery use.[*) Since SSA produces neatly enough maize to meet
domestic demands (Figure 1.1 and 1.2), improvement of maize flour functional
properties could enhance its use for bread making, thereby reducing the dependence on
wheat importation and even promoting the use of other indigenous crops. Maize, being

the most cultivated crop in Africa, is the best alternative to wheat. However, it lacks
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functional gluten, the protein responsible for the favourable viscoelastic properties
needed to achieve the desirable loaf quality attributes - volume and softness. Usually, to
mimic the overall quality of wheat bread - flavour, texture properties, appearance and
shelf-life - the addition of bread improvers such as hydrocolloids is required.!l
Unfortunately, the use of commercial hydrocolloids and other enhancers can
substantially increase the cost of bread, which counters the original value proposition
maize bread tends to offer. Therefore, there is a need to improve maize bread quality

using existing traditional maize processing methods across the world, especially in SSA.

141  Affordable methods for improving functional and nutritional quality of
maize bread

Methods such as nixtamalization (a Mesoamerican technique), pre-gelatinization,
malting, fermentation (sourdough technique), screening for genotypes with improved
baking performance and the addition of local ingredients such as soy protein could play
a significant role in improving the quality of maize bread without significantly raising
the cost.50-52] These methods are common in Africa, except for the nixtamalization
technique. Nixtamalization is a method of cooking maize grains in lime (usually calcium
hydroxide - slaked lime) to convert it to a more edible and digestible product as well as
improve dough rheology. !53]

Screening for diversity of maize genotypes (hybrids and landraces) for bread-making
performance has recently been reported to be an area of interest for gluten-free bread.5
Apart from deriving maize with improved bread-making performance, conservation of
maize landraces would be encouraged. The growing introduction of hybrid maize
varieties (typically unsuitable for bread making) has led to an increasing loss of maize
landraces in the past two decades.[54 This tendency increases the loss of genetic diversity
and has partly contributed to the shift of most local communities to the use of wheat
for bread in spite of affordability and availability issues. A recent assessment of the
genomic properties of maize shows that the differences in the reported properties were
associated with environmental factors rather than the intrinsic nature of the landraces. 5
Presently, knowledge on the diversity of maize landraces in Mexico and SSA for bread-
making performance is lacking. Mexico is where maize was first domesticated before it
spread to the rest of the world and to date around 60 maize landraces are still grown in
the country.55! These maize varieties could create opportunities in maize bread
production, especially for the benefit of regions like SSA. Interestingly, maize landraces
in Mexico are grown under a wide diversity of environmental conditions, i.c. altitude,
temperature and water availability, indicating robustness to adapt and thrive in different
regions.l5% Besides, available studies reiterate the need to continue to exploit maize

germplasm variability for bakery applications. [52. 54-5¢]
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Cereal-associated lactic acid bacteria (LAB) are known to produce exopolysaccharides
(EPS), an extracellular secreted microbial polysaccharide that is known to improve the
viscoelastic properties of dough for gluten-free bread making.7 Since fermentation is
a common practice in Africa, research on the potential of 7n-situ synthesis of EPS in
sourdough bread seems promising. In addition, EPS confers beneficial health effects
such as improving gut health, immunomodulation bioactivity, anti-tumour and
anticarcinogenic activity.58. %1 Bacteria such as Weissella confusa, Lactobacillus renteri and
Lenconostoc mesenteroides have been reported to produce EPS, especially dextran, without
strong acid production. The polymer is widely used in the food industry to increase the
viscosity of sourdough to derive bread with increased loaf volume, crumb softness,
freshness and improved mouthfeel.[0-631 This implies that through selection of existing
EPS producing LAB in traditional food for starter culture, sourdough technology could
be an affordable method for producing bread from maize in Sub-Saharan Africa.

1.5 Opverall objective

The overall objective of this PhD thesis was to assess appropriate technology (i.e.
suitable for adoption by maize users in local communities) to improve the nutritional
quality as well as enhance diversification of maize-based foods in Sub-Saharan Africa,
in order to contribute to the fight against malnutrition and socioeconomic issues in the
region.

To do this, the following specific research objectives were identified:

* Assess maize-based food processing and consumption patterns and establish
the objectives to meet processors’ and consumers’ needs and preferences.

® Determine the volatile profiles of the most commonly used maize varieties in
SSA and their respective porridges.

e Evaluate carotenoid stability and volatile organic compound changes during
maize storage in different packaging materials and conditions.

® Screen for maize genotypes to obtain maize flour suitable for making gluten-
free bread.

* Enhance the functional properties of maize flour using readily available local

techniques such as fermentation.

The specific research questions to address the identified objectives are presented in
Figure 1.3.

1.5.1 Thesis outline

This general introduction provides information about the trends in maize production

and consumption along with further analysis of the nutritional contribution of the crop
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to the daily diet of Africans. Research areas to encourage adoption of nutritionally
improved maize varieties, as well as increase maize food diversity were elaborated.
Chapter 2 focuses on the assessment of maize-based food processing and consumption
patterns, while Chapter 3 further establishes the objectives to meet the needs and
preferences of maize processors and consumers (Figure 1.3). The knowledge from both
chapters led to the prioritization of a study on the volatile organic compounds in maize,
which resulted in the analysis of 22 maize varieties commonly used in Africa as reported
in chapter 4. Subsequently, it was concluded that volatile and provitamin A
deterioration during storage under tropical conditions could be a major issue in the
improved maize varieties. Therefore, in chapter 5, deterioration of carotenoids and
volatile organic compounds of biofortified provitamin A maize is discussed on the basis
of understanding the parameters to preserve the flavour and nutritional quality of the

crop under tropical conditions and postharvest handling.

Chapter 6 presents research on the use of maize landraces, hybrids and thermoalkaline
processed flour for bread making. Subsequently, in Chapter 7, the functional properties
of sourdough produced from EPS secreting bacteria strains was studied. This was on
the basis of making maize bread to reduce Africa’s dependence on importation of wheat
and to ameliorate the present incessant price fluctuation of bread across the continent.
Finally, chapter 8 presents the general discussion of the major findings, analysis of the
opportunities abound in Africa’s maize value chain, future perspectives and concluding
remarks.
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(A) Assess maize-based food processing and
consumption patterns and establish the objectives to
meet processors’ and consumers’ needs and
preferences.

= What are the processor and consumer
preferences for maize and maize-based foods in
Africar

®  What are Sub-Saharan African maize-based
foods - predominant processing practices and
their constraints?

= What are the technological perspectives to
increase the food and nutrition secutity impacts
of maize breeding programmes?

Literature
review

¢ 77 sadey)

(B) Determine the volatile profiles of the most
commonly used maize varieties [i.e. white maize,
yellow maize, provitamin A biofortified maize and

uality protein maize| and their respective porridges.
Assessment of quatty p | P P g

e e . = What are the differences in volatile profiles of
limitations

maize genotypes?

to maize
consumption

y sdeyn

g 1mdeyn

= What are the changes in the volatile profiles of
maize genotypes due to porridge preparation?

(C) Evaluate carotenoid stability and volatile organic
compound changes duting grain and maize flour
storage in different packaging materials simulating
tropical conditions.

= What are the changes in carotenoids and volatile
organic compound retention in maize meal
stored for 6 months using different milling and
packaging methods?

(D) Assess the possibility of selection of maize
genotypes to obtain processed maize flour suitable
for gluten-free bread

UOISSNISIP SISIY) [EIUILN)

Food quality

and design and bread-making performance of two
maize hybrids and two Mexican landraces?
(] Can thermoalkaline processed flour of these

genotypes enhance bread making
performance?

L] What are the differences in dough rheology

Thesis topic: Improvement of maize-based foods in Sub-Saharan Africa

L9 dey)

(E) Investigate the structural and textural properties
of maize bread made from sourdough produced
from EPS secreting bacterial strains.

e Can EPS-producing lactic acid bacteria from
ogi and munkoyo* enhance maize bread
quality?

Figure 1.3: Schematic overview of thesis outline. *Ogi is traditional fermented maize-based food
usually consumed as porridge in Western Africa; munkoyo is a cereal-based traditional fermented
beverage in Zambia. 21
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Chapter 2

Abstract

In vast swathes of Sub-Saharan Africa, maize is the staple food with consumption of
up to 450 g/person/day. Additionally, maize is used as a weaning food for infants as
well as for special ceremonies, caring for the sick, aged and pregnant women.
Malnutrition persists in regions with heavy maize consumption, partly due to
compositional maize characteristics, nutrient loss during processing and consumer
preferences. This paper reviews the traditional uses and processing of maize,
opportunities and necessary improvements to ensure (micro)nutrient security. Better
use of maize can enhance its contribution to meeting the dietary needs and livelihood
of Africa’s growing populace.

Keywords: Maize; maize-based foods; Sub-Saharan Africa; maize processing; maize
consumption; maize opportunities

28



Sub-Saharan African maize-based foods - processing practices, challenges and opportunities

2.1 Introduction

Maize (Zea mays) accounts for 40% of the cereal production in Sub-Saharan Africa
(SSA), where more than 80% is used as food.["l The crop provides at least 30% of the
total calorie intake of people in Sub-Saharan Africa.l?3 Maize is consumed as a staple in
the African region where intake ranges from 52 to 450 g/person/day and in the Latin
American where it vaties from 50 to 267 g/person/day.[-2l Maize is also considered an
important source of nutraceuticals known to enhance health and prevent diseases,
including phenolics, carotenoids (yellow maize), anthocyanins (blue maize),
phlobaphenes (red maize), insoluble and soluble dietary fibre and polar and nonpolar
lipids.[30-32]

Maize can be consumed in several forms: green maize roasted or boiled, steamed
products, porridges, beverages, bread, and snacks.[?%) Maize-based foods are available in
Africa with each country having different processing methods, food products and forms
of consumption.B3l Sometimes differences in maize food processing and consumption
patterns within the same socio-cultural group exist to communicate individual cultural

identity and social class.?4

Compositional features of maize and local processing techniques affect the nutritional
content and bioavailability of nutrients. For instance, the pericarp and germ of maize
are usually sieved out as chaff in the preparation of most traditional foods, leading to
loss of a large portion of proteins, lipids, minerals and vitamins that are present in those
kernel structures. Therefore, in addition to the intrinsic nutritional deficiencies of maize,
i.e., low lysine and tryptophan, and the presence of an anti-nutrient like phytate, a high
amount of nutrients (20-50%) can be lost during maize processing in general.[?! This
may contribute to malnutrition in regions where maize is a staple crop and diet
diversification is very limited. Efforts to improve the nutritional quality of maize have
mainly focused on breeding, by developing biofortified maize with higher protein
quality or higher content of provitamin A or zinc.35 However, the possibility to
improve nutrient security by acting on home-based and street vendor processing and
formulation aspects have been largely neglected.

Comprehensive maize food reviews by Nuss ez a/. 23], Suti ef al. P9 and Ranum ef al. 12)
focused on global perspectives while this paper specifically targets Aftrica, especially
Sub-Saharan Africa (SSA), where the population is most in danger of malnutrition and
where there is a high rate of maize consumption and untapped opportunities in the
value chain. The current paper reviews the most important maize-based foods in Africa
and their respective traditional processing techniques, and discusses the constraints of
traditional processing and opportunities to improve the nutritional quality and use of
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maize. The population in Africa is projected to double between 2010 and 2050, with
increasing urbanization. To ensure both food and nutrition security, a thorough
understanding of the nutritional aspects of traditional processing techniques and

identification of important opportunities present on the dynamic continent are crucial.
2.2.0 Traditional food uses of maize in Africa

Maize is commonly consumed as immature or matured whole kernel (i.e., boiled or
roasted), freshly ground or parched ground into grits and flour for the production of
different kinds of traditional products. Milling is traditionally done through stone
grinders (now obsolete), mortar and pestle, steel plate mills, and increasingly by the
power-driven hammer mill.5 37 Light dishes are habitually served as a breakfast, while
thick dishes are served as lunch or as dinner and others are reserved for special
ceremonies, rituals or caring for ill or aged people, pregnant women or infants.I5 34
Consumer preference for maize in Africa is changing as many recipes use it in a
combination with other grains such as wheat, sorghum, millet, batley and legumes/nuts.
However, despite the recent trends, maize remains a major contributor to the daily diet
of Africans. Different categories of maize-based foods are discussed in the following
sections.

2.2.1 Maize-based foods: whole maize cob and kernel

Consumption of green maize is a significant part of the whole maize food intake in
Africa. To prepare fresh maize foods, the ears are harvested in the milky to the doughy
stage (i.e., three to five weeks after silking), boiled in water, steamed, or roasted and
caten with herbs, spices, condiments and vegetables depending on the socio-cultural
group.8l At the milky stage, kernels are high in sugar content and quantities of other
nutrients may be lower than at harvest maturity.l* Street vendors sell boiled and roasted
maize at many places in the major maize-producing countries and it is a common snack
for children at schools.[3. 4] During harvest season, roasted and boiled maize is eaten
on a daily basis by more than 50% of the people in Nigeria 0 and in Zimbabwe, 48%
consume boiled /roasted maize at least once a day. [

Freshly harvested maize is cooked or boiled in salted water until the kernels are soft,
while roasting is through hot charcoal over a wire gauze, beside a fire or in hot ashes
until the maize turns brownish; both types are eaten on the cob with all kinds of spices
and vegetables. The charcoal gives the kernels a unique odour and flavour. Boiling is
usually with the husk to denote freshness and to retain nutrients and flavour. On the
contrary, roasting with the husk is not practised as it results in decreased sensory
attributes such as poor aroma, chewiness, poor taste and appearance.l’! Apart from the
fresh maize eaten on the cob, it can be shelled into the constituent kernels for different
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dishes. Usually, the kernels are spiced and cooked with legumes or vegetables (Table
2.1). In Kenya, 17% and 23% of consumers prefer githeri (maize cooked with beans) as
1st choice lunch and dinner, respectively.ll A similar maize food known as wutaknra is
consumed at least once a day by 40% Zimbabweans.l’l The attributes of green whole
cob and kernel maize that are preferred by consumers have not been defined clearly for
African consumers. However, freshness seems to be crucial. 5l Harvest time and variety
have a significant effect on physical properties of maize; very mature maize (27-34 DAP)
is not suitable to prepare roasted or boiled green maize foods.I8! Generally, green maize
attributes of interest are soft endosperm, soft or thin hull, sweet taste and not easily
burst/pop ot burn during roasting. 5 38 41l Green maize is a very important form of
maize consumption during harvest season in Africa.l?8! Canning of green maize provides
an opportunity to make it available all year round and reduce the chance of mycotoxin
contamination, which is common to on-farm drying and storage of matured maize,
thereby giving farmers more market opportunities.

In East, West, and Central Africa, whole dried grain is commonly cooked with alkaline
rock salt (popularly known as &aun or akanwn or trona or magadi ) or white wood ash,
which reduces cooking time, improves digestibility, increases the viscosity of soup, and
acts as flavour enhancer, preservative and tenderizer.*2l Akanwu is a crystal-like
(bi)carbonate salt that is naturally present in many parts of Africa.*3l The traditional use
of akamyn in Africa, which is comparable to the lime-cooking process (nixtamalization)
in Mexico, has not been well studied yet. In Mexico, more than 300 foods are produced
by processing methods that include nixtamalization, the most common one being the
tortilla.l*?l This processing method for maize is not known in Africa; from about 1500
onwards the continent has connected to maize that originates from America through

its agronomy but not through its processing technology.

Nixtamalization provides nutritional benefits (Figure 2.1), including: 1) reduction in
pellagra disease risk, due to the improved niacin bioavailability, 2) increasing calcium
intake due to its absorption by the kernels during the steeping process with calcium
hydroxide, 3) supply of dietary fiber by increasing the content of resistant starch in the
food products, 4) significantly reducing mycotoxin levels in kernels by removal of
pericarp, and 5) reducing levels of phytic acid, an inhibitor of iron and zinc
bioavailability.[30. 44 Nixtamalization is reported to be effective in reducing mycotoxin
contamination in maize through a combination of extraction and hydrolysis.*> 46 This
method can be combined with traditional processing techniques in Africa to mitigate
aflatoxin contamination, which remains a grave concern and hinders efforts to attain
food and nutrition security. The ancient technology of nixtamalization is simple and
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cheap, thus conditions to promote its use in Africa should be assessed to enhance the
nutritional quality of maize-based foods.

85.2% Amylose 71.5% Oil

94.9% Aspartic acid 88.9% Insolube
dietary fiber

100% Arginina, glycine,
histidine, proline,
serine, tyrosine, valine,
isoleucine, leucine

200% Iron

52% Niacin
99% Glutamic acid 117% Phosphorus
79% Tryptophan 84% Phytic acid
131% Methionine 98% Protein

1500% Calcium 41% Riboflavin

51% Crude fiber 103% Zinc

Figure 2.1: An ovetrview of compound retention in nixtamalized maize. The increase in
mineral composition along with decrease in anti-nutrient as well as high retention of amino
acid is beneficial to the fight against the rampant hidden hunger.
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2.2.2  Local wet-ground maize foods

Wet-ground maize foods are produced by steeping maize kernels and grinding or
pounding with ingredients such as vegetables, herbs, spices, legumes and nuts. The
foods can also be produced from maize flour or the usually imported canned maize
when fresh maize is not available. The term wet-ground used in this study should not
be confused with wet milling, i.e., separation of maize into constituent parts or
extraction of components such as oil and protein.[*7] Wet milling is typically an industrial
process, and hence not a home-based or traditional processing method in Africa.
Examples of wet-ground foods are shown in Table 2.2. The grinding of whole grains to
form wet-ground foods ensures optimum utilization of the kernel due to the inclusion
of all parts as against many maize-based foods that require dehulling and other refining

processes.

An important attribute of these foods in West Aftrica is the method of packaging before
or after steaming; the foods are wrapped in leaves of different plants. The type of leaves
used for packaging imparts a special flavour to the food, which is the preferred quality
attribute among the different socio-cultural groups. Moreover, the leaves used for food
wrapping were observed to be protein-rich and contain essential oils, antioxidants and
antimicrobial agents that can prevent food spoilage and leaching of nutrients.*8l Leaves
of banana, cocoyam, bamboo, uma, cassava and maize husk are commonly used for
wrapping foods in Africa. However, considering the possible cyanogenic potential of
cassava leaves (i.e., 5-20 times that of the roots), proper selection and treatment are
required to avoid exposure above the safety limit, i.e., 10 ppm.*) The indigenous
custom of using cassava leaves for wrapping foods such as eghle or madadi and kenkey is
still common among the Ewe tribe in Ghana.l5)l The scarcity of wrapping leaves in urban
environments cause urban dwellers to use empty cans, foil and cellophane or polyethene
(nylon) bags instead. The use of such materials could result in migration of poisonous
chemicals (i.e., dioxin, bisphenol A and heavy metals ) into the food. 55l
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Chapter 2

2.2.3 Maize-based bread and snacks

Maize mixed with ingredients (e.g., groundnut, salt, sugar, egg, spices and vegetables) is
used to produce different kinds of snacks and bread (Table 2.3), which are usually
consumed in between meals and sometimes as the main meal. Unlike Mexico and
Central America with different kinds of bread and snacks that can serve as a main
meal,*2l only a few are found in Africa. However, northern African countries such as
Egypt have different kinds of maize bread that serve as main meal, included in this
paper to serve as an example (Table 2.3). The reduced use of maize in bread production
is due to the unavailability of local technology, dominance of substitute grains (e.g.
wheat), susceptibility to staling, storability issues (e.g., lipid in maize is more than two
times higher than in wheat so relatively it becomes rancid faster during storage) and a
lack of functional gluten, which is needed to produce an elastic dough and bread with
characteristic light and spongy properties.% 521 To minimize rancidity issues, heat
treatment is used to inactivate lipase; local users commonly grind maize for short-term
use and in some communities, maize bread is eaten during winter months. In general,
the higher the proportion of polar lipid, the better the baking properties (e.g., increase
in loaf volume); the ratio of polar to nonpolar lipid in cereal flour decreases in the order
wheat > rye > maize.l5]

Maize bread has a low volume and a heavy, dry, fibrous and brittle crumb with a
relatively strong malty and fermented flavour.l52l At times, in local communities, water
is sprinkled on it, after which it is covered with a cloth to keep it fresh. In most cases,
maize bread contains wheat flour as a source of gluten. One of the outstanding
properties of wheat is its ability to provide a viscoelastic dough that can hold and retain
air to form a spongy structure. Maize does not have this ability due to the absence of
gluten, thus making bread production difficult. Gluten-free bread has poor texture and
flavour, a short shelf-life, low volume and stales rapidly.’¥ The functional properties,
commercial and nutritional value of maize flours can be improved by inclusion of
protein from decorticated and defatted flours of crops like peanut, sesame seed,
sunflower seed, soybeans, cowpea, melon seed, winged bean, bambara groundnut, chick
pea, lentil seed, shea nut and sweet potato flour. Traditional Indian foods, such as dosai
or idfi, use fermentation of the mixture of rice and a legume to produce a gluten-like
paste.l3l A non-wheat based composite flour with the ratio of sweet potato flour 40%,
maize starch 40%, soybean flour 19.5% and xanthan gum 0.5% was observed to yield
acceptable bread.’l In another study, addition of 2% hydrocolloid hydroxypropyl
methylcellulose (HPMC) significantly improved the quality of maize bread, mimicking
wheat bread qualities.57! With the use of appropriate additives - hydrocolloids,
emulsifiers and binding agents and suitable flour milling properties, the viscoelastic and
sensory properties can be improved. Furthermore, pre-gelatinized cereal flour and
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composite flour made by inclusion of malted grains have been shown to improve dough
and bread qualities.5% 58,59 Composite flour made from pre-gelatinized starch or alkaline
treated maize exhibit improved rheological properties that support bread making.
Similarly, flours derived from sourdough made by fermentation using selected multiple
strains of microorganisms have been shown to improve maize bread quality.l]
Acidification of the sourdough during fermentation (mainly by lactic acid bacteria) or
through addition of lactic/acetic acid improves the swelling or water binding properties
of starch and the functionality of zein (maize prolamin) to enhance loaf volume and
crumb structure of gluten-free bread.l1l Sourdough improves nutritional quality, i.e.
increases mineral bioavailability due to a lower phytate content. Likewise, the low pH
helps to improve the shelf-life of bread.[!

Popcorn, as a snack, is found all over Africa due to the introduction of locally fabricated
popping technologies and the growing acceptance of the product at cinemas,
amusement parks, schools and during travelling.1°2l Though affordable foreign and local
popcorn machines are now available, popcorn is traditionally prepared using a clay pot
or metal dishes. There are different kinds of popcorn-like snacks common in Africa
(e.g., roasted maize kernels of any variety with salt/sweetener and roasted popcorn with
salt or sweetener — honey or sugar). Though popcorn production still strongly relies on
the importation, it is a crucial opportunity in the maize value chain capable of improving
the livelihood of street vendors. Generally, consumers prefer popcorn with a soft
texture and free from hulls, while the processors prefer high storability, unbroken
pericarp and a high popping volume.l62 Ingredients such as fat, sugar and salt are usually
added to enhance the flavour of popcorn. Other maize-based snacks ate listed in Table
2.3. In general, a mildly sour and sweet taste, crispy and brown edge colour are desirable

for maize-based snacks.[63]

To supplement the low nutritional value of maize-based snacks, protein-rich legumes
and nuts such as soybean, cowpea and groundnut are usually included in the recipe. For
instance, £okoro, 2 common crispy maize snack was observed to have a 54-68% higher
protein content due to the inclusion of 30% soybean or groundnut in the recipe.
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2.1.4  Maize sourdough and dumplings

Maize sourdough is an uncooked thick fermented cake that is pressed, shaped and ready
to use in other dishes like maize dumplings, porridges, snacks, bread and beverages -
4 (Table 2.4). Maize sourdough is most common in West Africa. For instance, more
than half of the total maize production in Nigeria is used for ¢g.l°! Maize dumplings,
such as kenkey, are consumed twice or more often per week by 26 - 58% of
Ghanaians.[65 Traditional preparation of sourdough and dough dumplings is labour
intensive and time-consuming (4-6 days); consumers mostly buy such foods from street
vendors. Technological improvements, such as a temperature increase, the use of dry-
milled maize and pure starter cultures, have shown positive results in reducing
preparation time and facilitating industrial processes. 56 Maize sourdough can be derived
from either fresh or dried maize. However, dried maize is preferred for its higher starch
content and retention of the accustomed flavour.! Traditional preparation of maize
sourdough in Africa follows a similar process. Dry maize is soaked for 24 — 36 h; the
peak of water uptake is attained at 36 h. The time of water saturation can be reduced to
8 h by increasing the soaking temperatute to 60°C or using crushed maize kernels.[66]
The soaked kernels are drained, then milled to a slurry and sieved to remove the chaff,
followed by dewatering, kneading to dough and fermentation for 1-3 days at room
temperature (25-32°C).0 671 see Figure 2.2. The chaff removed during the sieving
process is fed to animals or reserved as a base for the preparation of other foods such
as amala (i.e., a thick cassava or yam flour food in Nigeria, having a dough-like
consistency). Aside from the inherent characteristics of maize, the amount of chaff
separated by sieving depends on the nature of the milling technology. Plate mills are
commonly used for wet grinding; the sharpness of the plate and the number of milling
rounds minimize the chaff yield.[% 37 The use of plate mills has been reported to increase
the iron content in dry and wet milled maize by 78 - 89% and 199%, respectively, due
to the wear and tear of the grinding metal plate. The increase was suggested to be an
enrichment, but the bioavailability of the extra iron was not established. 7]

Traditional sourdough production uses spontanecous fermentation, which is
uncontrolled. Sometimes backslopping is used to achieve a consistent and faster
fermentation.l*) The microorganisms involved in natural maize food fermentation in
Africa have been well elucidated in the literature.l®873] The addition of commercially
available yeasts as starter culture and the use of backslopping to speed up the
fermentation, improve flavour, nutrient and functional properties of fermented food is
common in both rural and urban areas in Africa, showing the possibility of adoption of
pure microbial starter cultures (optimized mixtures of microorganisms) for traditional
maize fermentation, if made available. Since fermentation is an age-old, acceptable food

processing method in Africa and used for many foods, a sustainable increase in
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production, commercial and nutritional value of food products can be achieved by
optimizing the composition of starter cultures for fermentation. Several
biotechnological methods have been developed over the years as a substitute for the
costly chemical synthesis of amino acids and vitamins used for fortification.[*76 For
instance, to improve protein quantity and quality of ¢g/ (maize sourdough), microbial 7
situ fortification or bio-enrichment, such as the use of high lysine or methionine
producing mutant microorganisms, have been used successfully to significantly increase
essential amino acids.l’”-78 Sybesma ez a/. %l isolated spontaneous mutants of Lactococens
lactis able to overproduce both folic acid (B11) and riboflavin (B2) during food
fermentation. Vitamin overproducing microorganisms such as A. gossypii, C. famata, B.
subtilis, P. freudenreichii and Lb. plantarum have been identified and isolated.l" Aside from
increasing the amount of nutrients, decreasing the amount of anti-nutrients such as
phytate is crucial for malnourished societies. Therefore, in the selection of
microorganisms for starter cultures, it is important to also consider those able to
overproduce the enzyme phytase, because phytate remains a major factor limiting
mineral (iron and zinc) bioavailability; deficiencies of both minerals remain a major
public health concern in SSA. Starter cultures containing phytase-active microorganisms
will help to degrade phytate and improve mineral bioavailability. 7]

The major variations in sourdough production in Africa are the extent and conditions
of fermentation, which determine the degree of sourness/acidity, flavour and physical
properties such as colour and texture.l7] The degtree of sourness of a dough depends on
the type of end product and the preference of the respective socio-cultural groups. For
instance, relatively sour dough (pH 3.8 — 4.2 and acidity 1.2-1.4%) is used for the
preparation of eko and akassa, while less sourness is used for thin porridges such as
koko.167) Furthermore, the most desirable attributes of &enkey are a mild sourness, fruity
odout, clear white colour and non-sticky texture, which can be achieved by a reduction
of fermentation time, modification of inoculant (i.e., using bacteria and yeast starter
cultures with higher yeast concentrations to give the desired fruity taste), dehulling the
maize, and adjusting the sourdough puree consistency before cooking, respectively.l)
The moisture content of maize dough ranges from 45% (amo and mawe) to 55% (ogi).>
9 The high moisture content predisposes it to microbial deterioration. In home-based
processing, it is therefore left in source liquor with a steady change of water. The
commercial dough is spray dried in the industry to increase stability; drum drying has
been reported to be harmful to the heat sensitive components, e.g. amino acids. (8
Sourdough commonly used for making porridge is mainly sold in the wet form, having
a short shelf life because of continued fermentation. The current development trends
in SSA require a better supply of easily accessible and shelf-stable maize-based foods.
Controlled drying methods can be used to reduce the moisture content (below 12%) to
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enhance storability and ease of distribution.l! This form of fermented flour can be
reconstituted to make paste needed for porridge. It can also serve as an ingredient in
other products where consumers desire a sour or fermented flavour, e.g. in Western

Atfrica food and beverages.
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2.1.5 Maize-based porridges

Maize porridge is simply a dish made by cooking milled maize or sourdough in water
and stirring until thickened. In most parts of Africa, maize porridge is consumed in
different consistencies, namely as breakfast when thin or as lunch/dinner when thick.
For instance, 46% of consumers in Kenya prefer thin porridge (uji) as breakfast while
67-71% prefer thick porridge (ugali) as lunch/dinner.15l For economic reasons, the thick
porridge is at times eaten as breakfast to withstand hunger all through the day due to its
high energy density.34 In fact, ugali in Kenya is synonymous to ‘strength’ and in
Tanzania, it is termed the ‘real food’.34l Ugali is consumed 5-7 times a week by 64% of
the Tanzanians,8!! and a similar pattern of consumption is common across
Eastern/Southern Africa.ll The ratio of flour to water, flour patticle size, the method
of preparation, the degree of starch gelatinization and enzymatic hydrolysis, the rate of
maize meal extraction and sometimes the inclusion of other ingredients determine the
consistency of the porridge. Porridges can be classified based on consistency or texture;
i.e., ogi and koko are thin porridges with a water content over 90% whereas ugali is a
thick or stiff porridge with less than 70% water and tuwo-masara is a soft porridge with
an intermediate thickness.[28] Thick maize porridges in Fastern, Western and Southern
Africa have 33%, 22% and 20% total solids, respectively.28.821 As shown in Table 2.0,
not all porridges are fermented. Hence, they can be classified on that basis as well. In
Hastern Africa, the main maize flour preparation is for porridges (mostly
unfermented).l% 34 This is also true for Western Africa, except that maize porridges are
mostly derived from soaked maize or fermented dough. !

In general, fermentation is not a common practice for thick maize porridge in Africa
(except in countries like Nigeria, Benin and Ghana); it is largely used for thin
porridges. 28l West Africans preserve the traditional porridge processing; i.e., preparation
of soaked wet ground maize or sourdough followed by cooking in water, Figure 2.2.
Nche ¢t al. 1831 & Teniola ef al. 84 attempted to accelerate traditional porridge preparation
by using maize flour instead of the usually soaked kernels as starting material. They
observed a decrease in processing time from 6 days to 24 hours but produced porridge
with an inferior and undesirable textural quality, namely poor pasting properties and
flow behaviour. This clarifies the significance of the soaking step in the production of
West African maize dishes. Sourdough from steeped whole maize gives a more
preferred aroma, taste, smoothness, and better pasting and setback viscosities than
dehulled steeped maize and fermented maize flour.l84 Bolade 185 observed the lowest
pasting temperature (i.e., faster gelatinization) in flour produced from soaked maize,
possibly due to the breakdown of the matrix around the starch granule.
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The most popular maize porridges in Eastern and Southern Africa are the thick textured
foods known as ugali/ nsima/ sadza, all of which are derived primatily from unfermented
dry milled maize generally with no ingredient added but with differences in thickness
and maize meal type. For example, nsma from Malawi and Zambia is relatively soft
compared to sadza from Zimbabwe and #gal from Kenya, Tanzania, Rwanda and
Uganda. Properties such as moldability and mouthfeel are most desirable in thick
porridges.[28.85 While the urban areas depend on ready-made flours (i.e., packaged maize
meal from the industrial mill), the rural areas sort and clean maize then mill at home or
in a local mill that generally uses a hammer mill. The classification of maize meal can be
based on colour, extraction rate, particle size and the type of maize kernel texture used,
i.e. soft (dent) or hard (flint) endosperm.[8¢l For instance, three types of maize meal are
found in Africa: whole maize meal, dehulled maize meal and dehulled & degermed
maize meal, see Table 2.5. Although the preparation of refined maize flour is laborious
and results in excessive loss of nutrients, it is the most preferred quality for the
preparation of #ugali/nsima, and it is perceived as “rich people” food. Unrefined flour
such as dona (whole kernel maize flour) is classified as “food for the poor” in some
communities.?* The soaking process and a fine particle size of maize flour enhance
water absorption, pasting properties, starch breakdown, cohesiveness, bulk density,
taste and appearance.[?8! Similarly, degermed maize flour was observed to require 10
times less energy and less time to cook as well as having a longer shelf life compared to
whole maize flour. In a survey in urban Kenya, 64% of refined maize meal consumers
indicated ease of cooking as the major reason for purchasing this type of flour.l8”) From
a nutritional point of view, dehulling, removal of maize germ, several rounds of soaking
and drying during maize refinement indeed result in high nutrient losses. 36 881 Ashanti
and nsihn kenkey, usually made from degermed flour, were confirmed to have low
mineral contents;[8% up to 20% protein and more than half of the vitamins and minerals
could be lost duting maize meal refinement. The nutrient lost from the industrial meal
may be replenished through exogenous fortification but this is unlikely for the majority
of meals processed at home. Therefore, children depending on ingestion of foods
produced from refined flours might have nutrient deficiencies.

About 70% of thin porridge consumers are infants, but the low dry matter content (5-
10 g / 100 ml) makes it nutritionally inadequate. For instance, maize pap in Nigetia was
reported to contain 0.5% protein and 1% fat; thin porridge provides an energy density
of less than 0.40 Kcal/ml, which is much lower than breastmilk (0.68 Kcal/ml).P0. %1l
The energy, protein density and protein quality can be improved by using, for instance,
quality protein maize with addition of legumes and sprouted maize to achieve a viscosity
favourable for infant foods.l) To correct for the essential amino acids deficient in

maize, a soybean enriched sourdough known as soy-0g/ and weanimix was developed.l
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Soy-0gi was compared to nine commercial weaning foods and found to be relatively low
cost and nutritionally adequate. Other maize - legume/nut (groundnut, melon, bambara
groundnut and cowpea) combinations tested were found to be superior to any available
single protein source.295 However, the acceptability of legumes in weaning food might
be low due to problems associated with difficulties in digestion and the flavour when it
is not propetly processed.l?l The acceptability test carried out on soy-9g7 showed that
66% preferred the usual ¢g.1% However, kenkey enriched with cowpea showed high
acceptability by consumers.’5l A substantial improvement in the nutritional
composition of sourdough has been reported from the addition of vegetables, leaves
and fruits (e.g., okra seed,l’l mango mesocarp,!8l Moringa oleifera leaves |l and pawpaw
(Carica papaya) fruit).'™ In an unconventional approach, Cirina forda (an edible insect)
and maize dough were blended to achieve a significant improvement in the protein,
minerals, amino acid and fatty acid contents.'ll Information on home-based
production or use of legume/nut supplemented maize food is scanty. However,
Bankole !l reported that 49% of og/ consumers were aware that the food can be fortified
with fruits and legumes but adoption was only 5.8%, namely with soybean (2.9%),
groundnut (1.9%) and cowpea (1%).
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Table 2.5: Major maize meal types and nutrient composition

Maize Examples Description Nutritional value References
flour (per 100 g)
Whole Dona, mugayiwa, Milled whole Calories (Kcal): 343 34,85, 80]
maize posho, farinha kernels with all Protein : 10%
meal corn farelo, ufawa  components Carbohydrate: 73.4
m’gaiwa, straight retained. The Fat: 3.8%
run meal, hammer  flour extraction Ash: 1.3%
meal rate is 96 —99%.  Iron(mgs) : 2.5
Thiamin (mgs): 0.35
Riboflavin (mgs): 0.13
Dechulled Sembe, sifted Flour made from  Calories (Kcal): 341 [2,28,85,80]
maize meal, roller meal, dehulled maize Protein : 9.3%
meal Farinha Sem kernels, parts of ~ Carbohydrate: ~ 75.1
Farelo, number 1 the germ is Fat: 2.4%
removed along Ash: 0.7%
with the bran. Iron(mgs) : 2.0
The flour Thiamin (mgs): 0.3
extraction rateis  Riboflavin (mgs): 0.08
75— 95%.
Dehulled Kiwerege, ufa- Very fine, soft Calories (Kcal): 334 28, 34, 85, 80]
& woyera, extra and white flour Protein : 7.9%
degermed  super or supet- made from Carbohydrate: ~ 78.4
maize sifted meal, farinha  dehulled, soaked, Fat: 1.2%
meal matabicho, degermed and Ash : 0.5%
breakfast meal, Tz dried maize, Tron(mgs) : 11
flour leaving only the ~ Thiamin (mgs): 0.14
starchy Riboflavin (mgs): 0.05

endosperm. The
flour extraction
rate is 60 — 70%.
The flour is less
prone to
rancidity due to
the removal of
the germ
containing the
oil. It has the
highest shelf life
and shortest
cooking time.
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Chapter 2

2.1.6 Maize based beverages

The use of locally available cereal-based beverages is common practice in Africa, serving
as a well-accepted alternative to industrial brews or drinks. They consist of alcoholic
and nonalcoholic beverages such as akpan in Benin, !l kunu zaki in Nigeria,l'8l fogwa in
Tanzania,"% see Table 2.7. The non-alcoholic beverages serve as thirst-quenchers and
energizers. Akpan from maize is consumed 2-3 times a week by 34% of the Beninese.[102]
The type of technology used and the preference for cereal grains for making beverages
depend on the product, socio-cultural group and consumer preference. Gaffa ez al. 18]
reported that in the production of &#nx in Northern Nigeria, 33% prefer millet and 20%
maize while 36% of all the respondents prefer to combine grains. Likewise, 49% of
chea producers in Ethiopia uses a mixture of cereals; exclusive use of maize is believed
to yield a too sour product.['3 Most beverages are derived from combinations of maize
with other grains (e.g., wheat, barley, millet, sorghum, legumes).['s: 104 Traditional
methods of beverage production (soaking, germination, wet grinding, sieving, and
fermentation) are preferred in Africa, Figure 2.2. The mechanism of these methods in
producing the desired quality attributes has been well studied. Soaking softens the
texture of the grain, triggers germination and activates endogenous enzymes such as
amylases, proteases and lipases, which release sugar, amino acids and fatty acids,
respectively; these are essential for the fermentation process.!”!l Phytase is also activated
during soaking and degrades phytate.l'95] Though mainly the endogenous amylase
produces fermentable sugars, which serve as energy for the fermenting organism, some
molds and lactic acid bacteria are also capable of producing amylolytic enzymes for
starch hydrolysis.[106]

An alcoholic beverage is obtained using a malting process followed by fermentation,
primarily by lactic acid bacteria (LAB; predominantly the genera - Lactobacillus,
Lactococens, Lenconostoc and  Pediococcns), yeast (e.g., Saccharomyces), and fungi (e.g.,
Aspergillus), while nonalcoholic beverages basically use soaking and a slight
fermentation.l'8] The preparation of nonalcoholic beverages involves soaking
(sometimes with malting), grinding followed by filtration and overnight fermentation.
The fermented filtrate is boiled and sweetened or salted.[’8] In a nonalcoholic beverage
such as munkoyo, the alcohol content is less than 0.5% but can increase to more than
2.5% with continued fermentation, thereby turning it into an alcoholic beverage. 7] This
practice is not unusual since most traditional beverages are consumed while they are
actively fermenting. Prolonged fermentation could also resultin a bitter taste, off-odour
and spoilage.l17l Many adults in Zambia drink an average of one-litre munkoyo petr
day.[%8 Non-alcoholic beverages are cherished for their sweet and slightly sour taste,
smooth texture, low acidity and characteristic local aroma. The type of ingredient gives
each beverage its desired local flavour. Ingredients such as ginger, clove, red pepper,
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black pepper and tamarind (Dzalinm guineense 1.) fruits are used for kunu zaks,'8) ripened
plantain and pepper are added to bladzodidiwe,P) see Table 2.7.

Traditional alcoholic beverages account for the highest percentage of alcohol
consumption in Africa, possibly because of its cultural connotations (e.g., regular use in
traditional ceremonies) and low cost. In Zambia, for instance, in the Copperbelt as well
as in Southern Province, farmers drink more than 60 litres of chibukn per year.!108]
Depending on the season, sorghum, millet, and maize beer contributes 6 - 12% of adult
calories intake in countries like Burkina, Gambia, Guinea-Bissau, Togo, Cameroon,
Sudan, Burundi, Rwanda, Kenya, Tanzania, Botswana, Lesotho, Swaziland, Malawi, and
Zambia.l’l The preparation of the alcoholic beverage entails soaking maize for 2-3 days
ot for 5 to 7 h in warm water of 60-70°C (commonly maize serve as starchy adjunct
while grains such as wheat, sorghum and millet are malted), followed by draining and
leaving the grain to germinate in a well-aerated container covered with leaves or cloth.
The germinated maize is wet ground, boiled, cooled and filtered. The filtrate is allowed
to ferment until the desired sour flavour is obtained and then boiled to a concentrate.[l7:
1091 The beverage contains lactic acid, alcohol, sugar, and amino acids, which have an
antimicrobial effect on pathogens, such as Campylobacter, Salmonella, Shigella and E.
¢0/i.1110]

In both alcoholic and nonalcoholic beverages, local starch liquefaction agents are often
added, e.g. Rhynchosia heterophylla for munkoyo; Cadaba farinosa, malted tice/sorghum and
sweet potato extract for &unu aki; malted millet flour for zogwa and wheat flour and/or
sorghum malt for mahewn.'7-19.111] These ingredients contain amylolytic enzymes, which
break down large starch molecules into substrate for fermentation and result in the
characteristic beverage with a low viscosity and relative density. A bittering and
antimicrobial agent such as the gesho plant (Rbammnus prinoides) is added to tella drink in
Ethiopia. Similarly, wood ash can be added to neutralize the excessive acid in the
drink.[12] The alcohol content of local beverages is unstandardized and varies widely
within the same locality and sometimes even for the same type of production; e.g., pio
is 3%, tellais 2 - 4% and busaa is 2 - 4%.17%,109 The variation can be ascribed to differences
in spontaneous fermentation or starter culture, the concentration of liquefaction agent,
the duration of the fermentation, the homogeneity of the filtrate and whether or not
distillation takes place.

Studies on beverages in Africa usually neglect their health-supporting potential. For
instance, sour liquor such as the one derived from g/ production has been reported to
possess probiotic and antimicrobial effects.[!!3] In fact, maize sourdough solutions were
observed to be as effective as WHO/UNICEF oral rehydration salts (ORS) for
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treatment of children having diarrhoea and abdominal discomfort.l''4l The sour liquor
has long been effectively used in local communities for managing acute diarrhoea in
children and for soaking or dilution of local herbal medicines, especially in rural areas
where they may not have access to medical facilities. The production and packaging of
sour liquor is inexpensive (fully derived from a liquid waste stream) and culturally
accepted in most communities, especially in West Africa. To the best of our knowledge,
it is only used at household level and not commercialized in any form. Similatly,
microorganisms extracted from sourdough in traditional African foods have shown to
exhibit probiotic properties.[113. 1151 However, heat treatment during cooking destroys
the predominant lactic acid bactetia present, and therefore nullifies all probiotic effects.
To use the probiotic potential of the sourdough, it could be positioned as an uncooked
beverage drink like pogo/ in Mexico and sobia in Saudi Arabia. Pozo/ and sobia are
refreshing beverages made from suspensions of fermented dough in water and
consumed cold;[1!l similar to the consumption of ice kenkey (in Ghana) and fura de nunu
(in Nigeria).
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2.3.0 General evaluation of maize value chains and opportunities

Maize-based street food production serves as a major avenue for consumption of maize
in Sub-Saharan Africa. An increase in patronage of street food has been recorded in
Atfrica in the past two decades, consequent to urbanization (movement of people into
towns in pursuit of opportunities - ‘greener pastures’), which usually leaves a large
number of the immigrants jobless. As a result, many embark on street food vending for
livelihood. Likewise, the demand for street food increased because city-dwellers spend
most time at work or commuting. Thus they prefer to buy convenient, fast, easily
accessible and inexpensive food.3l This trend will continue since the population of
Africa is expected to double, with urbanization levels rapidly expanding to more than
half. A large portion of street foods in Africa is maize-based, for instance banku (a
cooked fermented corn dough) is 44 % of the menu list of street food vendors in
Ghana.l''”l Therefore, it is important to pay more attention to maize-based street food
vending as a means of increasing maize utilization and creating opportunities through a
value chain approach. The long list of maize-based foods in the previous sections
presents many opportunities that can benefit street vending, help to lift many people
out of poverty as well as improve nutrition, especially for women (and their children),
who are the predominant stakeholder. Other opportunities in maize value chains are

presented in Figure 2.3.

To ensure food and nutrition security, value chains of major staple crops like maize
have to become more efficient and diversified, thereby creating inclusiveness and
innovations to feed the current and future population. Although value creation is often
viewed exclusively in monetary terms, non-monetary value creation (enhancing quality,
safety, sensory properties, food diversity, as well as the nutritional value of the end
product) is critical to ameliorating the current poor performance and untapped potential
of staple crops. Value addition of staple crops has been long neglected or received little
attention over the years resulting in loss of foreign exchange and employment
opportunities and contributing to prevailing malnutrition. Although this study
emphasizes opportunities for street food vendors, upscaling food production by small
and large scale enterprises is also highly feasible and to be encouraged.
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. Nixtamalized products: masa flour, tortilla,
chips, hominy, pazole, atoles, taco shells,
tastados, sopapilla, menudo, tastados

. Breakfast and ready to eat foods: granules,
flakes and couscous made from precooked
and toasted traditional maize dough i.e.
extruded maize products

. Whole kernel products: canned green maize,
boiled sweet corn, blue corn, baby corn and|
popcorn

. Composite flour for bread and snack making

. Composite flour for complementary foods

Opportunities in Africa

. Wet milling products: oil, protein, starch, . .
and fiber maize value chain

. Dried fermented and malted cereal meals

. Specialty foods made from nutrient rich
maize varieties

. Animal feed production

. Optimized starter culture for bio-enrichment
and anti-nutrient degradation to improve
the quality of maize-based fermented foods

. Maize-based probiotic & prebiotic beverage
drinks

. Standardization of the traditional
fermentations

Figure 2.3: Framework of opportunities in Africa's maize value. Nixtamalization technique in Mexico
generates about 300 products (Natalia ¢ a/, 2016). The vast amount of product from this technique
coupled with its nutritional and food safety benefits shows that it could make a significant impact in
Africa and can serve as a driver for the nutrient-dense varieties currently having low adoption. The
close similarity of this technique with the examples of the traditional processing methods in Africa
shows a strong possibility for incorporation and acceptance. Green maize and popcorn currently
not sufficiently grown in the country are a huge gap of opportunities to be filled. And since
fermentation is a critical processing step in Africa, local bio-enriched techniques can generate
nutrient-rich products and probiotics/prebiotics from maize. The underutilization of maize for
breakfast meal and composite flour could be overturned to drive the acceptance of improved maize
varieties.
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2.4.0 Effects of traditional maize processing on nutritional quality

Traditional maize processing has been used for centuries to improve food quality -
functionality, texture, flavour, shelf life, safety and nutritional value. Processing
methods include roasting, smoking, dehulling, drying, soaking, malting and
fermentation. Maize-based foods are often characterized by a low nutritional quality as
a result of the removal of some kernel structures like pericarp or germ, damage due to
processing and/or the natural nutritional deficiencies of the grain.[3l Besides, the
presence of antinutrients, like phytate in maize, decreases the bioavailability of the
minerals. Studies on the effects of maize processing on nutritional quality are scarce in
Africa, and in many cases the available studies have contrasting results. 7. 118]

In general, traditional processing in Africa involves uncontrolled drying, removal of the
bran and sometimes the germ, either intentionally or not, and also excessive washing of
grits, decanting of soaked or fermented water and sieving out chaff, all of which can
result in loss of nutrients.l?l Maize starch derived from sediments in water or repeated
rounds of draining is normally used in the preparation of traditional foods, e.g. 9gi. This
infers that the nutrients in the supernatant are discarded. Improved nutrient retention
was reported in modified sourdough processing methods such as in the use of a pure
starter culture, reuse of steep water and a proper milling and sieving method to minimize
loss of maize germ and other components.[11% 1201 In addition to the impact of these
mechanical processes, other treatments such as heating may result in denaturation of
the heat sensitive components like proteins and possibly, crosslinking of amino acids to
form lanthionine or lysinoalanine or Maillard browning products.!12!] Maize-based foods
serve as weaning food for infants and staple foods for adults. Consequently,
understanding the nutrient retention and the amount available for body functions as a

result of maize processing is critical to optimize maize use.
2.41 Effect of processing on anti-nutrient - phytic acid

Phytic acid (PA) negatively influences the bioavailability of minerals due to the high
chelating ability of its reactive groups with positively charged cations such as Fe2+,
Zn2+, Ca2+ and Mg2+ to form insoluble metal-phytate complexes.'22l Breakdown of
PA can occur by 1) an endogenous enzyme (e.g., phytase in maize), 2) an exogenous
enzyme (e.g., biotechnologically produced phytase or addition of crops with high
phytase activity like wheat), 3) intestinal mucosal phytase, 4) microbial (e.g., bacteria,
fungi, yeast) phytase released during fermentation or digestion in the gut, and 5)
processing activities (e.g., boiling, roasting, milling etc.).[123. 1241 As the mucosal phytase
activity in humans is very low (i.e., 1000-fold lower than that of alkaline phosphatase),
its role in the breakdown of PA is negligible.[125]
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Traditional processing and preparation methods, such as drying, milling, soaking,
heating/roasting, cooking (e.g., with water or an alkaline solution), sprouting or malting
and fermentation can degrade phytic acid (PA) to enhance the bioavailability of
nutrients.[44 124,120 The efficiency of these methods in reducing PA can be influenced
by its location in the maize kernel.['27] About 90% of PA is located in the maize germ.
This is the same structure where 26% of the kernel protein, 78% of the kernel minerals
and 83% of the total kernel lipids are present.l''!] Thus the removal of the germ where
PA is concentrated, deprives consumers of essential nutrients. An efficient maize
processing method needs to optimize the reduction of PA to its lowest phosphorylated
form (<IP3), and thus maintain a maximum amount of nutrients.['2”! Breakdown of PA
increases downstream processing, i.e. from raw maize to finished product; hence, it is
important to systematically combine different processing methods to achieve a
significant reduction of PA.[127]

All forms of heat treatment have a positive impact on PA degradation at different rates.
The degradation is higher in fresh maize than in dried maize.['24 Heat treatments such
as boiling, cooking in hot powdered charcoal, roasting in sand and roasting on charcoal
of fresh maize resulted in PA losses of 18.1, 29.2, 46.7 and 15 - 41.9%, respectively,
while a much lower reduction was observed in dried maize. For example, boiling in
water and roasting in sand resulted in 19 and 24 - 37% PA reductions, respectively.[122
124] Milling or pounding exposes PA to enzymatic hydrolysis, thermal degradation, and
faster absorption. For instance, a 47 - 51% PA reduction was observed in soaked
pounded maize, with a much higher reduction in finer flour.[105 128] Reduction of PA
during soaking is largely due to diffusion of water-soluble PA (e.g., Na, K, or Mg -
phytate), which can then be drained out.'?”] Approximately 90% of PA in maize is
soluble in water,['?) which makes soaking a reliable method for reducing PA. The
soaking of grain also results in activation of endogenous phytases, which break down
PA.I130] In general, the extent of PA reduction during soaking depends on the level of
granulation of maize, pH, varety (i.e., hardness of the endosperm and hull) and
duration.[26] Amoa ¢f al. 9] observed a 5.9% phytate reduction (with an additional 1.9%
in steeping water) in samples from Ghana while 2.2% was reported for samples from
Malawian maize. Other researchers, Greffeuille ¢z a/. Bl and Mitchikpe ez a/. [128] reported
3 - 14% PA reduction during soaking of maize grains.

The use of unmalted maize flour as a starting material for traditional maize-based food
processing deprives the processor of the PA breakdown ability of sprouting since it
requires whole maize. This can be mitigated by adding sprouted maize flour since it
contains endogenous phytase.l'27] However, Amoa e# al. 1] observed that addition of
wheat flour is more efficient than malted maize flour. The addition of 1% wheat flour
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during the production of kenkey resulted in a 99% phytate reduction after 36 h of
fermentation.l)) Wheat has a phytase activity of 1565 (U/kg) compated to 24 (U/kg) in
maize; the addition of wheat flour increased the phytase concentration thereby causing
phytate breakdown.['3!l The sprouting process significantly increases phytase activity
(more than 80%) in maize along with a decrease in PA. Egli ¢f a/ 1126l and Mitchikpe ez
al. 1281 reported a 9 - 74% PA reduction after maize sprouted for 48 h — 72 h. The PA
reduction reported from sprouted maize is not sufficient to influence mineral
bioavailability but it is an important step to complement successive degradation

processes.[127]

The reduction of PA during fermentation of maize is possibly due to the growth of
microorganisms rather than by the endogenous enzyme because normal maize has a
low phytase activity.['32 An enzyme activity of up to 3 IU/g of maize seed has been
reported in a transgenic maize line containing Aspergillus phyA (encoding phytase), with
about 95% degradation of the endogenous PA in a maize flour paste.[!33]
Microorganisms break down PA through the production of microbial phytase. The
enzyme hydrolyzes PA into myoinositol and inorganic phosphate through the
intermediate myoinositol phosphates (i.e., IP1 to IP5).1105.130.134] Amoa ez a/. 189 observed
16.9% and 2.7% phytate reductions during the production of Aenkey from Ghanaian
and Malawian maize, respectively. Similatly, Hotz ¢ a/. %] reported a 12% reduction of
phytate during spontancous fermentation and a 39% reduction using a starter culture.
A larger reduction was observed after the addition of malted maize flour. Microbial
phytase is released from the natural microorganisms on maize or starter cultures. The
production and activity of phytase are influenced by pH, temperature, species, available
nutrients, and the presence of inhibiting agents.[123 130l Optimum degradation of PA
requitres an understanding of the constituent microorganisms and the released microbial
phytase since different phytase sources show differences in heat stability and pH
optimum. Most bacteria and fungi produce phytase at an optimum pH range between
5.0 and 7.0; the released phytase is active at a pH optimum between 4.5 and 5.5 for
fungi and 6.5 to 7.5 for bacteria.l!23] Similarly, most microorganisms produce phytase at
an optimum temperature ranging from 25 to 37°C; the released phytase is active at a
temperature between 25 to 80°C.[123.130] Stability of microbial phytase decreases as pH
drops below 4.5 and increases above 7.5.1134 The pH of the maize food ranges from an
average of 0.5 (initial) to 3.1 (final product), with the temperature at an average of 28°C.
Lactobacillus plantarum, which is the most predominant LAB in fermented maize-based
foods and has the highest phytase activity, was found to produce phytase with a single
pH optimum of 5.5, and to be inactive at pH <3.5 / >06.5. Therefore, to achieve the
optimum degradation of PA, fermentation processes need to be maintained at

conditions that favor the activity of the predominant microbial phytase.!37)
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Conclusion

The traditional uses of maize, especially for snacks, drinks and bread, in African
countries are limited when compared to Mexico and Central America, where maize
originates. Given the right technology, maize variety, process and awareness, many high
potential maize foods localized in some communities can be scaled up across the
continent and beyond. The introduction of local processing technologies or techniques,
like nixtamalization, at both household and commercial level, would enhance the use of
maize to meet consumer needs and preferences, and reduce nutrient wastages. Rapid
population growth and urbanization in combination with increased disposable income
is bound to induce dietary change. If dietary change follows comparable patterns as
elsewhere in the world, this implies more reliance on semi-processed and processed
foods. Promoting processing techniques that will reduce nutrient loss and make food
preparation more convenient for consumers can enable enhanced food and nutrition

security.

Traditional fermented foods will continue to gain acceptance in SSA; research into
technologies to improve nutritional properties, shelf life and baking properties is
necessary. Studies on more effective ways to enhance the nutritional quality of maize-
based foods through blending with the commonly available nutrient-rich crops,
vegetables and possibly through microbial fortification (e.g., fermentation with high
amino acid secreting microorganisms) and other novel approaches should be
encouraged. Advanced knowledge in biotechnology could be applied to develop
microorganisms that can be used in fermentation to enhance nutritional components
and quality of maize-based foods. Additionally, there is a need to embark on research
to improve the bioavailability of essential nutrients as influenced by the maize food

matrix and the different traditional processing methods.
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Technological perspectives to increase the food and nutrition security impacts of maize breeding programmes

Abstract

The demand for maize in Sub-Saharan Africa will triple by 2050 due to rapid population
growth, while challenges from climate change will threaten agricultural productivity.
Most maize breeding programmes have focused on improving agronomic properties
and have paid relatively little attention to postharvest qualities, thus missing important
opportunities to increase the contribution to food and nutrition security. This paper
considers current and potential food uses of maize in Africa and proposes six objectives
to enhance the contribution of maize breeding programmes to food and nutrition
security: (1) enhance nutrient density; (2) enhance suitability for use in bread and snacks;
(3) improve characteristics for consumption as green maize; (4) improve characteristics
that enhance the efficiency of local processing; (5) reduce waste by maximising useful
product yield and minimising nutrient losses; (6) reduce the anti-nutrient content of
grain.

Keywords: Maize; Maize-based food; Maize breeding; Maize value chain; Consumer
preferences; Sub-Saharan Africa
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3.1.0 Introduction

The growing availability of staple foods in Sub-Saharan Africa (SSA) since the 1990s
has substantially reduced the prevalence of undernutrition.['! Staple foods in SSA are
characterized by high carbohydrate content but are low in other food nutrient
components like protein, vitamins and minerals.! One of the major staple crops in SSA
is maize, which is consumed in many forms including infant foods, snacks and main
dishes. Populations in regions with heavy maize consumption may suffer malnutrition
due to natural deficiencies or low quantities of some nutrients in maize, limitations of
the maize food matrix, presence of anti-nutrients, physical loss or chemical damage to
the nutritional composition during post-harvest handling and limited alighment of
maize breeding programmes with preferences of end-users, i.e., maize processors and
consumers.[?l Preferences for maize and maize-based foods differ across Africa, thus
implying that general solutions are not feasible for the diverse and dynamic continent.l?!
Research and development (R&D) policies in Africa generally emphasise improving
agronomic properties such as yield and tolerance to abiotic and biotic stresses. In
contrast, understanding characteristics such as taste, colour, nutritional value and
suitability for use in preparing local or novel dishes seldom receives the attention it
deserves. !

The ultimate measure of the success of maize breeding efforts is the demand and
adoption of their new varieties by end-users. Breeders develop new varieties based on
product profiles, which are a list of traits and characteristics that must be achieved in
the new variety for it to succeed. More than one product profile is needed to define the
needs of all clients, including processors and consumers. An adequate understanding of
the needs of maize users, and integrating this understanding into product profiles
targeted by breeding programmes across SSA will help to propetly harness research
resources, increase adoption of novel maize varieties, improve nutrition and meet the
needs of traditional and modern food processes. Between 2010 and 2050 the population
of Africa is expected to double, with urbanization levels changing from one third to
more than half. Once food security is assured, consumers will increasingly demand
quality traits. Maize food uses can be expanded to support the rural/urban transition by
offering more nutritious food products and enhancing processing efficiency. This is
critical because to date various maize varieties with improved agronomic traits are facing
challenges along the value chain, such as differences in organoleptic preferences and
processing requirements of users, limiting the utilisation of the crop for food.l> ¢
Strategies based on maize breeding and improved processing methods that hinge on a
critical understanding of users’ preferences and nutritional needs could help people
meet their daily dietary requirements, and position breeding programmes in developing

countries for greater impact.
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This paper examines the preferences and needs of maize users in SSA and suggests traits
that maize breeding programmes might include in their portfolio to further increase the
impact of new varieties on food and nutrition security. The research did not consider
the specific needs of each country in SSA; instead, it focused on what is characteristic
for two major maize production and consumption regions, ie. Western and
Eastern/Southern Africa, where maize is a staple food. Likewise, the research did not
take into account the ease or difficulty of incorporating these traits into new varieties
but identified some possible quality trait targets and the current methods for
measurement. The review serves as a foundation for further work to meet users’ needs
and improve maize value chains.

3.1.1  Categories of maize-based foods

In general, we can distinguish six categories of maize-based foods in Africa, namely:
whole-maize foods, wet-ground maize foods, snacks and bread, maize sourdough and
dumplings, porridges and beverages. Examples of maize-based foods are summarised
in Table 3.1; a comprehensive list of maize-based foods, their descriptions and

frequency of consumption can be found in Ekpa ez a/ Ul

Table 3.1: Examples of maize-based foods in Africa
Food Major processing Examples

category steps

Whole- Cooking, steaming, Adalu, egbo (Nigeria); githeri, muthokoi (Kenya); aboda
grain roasting (Benin); ayibli, nkyekyerewa, adibabli (Ghana); kandy,
foods makande (Tanzania); mangai, mutakura (Zimbabwe);

lusontfwana, tinhlumaya- nemphuphu (Swaziland);
setampo (Lesotho); umngqusho, samp (South Africa);
corn tchap (Cameroon); roasted & boiled maize (across

Africa)
Wet- Wet grinding, Amiwo, abla (Benin); sapala, abari (Nigeria); akakla, ofam
ground steaming (Ghana); koga (Cameroon); mohlefe (Lesotho); shamsi,
maize fallahi (Egypt); Maputi (Zimbabwe)

foods

Bread and  Fermentation, baking, = Masa, donkwa (Nigeria); kpome-klekle, tale (Benin);

snacks frying and roasted dzowee, mamu kaklo (Ghana); injera, dabo (Ethiopia);
muufo (Somalia); Monepola oa Poone feela (Lesotho);
chigumu (Malawi); Chimodho (Zimbabwe); Popcorn (all

over Africa)
Sourdough  Soaking, Ogi, donkunu (Nigeria); amo, kenkey (Ghana); poto-poto,
and fermentation, mawe, akassa (Benin); mutwiwa (Zimbabwe); doklu (Cote

dumplings  steaming and cooking  d’Ivoire ); leqebekoane (Lesotho)
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Porridges ~ Unfermented: Mgaiwa phala (Malawi), tombrown, tuo zaafi (Ghana);
Milling, cooking phutu (South Africa); ugali (Kenya); sadza (Zimbabwe); t6
(Mali); nsima (Zambia); Asida (Sudan); tuwo (Nigeria);
papa (Lesotho); owo, yeke (Benin); soor (Somalia)
Fermented: Soaking, = Mutwiwa pap, sour sadza (Zimbabwe); afiata, koko, ice
Fermentation, kenkey (Ghana); uji, ikii (Kenya); aklui (Benin); ting
cooking (Botswana)
Beverages  Non-alcoholic: Akpan (Benin); mahewu (South Africa); munkoyo
Milling, soaking, (Zambia, Zaire); kunnu zaki (Nigeria); kirario (Kenya);
Cooking borde (Ethiopia); togwa (Tanzania)
Alcoholic: Obiolo, pito (Nigeria); busaa, chang’aa (Kenya); pombe,
Germination, chibuku (Zambia); talla, cheka (Ethiopia); malawa,
Fermentation kidongo (Uganda); doro, chikokivana, kachasu
(Zimbabwe); kaffir beer, umqombothi (South Aftica).
3.1.2  Maize preferences for food in Africa

Flint, dent, pop-maize (popcorn), waxy, sweet and floury maize types of diverse colours,
sizes and shapes are commercially grown for human consumption around the world.
Grain colour is an important selection criterion for users in Africa, where white is
generally preferred over yellow. Although 90% of globally produced maize is yellow,
white maize predominates in Africa with over 90% of the total maize crop; it also
accounts for more than 30% of global white maize production.8-°]

Yellow maize is in increasing demand for animal feed because it gives a deep yellow
colouration to egg yolks, poultry skin and animal fat, which consumers attribute to
healthiness and freshness.['. 11l Human consumption of yellow maize in Africa may
continuously decline as animal feed use rises. For instance, in South Africa, the
commercial yellow maize area (mostly for feed) is expected to increase by 1.4% per
annum while the white maize area decreases by 1.5% per annum.l12 3] In a survey
conducted by Pillay e# a/. !4, some respondents indicated that they only see yellow maize
in shops that sell animal feed, not human food; for that reason, it is only for animals.
This issue is outside the scope of the current study, which focuses on maize for human
food from a food technological and consumer point of view. Information about trends

in maize for animal feed in Africa can be found in Rosegrant e a/. 13 and Smale ez al. Bl.

The predominance of white maize for food production may be traced to many cultural
valuations or social status (prestige) considerations: “white is supetior” or “the whiter
the better”: the influence of indigenous competitive staple crops; government policies;
organoleptic differences; a desire for the brightly coloured finished products; and
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familiarity (i.e. people are used to eating white maize).[% 5 8.9 14 15] The association of
yellow maize with food aid that was poorly handled or stored during transport and
importation, resulting in an unacceptable taste, has been reported to have negatively
influenced its acceptance as food.l'¥l The choice of colour could be customarily driven
by indigenous competitive or substitute staple crops. For instance, in the eastern region
of Nigeria where gari (fermented cassava flakes) is commonly prepared with palm oil,
which appears yellowish, people prefer yellow maize, e.g. for making akamu porridge.
In the western part of the country, where finished products made from cassava are

white, people prefer white maize, e.g. for making 9g/ porridge.

In Fastern Africa, yellow maize is rarely found in Kenyan markets; only 26% of people
would consider buying yellow maize at the same price as white maize.l'?l Consumers
need an average price discount of 37% in Kenya, 30—40% in Mozambique and 10% in
Zimbabwe to accept yellow maize instead of white.['6l The perception differs among
age groups; preschool children in rural South Africa showed a preference for yellow
maize over white maize-based food products, while older groups preferred the white
maize-based foods.!'*l The rejection of yellow maize has been attributed to a dislike for
the colour and to organoleptic or sensory properties, e.g. some respondents have shown
a dislike for the smell and taste of yellow maize-based foods.[8. 14.16.17] However, when
nutritional information was provided, while promoting orange provitamin A
biofortified maize in Zambia, the consumers preferred and were willing to pay a
premium for orange maize varieties.['8l The differences in maize flavour (aroma and
taste) are often elucidated by affective consumer sensory studies, which usually conclude
that there are no significant differences. However, farmers in Malawi, Zambia and
Zimbabwe have been reported to prefer growing local landraces due to their taste, even
when hybrid maize has better yield.['?.20] Likewise, Hebinck ez a/ 4 found that farmers
in Luoland (Kenya), preferred the taste of local maize to the taste of available hybrids.
Determination of the relationship between the available sensory data and instrumental
measurements of the volatile profiles would help to understand the differences in
flavour between and among hybrids, open-pollinated vasieties (OPVs), local landraces,
nutrient-dense varieties and the different colour types. The profile of volatile organic
compounds (VOC) in maize varieties can be characterized using Proton Transfer
Reaction -Time of Flight — Mass Spectrometry (PTR-ToF-MS), a direct and non-
invasive technique for performing high-resolution measurements.l?!l Though the
equipment has high sensitivity, resolution and speed, it is costly for national breeding
programmes and requires trained personnel. As experienced in the development of
biofortified crops, one of the challenges faced by breeders is the availability of high-
throughput, reliable and cost-efficient analytical methodologies that can be applied to
enable rapid and accurate analysis of traits with high heritability. 22
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Both dent and flint white maize grains are used for making food products in Africa. The
difference between these two types is in the distribution of areas in the endosperm with
different starch granules density. In the hard corneous endosperm starch granules are
tightly packed while in the soft floury endosperm, granules are less dense. Thus in flint
kernels, the hard endosperm comprises most of the grain and forms a cap over the
germ, while in dent maize, the hard endosperm is on the sides of the kernel, partially
surrounding the germ.[?3 Flint maize is commonly used as “green maize” (roasted or
boiled) and, as opposed to most other maize food types, green maize consumption is
without colour partiality by users.4 In Western Africa, consumers have a preference
for soft endosperm varieties because they are easier to steep and mill, and yield finer
products.25] This is reasonable because maize foods from the region are largely prepared
with whole maize as starting material rather than with maize flour. In a morphological
characterization of maize varieties in Nigeria, Anthony [1 found 48% dent, 14% floury,
14% flint, 13% waxy and 6% sweet maize. In Eastern and Southern Aftrica, 57% and
85% of maize varieties released (1966 — 98) by public and private breeding programmes,
respectively, were dent varieties.[2! However, the substantial reliance of these regions
on refined maize flour (e.g. for preparing ‘ufa woyera’, a local refined flour used to make
nsima), drives the popularity of flintier maize varieties since the germ and bran can be
casily separated by tampering with water.[27 . 28] For instance, the hard endosperm
account for 89% and 79% of maize grains found in Malawi and Tanzania, respectively,
due to its suitability for making the preferred food types.l26l Despite the consumer
preference for flint maize in Malawi, most maize breeding and commercialization have
been focused on semi-flint and dent varieties.[28] The relatively low post-harvest losses
of flint compared to dent varieties during traditional storage are the reason for their
preference in parts of Africa. The most widely adopted modern maize variety (H614 -
hybrid) in Kenya is semi flint, and about 25% of the modern varieties in Zambia and
Zimbabwe also have an intermediate grain texture.?) Grain texture and pasting
properties (starch content, composition and distribution) are crucial for food
preparation. One of the main reasons that farmers in Luoland (Kenya) distance
themselves from hybrid maize is that the women, who are generally the cooks at home,
believe that it takes twice as much hybrid maize as compared to the local maize to make
porridge, i.e. it gives a much 'lighter' ugali.[* 28] In general, as local communities transit
from basic processing methods (e.g. pounding with stone or mortar) to mechanised
methods (e.g. hammer mills and roller mills) and degerminated maize, their maize kernel
characteristics like hardness, proportion of kernel structures (germ, endosperm,
pericarp) and kernel size may also change.
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As shown in Fig. 3.1, the selection of maize varieties for food in Africa usually starts
with grain colour. This is followed by grain texture and food properties, which are the
core determinants of the processing and preparation attributes, storability, appearance,
palatability, and product yield. These qualities are considered prior to agronomic
characteristics during the long-term adoption of new varieties in local communities in
Africa.?0.25.27 An excellent agronomic performance does not guarantee adoption for
consumption.M Participatory varietal selection and plant breeding play a significant role
in the adoption of improved varieties. Farmers and end-users tend to adopt varieties
they handpicked based on their own set of criteria and preferences.P) Modern maize
varieties have an adoption rate of about 50% in Sub-Saharan Africa, i.e. 44% and 66%
in Eastern/Southern Africa and Western/Central Africa, respectively.?)l Greater
alignment with the product quality demands of various actors, i.e., processors (who are
informed by food technologists, among others) and consumers, in the maize value chain
can enhance the adoption and value of new maize varieties.

Agranomic properties Grain properties Food properties m

+ Yield and phenology « Soft/hard endosperm + Ease of preparation - White maize: Most
. . - Food product yield preferred due to cultural
T_o]erance 1o gecmiardiieots valuation, familiarity, taste
CISERERSE endosperm - Flavour (taste & .
7 ChEUEILELE (it + Hull thickness sl - Yellow maize: decreasing
resistance :
4 - Fibre & chaff content 4t f:'f.a” 'f”g"'t =] oducts gy demand for human food
+ Striga resistance - . ] GIEE) with growing demand for
« Storability © (T GElisy + Suitability for making animal feed.
. - Ease of shelling & local dishes - Orange maize: Rising
= Cob fill and kernel size processing I R promaticn for its intake
+ Stover quality and + Suitability for + shitahiitn i due to higher pro-vitamin
quantity livestock and poultry halmaanl ‘f:odor plasng A content.
consumption

" Merchants, processors & farmers satisfaction =~ End users & street food vendors satisfaction
(Short-term success) (Medium-term success)

[
End user, street food vendor, merchants, processor & farmer satisfaction
(Long-term & sustainable success)

Figure 3.1: Factors driving the success of maize breeding program in Africa
The medium-term drivers of maize acceptance for food in Africa are associated with the interest of

end users and street food vendors. Success in agronomic properties (farmers satisfaction) which fail
to satisfy postharvest qualities, normally result in short-term success, if any. In Africa, end users and
food vendors’ interest starts with grain colour in which white maize is preferred. This is followed by
food properties such as suitability of maize for making traditional dishes and sensory attributes, and
the processors are keen about the type of grain texture depending on the available technology. Only
a holistic breeding approach which ensures agronomically sound maize varieties matches consumer
preferences can lead to a successful maize breeding programme.
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3.1.3 Maize breeding for end-user's preferences and nutritional enhancement

Identification of maize quality attributes that are important to processors and
consumers is crucial for breeders to select the most suitable germplasm from a demand
perspective while ensuring grain yield and tolerance to biotic and abiotic stresses.
Though closing the gap between actual and potential maize yields, and the improvement
of some nutritional components have been the major focus of breeding programmes in
Atfrica, attributes such as sensory preferences, ease of processing, end-product quality,
and storability are important for end-users when adopting new and/or improved maize
vatieties.2% 27311 Incorporating end-users' preferences in breeding programmes enables
consumers to get their favourite maize foods without having to change their valued
traditional ways of food processing, preparation and consumption. It also allows
processors to enhance their efficiency and reduce grain losses.[”) Fig. 3.2 shows
breeding objectives that are important from the end user and nutritional quality point
of view in Africa and how the components of the maize value chain are integrated to
achieve food security and nutrition. The identified breeding objectives for processing

and nutritional enhancement are discussed in the following paragraphs.
3.1.3.1 Breeding to enhance nutrient density

Vitamin A deficiency remains a major problem in SSA.132I Development of biofortified
crops could contribute to solving the problem. This has been achieved by conventional
breeding, and about 40 provitamin A biofortified maize vatieties have been released in
8 African countries since 2012, including varieties such as HPH1317 and MH42A that
contain the nutritional target of 15 ppm.!l Due to the chemical nature of carotenoids,
any provitamin A enriched maize kernels will be orange. Acceptability studies have
shown that consumers do not object to the colour and they like the flavour of
provitamin A enriched maize.! It is not clear if the flavour difference when compared
to white maize is due to preconceived notions or the inherent organoleptic properties
of the maize.5l As mentioned earlier, an extensive blind test of consumer preferences
across SSA combined with laboratory analyses of volatile profiles could give a more
objective result. Oxidation of lipids in maize, including provitamin A biofortified maize,
occurs during storage in tropical conditions and during processing (e.g. cooking, frying
and baking), affecting the colour of maize products, causing the formation of off-
flavours, and reducing the antioxidant status and nutritional value.[!5 33 This oxidative
tendency can be limited by breeding varieties with an increased level of antioxidants.
The variability in kernel tocopherols and carotenoids creates an opportunity to improve
both at the same time without affecting the synthesis of the other. Muzhingi ¢f a/. 4
observed that an increased level of B-carotene and B-cryptoxanthin had no negative
effect on the level and the antioxidant capacity of both tocopherols and tocotrienols in
maize. Lipoxygenase (LOX)-facilitated deteriorations (e.g. oxidation, rancidity and off-
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flavours) have been a problem in yellow maize. Gayen ef a/. B3 stabilised the carotenoid
content of B-carotene-enriched golden rice by reducing LOX activity using RNAi-
mediated silencing. As the method has no negative effect on agronomic traits, it can be
used to preserve the provitamin A content and flavour of maize during storage.

The prevalence of inadequate intake of zinc in Africa was estimated to be 37 - 62% 135,
contributing significantly to poor child growth and immune system weakness.[?6. 37]
Introducing maize biofortified zinc (zinc concentration above 37 ppm) would make a
significant contribution. A study of human zinc absorption from biofortified zinc maize
in Zambia confirmed that eating biofortified maize can meet zinc requirements. 3¢l
Although kernel zinc content is strongly affected by genetic and environmental effects,
the relatively high genetic diversity of zinc in maize (mean 20 + 5, range 15 — 47 pg/g)%l,
indicates that further improvements of zinc concentration are achievable. %40l Similarly,
anaemia prevalence rates of 55%, 71% and 46% were reported in Eastern,
Central/Western and Southern Africa, respectively, among children aged under 5 years
of age 1, with more than half of the cases due to iron deficiency. Anaemia results in
poor mental and physical capacities and decreases the immunological capacity to fight
prevailing diseases. Unfortunately, the known genetic diversity of iron content in maize
is small (mean 25, range 11 — 39 pg/g) and largely due to a location effect.3%401 A further
hurdle is that the bioavailability of iron in maize is very low, largely offsetting any gains
that might be made through breeding for increased iron concentrations.*2l Therefore,
breeding to biofortify maize by increasing iron concentration in grain does not seem
promising. A more fruitful strategy might be to select varieties with improved iron
bioavailability, given that only about 5% of iron in maize is bioavailable.*2l However,
existing screening methodologies for iron bioavailability are not cost-effective to
support a breeding program. Transgenic approaches offer a possible solution for
improving the iron content of maize as long as they do not result in negative sensory
changes and if accepted by the public. Up to 70% increase in iron content was reported
for a transgenic maize bred with a soybean ferritin gene.[¥] New tools like gene editing
could open opportunities to develop maize with enhanced iron bioavailability, for
example, by modestly reducing the amount of phytate in the grain.

The protein efficiency ratios of quality protein maize (QPM) are more than 50% higher
than for conventional maize and almost comparable to protein in milk.# In addition,
studies have shown a faster starch digestibility in QPM than in conventional maize,
which enhances energy use.[*] About 90 QPM varieties have been released in Africa,
which represent 53% of total worldwide releases.l*¢l Presently, there are QPM varieties
that are as productive as non-QPM varieties, with some having superior yields, e.g.

Obatanpa QPM.*¢l Considering the limited access of many Africans to assorted protein
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sources, continuous development of QPM to improve its nutritional value, organoleptic
quality, yield, disease resistance and tolerance to abiotic stresses is crucial. This
development must be accompanied by affordable, fast and high-throughput seed and
grain quality control methods to monitor the levels of lysine and tryptophan since
outcrossing due to pollination with non-QPM varieties is possible. In addition,
prioritizing selection to maintain maize protein content concentrations in maize within
the current range of 8-14% is important because increased grain yield is generally
associated with increased starch and reduced total protein concentration in the grain,
(Table 3.3). In general, the continuous introduction of nutrient-dense crops with high
post-harvest retention and bioavailability in combination with other approaches like diet
diversification and nutritional education can contribute to alleviating qualitative
malnutrition. Breeding programmes should continuously encourage the release of
nutrient-dense maize varieties that are acceptable to maize processors and consumers.
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Table 3.2: Biofortified provitamin A maize varieties released under HarvestPlus by IITA and CIMMYT

Country Varieties Provitamin Minimal increase
A required to meet the
content target 15ppm (%)
(ppm)

DR Sam Vita 4-A, Sam Vita 4-B, Muibaki 5-10 33

Congo 3, Muibaki 2, Muibaki 1, GV662

Ghana Ahoddzin, Dzifoo, Ahoofe, CSIR- 6-11 27
CRI Honampa, CSIR-CRI Odomfo,
CSIR-CRI Owanwa

Malawi MH39A, MH40A, MH42A, MH43A 9-15 0

Mali Nafama, Abebe, Duba, Kodialan, 7-10 53
Dakan

Nigeria Ife Hyb 3, Ife Hyb 4, Sammaz 38, 7-8 47
Sammaz 39, Sammaz 43, Sammaz 44,

Tanzania HPH1317, HP1005 8-15 0

Zambia GV671A (HPH1301), GV673A 5-11 27
(HPH1303), GV665A (HP1005),
GV662A (HP1002), GV664A
(HP1004)

Zimbabwe 728242 (HP1005), 28244 (HPH1301), 7-11 27

78246 (HPH1302), 75248
(HPH1303)

Adapted from Andersson et al. ']

82



Chapter 3

Table 3.3: Genetic, environmental and post-harvest handling effects on main nutrient and nutraceutical
compounds in maize kernels

Compound Genetic effect Environmental effect | Post-harvest References
(Diversity handling effect
reported)

Protein 8 -14% Decrease at lower Digestibility of (18]

nitrogen levels. Higher  protein decrease
plant density leads to during 6 months
decrease in grain storage at high
protein concentration temperature

Starch 65-75% Increase at lower Starch and amylose ~ [13]

nitrogen levels. content are
negatively
influenced by high
temperatures

Fat 2-45% Pollen effect on oil Increase acidity and 131

concentration high peroxide index
by increase of free
fatty acids during
storage at high
temperature

Carotenoids Total None reported ProVA carotenoid [40,42]
carotenoids: decay during
0.15-89ug/g storage at high
DWW temperature.

ProVA: Milling leads to
0.5 -22ug/g DW higher proVA
decay.

Tocopherols a-tocoferol: High heritability and None reported 134
0.4 -75pg/g DW  no genotype by
y-tocoferol: environment effect
3.3-141 pg/g DW

Anthocyanins 2.5-1989 ug/g High heritability and None reported [47]

DW Pel

no genotype by
environment effect
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Phenolic Ferulic acid: None reported None reported [34, 48]
compounds 0.2-69ug/g
DW

p-Coumaric acid:
0-6.07 ug/g DW

Resistant starch 0.1 9.4% None reported None reported 49, 50]
Iron 11 -39 ppm Large environmental Contamination 39, 40]
effect (soil and foliar from soil, threshing
fertilization) and storing
conditions
Zinc 15 - 47 ppm Large environmental Contamination 39, 40]
effect (soil and foliar from soil, threshing
fertilization; high and storing
nitrogen reduces Zn conditions

content in kernels)

3.1.3.2 Breeding to enhance the suitability of maize for making bread and
snacks

The use of maize in the production of bread and snacks is limited mainly by the absence
of functional gluten, high lipid content that leads to low product storability, and limited
use of alternative processing techniques such as nixtamalization. Cooking maize in an
alkaline solution, or nixtamalization is used for making more than 300 products in
Mexico alone. Wheat is used extensively for making bread and snacks, but because the
prevailing agro-ecologies in SSA are unsuitable for wheat production, most wheat is
imported. This makes bread unaffordable for many Africans. Breeding of maize
varieties useful for making bread and other bakery products is therefore relevant i.c.,
varieties that give floury, less fibrous, slightly moist and light crumb products. An
increase in native lipid complexes with a matrix of starch granules has been shown to
slow the staling of bread by decreasing starch retrogradation and gluiness while
increasing freeze-thaw stability.[51] Rapid viscosity analysis could help monitor the starch
properties, and these anti-staling attributes could be achieved by selecting maize
varieties with high polarity lipids in the starch granules. Differential scanning
calorimetry (DSC), X-ray diffraction and iodine-binding capacity are important
techniques commonly used for monitoring starch-lipid interactions.l>!l Development of
varieties with wxsu2 (waxy and sugary-2 mutant alleles) may be another useful strategy,
given that bread made with flour from maize varieties containing this double mutant
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gene combination has softer, moister crumbs after baking and maintains freshness
during storage.52l A combination of molecular (molecular markers for the alleles) and
analytical methods will be required. Varieties with soft endosperm, smaller starch
granules and thinner pericarp are more suitable for snacks and bread-like products.[53]
However, soft endosperm kernels are more prone to post-harvest losses due to insect
damage; thus appropriate storage conditions need to be in place.

Popcorn is an important snack, liked and consumed across Africa with no
discrimination between white and yellow coloured kernels.?Y This presents an
opportunity in the maize value chain to breed popcorn varieties. Though no separate
data on popcorn production in Affrica are available, consumption relies on imports,
especially from the USA. The cultivation of popcorn varieties has been very limited in
Atfrica due to foliar diseases like rust, blight and streak 124, and the lack of varieties suited
for tropical conditions.l54 The most important quality attributes of popcorn are large
expansion or popping volume (to obtain a fluffy and tender texture), minimal hull and
flavour.l54l Anthony [ and Tken ef a/. 24l identified popcorn vatieties with a taste profile
comparable to that of imported varieties, but susceptible to diseases and with lesser
popping volume. Popping volume is affected by non-genetic factors, such as moisture
content (optimum: 13.5-14.5%) and added ingredients, and by genetic factors including
kernel pericarp thickness, shape, size and density.l'5l Currently, there are high-
throughput methodologies based on scanning that could eventually be adapted to
support breeding efforts. As a result of the quest to stimulate local production,
government policies on food importation in Africa have progressively toughened,
thereby strengthening the need for breeding efforts to develop local popcorn

varieties. 24 54
3.1.3.3 Breeding to improve maize for use as green maize

In SSA, the first crop to reach the marketplace after the dry season is usually green
maize, thus helping to break the hunger gap. Green maize has greater local economic
value and increases food security.l®s] Green maize is consumed as whole kernels, thus
giving more nutritional benefits than most maize-based products, which are prepared
using flour from degerminated and decorticated kernels. However, to our knowledge,
there are currently no specific research or breeding efforts to improve green maize in
Africa. Limited green maize genetic materials are available, but most varieties are
intended for grain production and do not meet all the attributes desired by green maize
end users. A sweet taste (high sugar content), soft endosperm, large eats/cob, a long
shelf life and good roasting qualities (non-popping) are the most desirable attributes for
green maize.[16. 24 27, 55, 56] Roasted or boiled green maize is often yellow grained;
consumers have no grain colour bias for green maize consumption. Qwabe 153 identified
maize hybrids (e.g. GMH129, GMH126, GMH146 and GMH171) with potential for
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green maize in Africa, while a variety like WH301 in Kenya has been acknowledged to
be particularly suitable for green maize production.l?l In spite of the increasing demand
for green maize foods, their consumption is limited to the rainy season because maize
farming in SSA is mainly rain-fed. If suitable green maize varieties are made available,
sustainable agricultural intensification via irrigation could make green maize available all
year round, thus alleviating the normal long period of hunger during the dry season.
Another advantage of green maize research in Africa could be the opportunity to
incorporate dual purpose traits i.e., to generate a variety that can produce green maize
for food and good quality stover for animal feed.5’! Maize stover quality and quantity
are attributes considered important by farmers.1>8! Maize stover is very palatable and a
good source of nutrients with high digestibility; it is one of the best non-legume
fodders.B7l Since 2010, more than 12 maize varieties that maintain green leaves and
stems after maturity or after the cobs are harvest have been released in Kenya for use
as cattle fodder.[?%) Research in Ethiopia has also led to the identification of suitable
dual-purpose germplasm. Near-infrared methodologies are used to monitor stover
quality parameters and promising genomic regions associated with stover quality have
been identified recently.57l Current research efforts to develop molecular markers for
this aspect, if successful, will be very beneficial for a more efficient breeding program.
The acceptance of green maize across Africa is good motivation to give attention to

developing varieties that meet the desires of both growers and end-users.

3.1.3.4 Breeding to improve characteristics that enhance the efficiency of local
processing

Soaking is the first critical step in traditional maize processing in many parts of West
Africa BY; it softens the kernel for easy separation of the hull and milling. Steeping also
reduces phytic acid (a significant anti-nutrient in maize) by solubilising it before draining
it out. Horny/hard endosperm takes a longer time to steep due to slow water
absorption, which means that soft and intermediate kernel texture is most suitable.¢0]
Grain water absorption is also affected by the thickness of the pericarp, kernel size and
protein content and distribution.l®!l Soft endosperm has high viscosity and swelling
value, and better gelatinization and digestibility, making it suitable for traditional
sourdough.®0l Good water absorption correlates with good cooking quality (i.c., cooking
takes less time and less energy) and better organoleptic properties.[61] Furthermore, soft
maize is preferred for traditional dry milling and wet milling due to ease of processing. (23]
Local maize varieties (usually soft endosperm varieties like Gnonli, Gbogboue, Gbaeve,
Gougba and Djakpe from Benin) give finer flour and less damage to starch content than
improved varieties [62; this may partly explain the small adoption rates of improved
varieties. However, for traditional food processing that requires home-based pounding

or refining processes such as de-hulling and de-germination (common in
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southern/eastern Africa), usually hard grain is preferred for easy separation.27 Many
traditional maize-based foods in Africa are made using de-hulling and sieving processes.
Despite the extensive nutrient loss during these processes, the aim is to achieve a
smoother texture, shorter cooking time, bland taste and white colour. Such processing
steps could be minimised by using varieties with a consistent clean colour, thin or soft
hulls, less fibre/chaff and soft/ floury endosperm. The aroma, colout, feel, consistency
and taste of a finely textured maize meal are usually acceptable in local communities. 8]
In the preparation of ogi (porridge), the variety affects the ease of cooking.l63
Appropriate metrics to fulfil the specific quality are needed. However, colorimeter and
kernel scanning methodologies are often robust enough to support breeding

programmes.
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3.1.3.5 Breeding to reduce waste by maximizing useful product yield and
minimizing nutrient losses

Ogi (porridge) has been identified as the most consumed maize food in Western
Africa.ll Breeding programmes in the region must prioritise the suitability of maize for
ogi production. Ogi yield is usually between 40% and 86% of the starting material
(maize) [25.5%. 63 implying high wastage due to maize characteristics (hull, fibre and the
nature of starch). The highest yield reported in the literature is 86% from Gnonli and
Gbogboué local maize varieties in Benin. The authors attributed the high yield to a
better softening (water absorption) nature of the vareties.’ Indeed, the floury
endosperm is most suitable for wet milling and results in a higher ogi yield. Though
kernel weight was found not to influence ogi yield, varietal differences significantly
influenced ogi yield.l3l Since ogi preparation is similar to how most maize foods are
prepared in Western Africa, the development or selection of varieties with high yield of
the fermented and unfermented dough is crucial. In contrast, Eastern/Southern African
foods rely mostly on refined maize flour, so in those regions, breeding for varieties with

high flour yield during dry milling is important.
3.1.3.6 Breeding to reduce anti-nutrient concentrations in grain

It was estimated that 68% of total dietary phytate intake in Africa comes from cereals
631, and about 37% from maize. The high phytate intake in cereal-dependent
populations contributes significantly to deficiencies of minerals, i.e., iton and zinc.
According to Banetji ef al. 1661, it is possible to achieve sufficient zinc bioavailability in
46 African countries if phytate intake is reduced at least to half of the current intake.
Phytate reduction during traditional maize processing is not sufficient to achieve
maximum micronutrient bioavailability. The occurrence of adverse agronomic
performance such as poor germination, susceptibility to diseases, reduced grain weight
and low abiotic stress tolerance in low phytic acid mutant crops has frustrated breeding
programmes aimed at improving nutrient bioavailability. However, maize mutants
(Ipal, Ipa2 and Ipa3) with low phytic acid and high phosphate contents have been
reported to have normal seed germination and unaffected dry matter content, which
has substantially improved iron and zinc bioavailability in maize-based diets.l67] A
transgenic approach to reduce the expression of the gene encoding for the biosynthesis
of inositol-pentakisphosphate 2-kinasel68] and silencing the expression of the multidrug
resistance- associated protein ATP-binding cassette (MRP-ABC) transporter 171 are
reported to be options for reducing phytate without diminishing agronomic
performance. The overexpression of the phytase enzyme in maize is an alternative that
is perhaps a more feasible breeding approach since it prevents possible problems
associated with reduced seed phytate. Drakakaki ez a/. 931 and Chen e a/. 19 found an
increase of up to 50% in phytase activity in maize through the transgenic expression of
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Aspergillus phyA (encoding phytase), thereby doubling the chance of phytate reduction
during processing, preparation and consumption. In the same research, Drakakaki ez a/.
[43] observed a 95% phytate reduction when transgenic maize flour was mixed with water
and fermented, implying that it may be possible to achieve maximum phytate reduction
and micronuttient bioavailability through the use of low phytate and/or increased
phytase enzyme varieties for making some traditional foods in Africa. However, in most
African countries there are severe regulatory constraints and very long delays in getting
transgenic varieties into production. Gene editing may offer a viable approach by
reducing phytate production sufficiently to meaningfully increase iron and zinc

bioavailability but not enough to cause negative agronomic effects.
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Conclusion

The current rapid population growth rate in Sub-Saharan Africa, coupled with
persistently high malnutrition rates, calls for strategies that stretch across the entire food
value chain — a Crop-to-Health Strategy, i.e. from agriculture to nutrition and health.
Strategies that enhance nutrition-focused food uses of maize can contribute to
providing daily dietary requirements of micronutrients as well as macronutrients.
Combining improved grain yield (tolerance to abiotic and biotic challenges) with user
preferences and nutritional benefits is essential to meet the growing demand for maize
that is suitable for processing into traditional and novel food types. An adequate
understanding of needs of the producers, processors and consumers, and incorporating
these into breeding programmes will increase the adoption of new varieties, reduce
losses, improve nutrition and preserve the socio-cultural and culinary traditions of local

communities.

Breeding new varieties takes many years, especially if it concerns traits that are not yet
commonly available in elite lines with adequate agroecological adaptation. Timely
incorporation of probable future preferences of maize consumers and processors is

therefore especially relevant.

Although we have focused on opportunities to enhance breeding strategies to achieve
greater grain processing and nutritional qualities, it must be emphasised that these are
not isolated or “magic bullet” solutions. Sustainable and profitable diversified crop
production strategies, together with post-harvest management strategies that reduce
food waste and loss of nutritional goodness, will contribute to improving the nutrition,

health and lives of African and global consumers.
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Recommendations

92

To achieve higher impact of maize breeding for Africa, we recommend the
following:

Clearly define maize quality parameters, norms and screening analytical
methods from the viewpoints of all actors in the maize value chains, ie.,
processors and users as well as to primary producers.

High-throughput methods for efficient measurement must be available to
support breeding efforts.

Ensure that agronomically excellent varieties also fulfil the preferences and
needs of processors and consumers.

Incorporate the essential quality traits of all value chain actors from the start of
any breeding programme. This will require that effective, high-throughput and
low cost screening methods are available for each trait.

Ensure close interdisciplinary work by including pertinent specialists in the
breeding team: socio-economists, food technologists, nutritionists, quality
specialists and agronomists. Others may be required depending on the product
profile of the varieties that must be developed.

Link with processors demanding naturally nutrient-enriched food in order to
prioritise the nutritional traits

Strengthen efforts to introduce nutrient-dense crops with superior post-harvest

performance and enhanced nutrient bioavailability.
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Volatile profiles of 22 traditional and newly bred maize varieties and their porridges by PTR-QiTOF-MS and HS-SPME/GC-MS

Abstract

Background: Low adoption of maize varieties bred to address the nutritional needs of
the growing African population limits their impact. Aroma is essential in consumer
preference but has hitherto hardly been studied. We analysed the volatile organic
compounds of flours and porridges of 22 maize varieties belonging to four nutritionally
distinct groups, namely provitamin A maize, quality protein maize, yellow and white
maize.

Results: PTR-QITOF-MS analysis generated 524 mass peaks ranging from 16.007 to
448.089 m/z. Principal component analysis clearly separated the vatieties belonging to
the four groups. With HS-SPME/GC-MS, 48 volatile compounds were identified in
maize flour and 21 in maize porridge, including hexane, nonane, pentanoic acid, 1-
octen-3-ol, 1-hexanol, hexanal, nonanal, 2-pentylfuran and 2-heptanone. Volatile
compounds such as 1,2,4-trimethylbenzene, associated with thermal degradation of
carotenoids, increased in the porridge of yellow and provitamin A maize.

Conclusion: The results indicate that PTR-QiITOF-MS and HS-SPME/GC-MS
combined with multivariate analysis are instrumental to study the volatile aroma
compounds of different maize varieties.

Keywords: volatile aroma compounds; maize; porridge; PTR-MS; GC-MS; Africa
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4.1.0 Introduction

Several maize varieties have been bred to cater for the rising food demand (i.e. high
yvield, drought and pest-resistant varieties) and nutritional deficiencies (i.e. quality
protein, provitamin A, zinc and iron biofortified varieties) in Africa.ll However, low
acceptance and adoption of these improved vatieties persist, resulting in a limited
impact on the target population. Various reasons have been proposed to explain low
adoption.lZl Of particular interest is the sensory quality: Africans have shown a high
preference for the flavour of white maize and their traditional varieties.!!] Considering
that flavour properties can significantly affect consumer preferences, one would expect
the aroma profile of maize to have been thoroughly studied and reported. Surprisingly,
this is not the case: very few and old publications are available.l3]

Volatile compounds of other cereals such as rice, wheat and recently millet have been
widely studied.”l Extensive VOC studies on rice have facilitated a significant
improvement of its taste and acceptability.l! A particular point of concern regarding
maize is that some biofortified maize varieties, such as the yellow and orange, are rich
in oils and carotenoids. Therefore they are prone to lipid spoilage, especially under
tropical conditions, which could result in off-flavour formation during processing and
storage.l?! In this paper, the volatile compounds determining the aroma of maize were
assessed by headspace analysis with a proton-transfer-reaction quadrupole ion time-of-
flight mass spectrometry (PTR-QiTOF-MS). This innovative instrument enables direct
injection of headspace volatiles without any need for pre-treatment or chemical
extraction and has a high resolution and sensitivity, thereby allowing high-speed data
collection and detection of trace compounds that are essential for aroma profiling.[!?]
Such sophisticated and high-resolution equipment is crucial because maize is
characterized by low levels of aroma compounds.['!l However, the PTR-QiTOF-MS
technique is not sufficient to give a confirmatory identification of VOC, hence
headspace solid-phase microextraction gas chromatography-mass spectrometry (HS-
SPME/GC-MS) was also used.

In the present study, PTR-QiTOF-MS was used for the first ime on maize to identify
the volatile profile or fingerprint of different varieties and their porridges. We opted for
porridges as these are the most common foods prepared from maize flour throughout
Africa.ll2l Knowledge about maize aroma could help breeders to fine-tune improved
varieties to meet users’ preferences, and thus develop maize varieties with appreciated
flavours, which will improve consumer acceptability. Hence the main objective of this
research was to determine the volatile profiles of flour from 22 commonly used maize
varieties, i.e. quality protein maize, pro-vitamin A biofortified maize, white and yellow

maize, as well as their porridges.
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4.2.0 Materials and methods
4.2.1 Maize flour, porridge preparation and reagents

Twenty-two maize varieties were obtained from the International Institute of Tropical
Agriculture (II'TA), Nigeria, and the Centre de Recherches Agricoles, Benin (INRAB),
S1 Table. The moisture content was determined according to AACC method 44-15-02.
Maize porridge was prepared by slowly adding boiling water to 30% maize flour under
continuous stirring for 10 minutes. Next, the porridge was covered with aluminium foil
and allowed to stand for 5 min.[3]

The following standards were used for identification of VOCs by GCMS: C7-C40
saturated alkanes (multi-component solution with 34 analytes), heptanoic acid, 2-
propanol, 2-octanol, 1-heptanol, acetaldehyde, limonene, 2-mercaptoethanol,
benzaldehyde, hexanal, 2-butanol, ethanol, benzene, dimethyl sulfoxide, 1-octanol,
acetonitrile, 2-propanol, n-hexanes and pentane. All standards had purity higher than
99% and were purchased from Merck, Fluka and Actu-All Chemicals.

4.22 PTR-QiTOF-MS analysis

Three gram of maize sample in 250 ml glass bottle was agitated at 60 rpm for 30 min at
40°C. The headspace of the sample was analysed by connecting the bottle to the inlet
flow of the PTR-QITOF-MS-MS 8000 instrument (lonicon Analytic GmbH,
Innsbruck, Austria). The mass scale was calibrated using the peaks of recognized
components, namely the NO* peak, m/z =29.9974 and acetone, C:H;O*, m/z
=59.0497, to guarantee high mass accuracy throughout the analysis. The instrumental
conditions for the proton transfer were: a drift voltage of 650 V, drift temperature of
60°C, drift pressure of 3.80 mbar, and an E/N (Electric field strength/particle density
number) value of 120 Td (1 Td = 1017 cm? V- s-1). Sampling was at a flow rate of 50
mL per min. Every sample measurement started with flushing the PTR machine with
ambient air of the bottle for 10 secs. as the blank. Then, the sample was measured for

40 secs, followed by flushing for 10 secs.

4.2.3 Headspace SPME GC-MS analysis

Samples were analysed using stabilwax DA capillary column (30 m x 0.25 mm ID x 0.25
um) and SPME fibre assembly DVB/CAR/PDMS (Supelco, Bellefonte, PA, USA).
Calibration of HS-SPME/GC-MS mass scale was regulatly petformed using
perfluorotributylamine (PFTBA). Two gram of the maize flour was putin a 10 mL glass
vial, crimped, and incubated at 40°C for 15 min. This was followed by 10 min of
headspace absorption and another 10 min desorption in the GC. The oven temperature
for SPME injection was 40°C for 2 min, increased at 10°C/min to 200°C and then held
at 200°C for 5 min. The carrier gas was helium at a flow rate of 1 ml/min.
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4.24 Data processing and statistical analysis

The raw PTR-QiTOF-MS data were processed using PTRwid.l'¥ The data was blank
corrected using RStudio 1.1.383 (the R Foundation for Statistical Computing, Vienna,
Austria) and all ions interfering (especially water clusters) were manually removed.
Integrated peaks signals from PTR-QiTOF-MS in units of cps (corresponding to the

mass spectral intensity) were used for further analysis.

Chromeleon 7.2 (Thermo Fisher Scientific Inc., USA) was used to analyse the GC-MS
data. The VOCs detected were identified by matching their mass peaks with the NIST
spectral library database, the retention indexes according to literature and C7 — C40
saturated alkanes retention index marker probe. When available, the MS identifications

were confirmed by matching the GC retention times of the analytes with pure standards.

Nonparametric tests (Kruskall Wallis test and Dunn’s post - hoc test) were performed
using IBM SPSS® software version 23 since the experimental groups had different
sample sizes, unequal variances and the data were not normally distributed (Shapiro-
Wilk test < 0.05).1131 For both porridge and flour data, principal component analysis
(PCA) was performed using XLSTAT® data analysis software (version 2018.5.52280,
Addinsoft, New York) for Microsoft Excel®. The significance level was fixed at p<0.05.

4.3.0 Results and discussion

4.3.1 Detection of volatile compounds in maize flour and porridge by PTR-
QiTOF-MS

The analysis of maize samples (flour and porridge) generated 524 mass peaks in the
range of m/z 16.007 — 448.089. The average blank corrected masses in count per
seconds (cps) served as a means of comparison between each sample and group. An
example of the predominant mean mass peaks in the four groups is shown in Figure
4.1. White maize group recorded the lowest peaks in maize flour but showed higher
peak of VOCs in the porridge. Compounds having masses such as m/z 33.030, 38.034,
51.044, 127.112 and 143.143 increased in all porridges. On the other hand, a compound
having a mass of m/z 61.029 was lost in the porridge of all varieties, possibly due to
high volatility, fast thermal degradation or hydrolysis in contact with hot water, Figure
4.1. For instance, m/z 41.039, 43.017, 43.054, 57.069, 58.072, 73.064, 74.067, 85.101,
89.059, 93.069 and 137.133 were reduced up to 90% in all the samples (4.S2 Table). The
mass peaks of the porridges show degradation of many masses that were abundant in
the maize flour. Buttery ef a/ 1B observed that volatiles found in uncooked maize were
below detection in cooked maize due to steam vaporization during cooking. Some lower
stable masses in porridge possibly existed as a thermal degradation fragment of higher

masses. Correlation matrix (Spearman) showed that lower molecular weight ions are
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negatively correlated to the higher molecular weight ions in porridge, whereas in flour
the ions are positively correlated, 4.S3 Table.

Multiple pairwise compatisons using Dunn's procedure / two-tailed test showed that
masses such as m/z 53.002, 58.04, 59.05, 75.079, 76.075, 77.059, 82.040, 83.049, 84.052,
85.064, 85.101, 87.080, 101.095, 102.098 and twenty other masses significantly
differentiated white maize and provitamin A maize flour, 4.S2 Table. White maize and
quality protein maize are significantly differentiated by m/z 54.034, 97.064, 98.068,
99.080, 100.044, 100.081, 112.047, 129.127 and 429.089. The yellow maize and
provitamin A maize, which are closely related, are only significantly different in m/z
84.185 and 256.780. A similar trend was observed in maize porridges wherein 43 masses
significantly differentiated white maize and provitamin A maize flour, 4.S2 Table. In
contrast to the result of maize flour, m/z 80.047, 95.047, 123.044, 152.148 and 193.16
significantly distinguished white maize from yellow maize porridge. In general, there is
an abundance of masses that differentiate white maize from provitamin A maize
compared to other pairwise comparisons. Differences in volatile composition and
abundance were observed among the maize varieties within the same group, Figure 4.1
(box plot). In PVA porridge, for instance, variety A4 recorded the lowest peak intensity
(1791.53 cps) while variety A5 in the same group had a peak intensity of 4352.82 cps
for m/z 83.049 - methyl-furan. Such diversity within the same group creates an
opportunity for future improvement of maize varieties.
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Mass peak intensities (cps) log scale
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Figure 4.1: Mean mass peak intensities of the dominant ions (A) maize flour and (B) maize porridge in the
headspace generated by PTR-QITOF-MS. Box plot of some selected mass peaks generated by PTR-
QITOF-MS significantly different in the maize samples (the mass peaks tentatively identified as shown on
the charts). “+” indicates mean point and “.” indicates minimum/maximum point.
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As shown in Table 4.1, the most abundant mass peaks of maize flour and porridge
detected by PTR-QITOF-MS were m/z 33.033, 42.034, 43.017, 45.033, 47.049, 49.011,
51.044, 59.050, 61.029 and 135.115. These masses, tentatively identified as methanol,
acetonitrile, acetaldehyde, ethanol, methanethiol, acetone/propanal, acetic acid and
terpene, respectively, have been associated with maize through conventional GC-MS
analysis.3-5.16. 171 In fact, Flora e# a/. 119 identified methanethiol, acetaldehyde, ethanol
and acetone as the predominant peaks responsible for the fruity and sulphurous aroma
of sweet corn. Likewise, Gongalves ¢ a/ [l found B-myrcene (MW - 1306.23;
monoterpene) to be abundant in maize flour. Terpene compounds of similar masses
such as limonene and B-ocimene have been found in maize by other researchers.!5 1]

Generally, the amount of the ten predominant masses decreased in the porridge, except
for m/z 33.033 and 51.044, which showed stability and a significant increase in all
varieties except the QPM. M/z 61.029 was abundant in maize flour but not present in
the porridge. This compound could have been lost by thermal degradation and
vaporization. Volatiles present in raw maize and below detection in cooked maize, are
likely lost due to vapotization.}l A new compound such as m/z - 49.011, methanethiol
(otherwise known as methyl mercaptan, which has a rotten cabbage smell), was
generated during porridge preparation, possibly due to heat treatment and/or hydration
processes. In combination with other VOCs, methanethiol is an important aroma
contributor to cooked cereals, e.g. cooked rice.ll Overall, only m/z 59.050 showed a
significant difference (p-value = 0.01) in the ten predominant masses in the four groups,
while m/z 42.034 and 47.049 were significantly different in porridges at p-values = 0.05
and 0.02, respectively, Table 4.1. Other masses with significant differences (p<<0.05) but
not dominant are shown in (4.52 Table).

4.3.2 Clustering of the volatiles of the four groups of maize varieties

Kruskal-Wallis test and Dunn’s test as post hoc analysis of the 524 mass peaks
generated by PTR-QiTOF-MS indicated 66 significantly different mass peaks for maize
flour and 69 for maize porridge (p < 0.05), (4.52 Table). All significantly different mass
peaks were subjected to principal component analysis (PCA) to identify differences
between the 22 maize varieties. A PCA score plotis shown in Figure 4.2, which indicates
the grouping of the maize samples for the four groups.

The first two PCs for maize flour explain 77.75% variance. All maize flour samples
(except the PVA maize) are more spread out as compared to the maize porridge. The
QPM varieties are located in between the other the three groups, although the
distribution is dispersed. Ovetlap is between the region of QPM and others, suggesting
that the groups are more diverse in their volatile profiles. This is not strange because
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QPM varieties are usually developed from either the white or yellow maize. In fact,
QPM maize (P2) and (P4) located close to the yellow maize were identified as the
yellowish 2000 EVDT Y STR QPM and 2009 TZE OR2 DT STR QPM, respectively,
Figure 4.2. Similarly, QPM variety (P6) located near the white maize group was
identified as white DMR ESR/QPM, (4.S1 Table). The loading plots corresponding to
the PC1 versus PC2 are shown in Figure 4.2 (right), indicating masses that are important
to each cluster.

The first two PCs for maize porridge explain 59.08% variance — much lower than for
maize flour, see Figure 4.2. Although all varieties are well separated in the PCA, the
lower explained variance shows the complexity of the differences between the varieties
after porridge preparation. QPM varieties are well separated in the PCA, the samples
were spread out and formed a borderline between all varietal groups, as seen in maize
flour PCA. Interestingly, all QPM varieties that are white (P5, P6 & P7) tilted towards
white maize group while those that are yellow (P1, P2 & P4) drifted towards
yellow/orange groups. As shown in the PCA plot, a large difference exists in the volatile
profiles of white maize and the provitamin A maize. Concerning the PCA plot, our
preliminary run using Pirouette® Infometrix software based on mean centred and
normalized scale pre-processing method resulted in good separation and explained
more than 90% (PC1 and PC2) of the total variability in the samples. However, the
current research adopted a method with minimal preprocessing of data, XI.STAT, to
maintain data as close as possible to their raw and reproducible form. Considering the
pattern of the PCA, it can be resolved that the distinguishing VOCs of the maize
varieties were found with the help of PTR-QITOF-MS. Hence this rapid and direct
technique can be used for characterisation of different maize varieties.
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Plots of two dimensions of PCA on the mass spectral data of VOCs in maize flour and

porridge of the PTR-QiTOF-MS data. The plots were derived from 66 and 69 mass peaks extracted from
maize flour and porridge, respectively. These masses showed significant difference (p < 0.05, Kruskal—
Wallis test and Dunn’s test) in all varieties, thus being useful for PCA cluster formation. White maize
(blue), provitamin A maize (orange), yellow maize (yellow) and quality protein maize (green) are separated

in the PCA plot.

4.3.3

Composition of volatiles in maize flour and porridge assessed by GC-MS

GC-MS is the conventional method for volatile analysis in food matrices due to its

reliable compound identification and quantification. On the other hand, PTR-MS

equipment is rapid and sensitive but difficult for compound identification even with the

advent of the new versions with time-of-flight (TOF).[18] Therefore, identification of

compounds with PTR techniques remain tentative and depend on in-depth

understanding of volatiles in the specific food matrix. However, PTR-MS techniques

have shown to be effective in fingerprinting or “quick scan” and classification of

samples, thus the current work focused on this important ability of the instrument, while

109



Volatile profiles of 22 traditional and newly bred maize varieties and their porridges by PTR-QiTOF-MS and HS-SPME/GC-MS

GC-MS was used for compound identification. A one-on-one link between the two
instruments has not been established.!!8. 191 Furthermore, an alternative method to static
headspace volatile detection used in the current work is simultaneous distillation
extraction (SDE) for sample preparation before gas chromatography, but extraction
method may not signify actual volatile production in the flour or porridge under tropical

or cooking conditions.!]

Figure 4.3 shows the abundance of VOCs in maize flour and porridge expressed as the
average of total peak area of maize flour and porridge. The abundance of VOCs in the
flour is in order of yellow maize > white maize > quality protein maize > provitamin A
maize. In the porridges, a significant reduction was observed. This is in agreement with
the PTR-QIiTOF-MS results but in contrast to Zhang ¢f a/. I'l, who observed a higher
VOC concentration for millet after porridge preparation. However, in the
aforementioned research, porridge was prepared in sealed vials thus measuring
concentrated volatiles in the headspace. In this study, porridge preparation was based
on the traditional African method, in which the escape of volatiles occurs. In other
research, Liu ez al. 1201 observed that the content of volatile compounds in millet porridge
decreased with an increase in water content. Apart from volatile loss by vaporization, a
lower volatile composition of the porridge can be explained by the possibility of
interaction of volatiles with the gelatinized maize matrix, i.e. volatiles trapped in the gel,
thus resulting in less release to the headspace. Aromas form strong supramolecular
interactions with gelatinised starches, thus increasing their retention in the matrix. [21]

Comparing the four groups of maize, the release of volatiles was more prominent in
variety P1 and A5, mainly caused by hexanal and 1,2 4-trimethylbenzene (psi-cumene),
respectively. High concentrations of trimethylbenzene have been reported in batley, oat,
rye and wheat.l?2 Both hexanal and trimethylbenzene have also been linked to fungal
volatiles and wheat off odour.[?3] The oversaturated peaks (bar chart in Figure 4.3, not
instrumental) shown for variety Y3 in maize flour and porridge emanate mainly from
compounds such as 1-ethyl-3-methylbenzene, 1,3,4-trimethylbenzene and 1,24-
trimethylbenzene. These compounds have been reported to be present in cereal grains. 5.
22 Trimethylbenzene derivatives were found to increase during heating of carotenoid-
rich sweet corn juice.24l Aroma compounds having a benzene ring have been proposed
to be degradation products of carotenoids.?!l Yellow and provitamin maize rich in
carotenoid showed a significant increase in these compounds during thermal treatment
of porridge. Zepka e al 125 found similar volatile compounds during thermal
degradation of the carotenoids in cashew apple products.
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Figure 4.3: Abundance of volatile organic compound detected in maize flour (A) and their porridges
(B) expressed as peak area, obtained as average of triplicate for flour and duplicate for porridge. Variety
2014 TZE Y DT STR (Y3) oversaturates the chart with total peak area + standard error of 8.6 + 0.4
(x108, counts*min) in flour and 5.3 + 0.08 (x105, counts*min) in porridge.

The identified VOCs in the four maize groups (averages of all varieties in the same
group) are shown in Table 4.2 and 4.3. For maize flours, 48 VOCs were identified,
namely saturated hydrocarbons (2); unsaturated hydrocarbons (1); acids (8); alcohols
(14); aldehydes (7); sulfur-containing compounds, esters & ethers (5); arenes & furans
(11). The maize porridges generated a total of 21 VOCs, namely saturated hydrocarbons
(4); acids (7); alcohols (2); aldehydes (2); arenes & furans (4) and nitrogen-containing
compounds, ester & ether (2). Figure 4.4 shows the volatile fractions in the flours and
porridges according to chemical families. The charts also highlight the compositional
changes that occur due to the transformation of flour into porridge. The two
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hydrocarbons — hexane and nonane identified in maize flour had relative total peak areas
(%) of 7.08 + 1.64,4.16 + 1.85,8.62 £ 1.91 and 8.4 & 2.15 for white, yellow, QPM and
PVA, respectively, Table 4.2. Preparation of porridge generated decane, 2,6-
dimethylheptadecane, 6-methyloctadecane and dodecane. No significant difference was
found in hydrocarbons in maize flour and porridge (p>0.05). Macku e a/. 12 reported
similar GC-MS peak areas (%) in heated corn oil; octane and heptane were found to be
the second and third most abundant peak area. Although hydrocarbons had high peak
areas, their contribution to overall flavour may be low due to high human sensing
thresholds.l®! Limonene that has a very low flavour threshold value of 0.21 ppm (in
water) was found to have between 0.19 — 0.33% peak area but its sensoty contribution may
be more significant i8], Table 4.2.

Table 4.2: Volatile organic compounds identified in maize flour of four variety groups: white, yellow, QPM
and PVA by HS-SPME/GC-MS (extraction temperature 40°C for 10 min)

Compounds Maize porridge (peak area % * SE) P-
White Yellow QPM PVA value®
Maize Maize Maize Maize
Hydrocarbon
Hexane 2.42%+0.9 1.8 +0.42 513+ 1.24 418 £ 1.05 0.22
Nonane 4.66 £ 0.74 236 %143 3.49 £0.67 422+1.1 0.44
Subtotal 7.08 + 1.64 4.16 £1.85 8.62 +1.91 8.4+215
Terpenes
Limonene 0.33 £0.04 0.25£0.13 0.2 +0.03 0.19 £ 0.06 0.33
Subtotal 0.33£0.04 | 0.25%+0.13 0.2 £0.03 0.19 £ 0.06
Aldehydes
Hexanal 499 +£0.28 2.77%£1.32 876 £1.3 7.77£1.13 0.01
Nonanal 0.7 £0.07 047 %02 0.65 £ 0.08 0.73£0.14 0.72
2-Undecenal 0.21 £0.01 0.13£0.05 0.04£0 0.02£0 0.01
2,4-Decadienal 0.46 £0.02 0.51£0.23 0.39 £0.05 0.52 £ 0.05 0.38
2-Butyl-2-octenal 0.15 £ 0.01 0.09 £ 0.01 0.12£0.05 0.08 £0.02 0.64
3,4- 0.2 £0.02 0.13 + 0.06 0.1 £0.02 0.05 + 0.01 0.01
Dimethylbenzaldehyde
Benzaldehyde 0.6 £0.1 0.28 +0.13 0.57 +0.07 0.38 + 0.05 0.08
Subtotal 7.31+0.51 4.38 £2.00 | 10.63 +1.57 9.55 + 14
Alcohols
2-Butyloctanol 213£0.18 1.54 £0.67 2.54+0.45 2.35+0.42 0.55
2-Methyl-1-undecanol 212%0.2 1.54 £0.68 2.15+0.33 1.91£0.2 0.67
1-Methoxy-2-propanol | 4.19 +0.74 1.9%+07 2.89 +0.89 2.49 +0.31 0.28
1-Pentanol 1.79 £0.37 1.6 £0.83 244+ 0.5 3.26 +0.48 0.18
1-Octen-3-ol 1.08 £0.23 0.85+ 0.4 0.91 £ 0.16 1.3+0.17 0.48
2-Ethylhexanol 0.4 £0.03 0.24 +0.11 0.22 + 0.04 0.2 £0.02 0.02
1-Nonanol 0.22 +0.02 0.16 £ 0.08 0.11 £ 0.02 0.15 % 0.02 0.03
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3-Methoxybutanol 295+ 0.84 1.52£0.72 1.16 £0.19 1.06 £ 0.11 0.27
1-Hexanol 422 +0.66 423 +202 5.84 £ 1.67 5.67£0.7 0.56
Ethanol 6.36 £ 1.27 4.08+1.89 | 14.11£3.77 | 13.97 £2.07
2-Heptanol 0.58 £ 0.14 0.35£0.17 0.59 £ 0.11 0.63 £ 0.09 0.70
Benzenemethanol 0.06£0 0.05 % 0.01 0.02%0 0.03 £ 0.01 0.01
Mercaptoethanol 1.13 £ 0.05 0.94 £ 0.41 1.58 £ 0.14 1.95+0.17 0.00
2,3-Butanediol 3.26 £1.38 0.73 £ 0.64 0.15 £ 0.02 0.13 £0.02 0.04
Subtotal 3049 +6.11 | 19.73 £9.33 | 34.71+£8.29 | 351%4.79
Arenes & furans
Propylbenzene 0.13 £0.02 1.56 £1.13 0.55+0.24 0.87 £0.29 0.07
2-Pentylfuran 224 +0.54 1.54 £0.73 291+ 0.59 372+ 0.6 0.20
1,3,4- 0.19 £ 0.05 6.21 £5.03 21097 278+1.21 0.07
Trimethylbenzene
1-Ethyl-3- 1.56 £ 0.15 2283 + 8.02+£3.62 | 1232+5.71 0.08
methylbenzene 17.84
1,4-Dimethyl-2- 0.48 £ 0.08 0.3 +0.16 0.2 +£0.03 0.17 £ 0.03 0.03
ethylbenzene
1,2,3-Trimethyl 0.21 £ 0.05 4321345 2.08 = 0.89 229 +£1.06 0.02
benzene
Indane 0.06 £ 0.01 0.98 £0.78 0.63 £ 0.26 0.34 £0.13 0.01
1,3-Di-tert- 2381 +266 | 16.18£7.13 | 1386+ 1.7 8.121£0.7 0.01
butylbenzene
Dutene 0.14 £0.02 0.13 £ 0.03 0.22 £0.07 0.18 £ 0.03 0.66
Benzocyclohexane 6.31 £1.07 593+1.22 0.04 = 0.01 0.04 £ 0.02 0.02
Phenol 0.24 £0.02 0.16 £ 0.06 0.18 £ 0.02 0.2 £0.02 0.20
Subtotal 35.37 £ 4.67 60.14 *+ 30.69 £ 8.4 31.03+9.8

37.56
Acids
Heptanoic acid 0.32 £ 0.01 0.22+0.1 013+0 0.13 +£0.01 0.02
Octanoic Acid 0.28 £ 0.01 0.19 = 0.09 0.14 = 0.01 0.11 £ 0.01 0.01
Hexanoic acid 1.36 £ 0.11 1.18 £ 0.54 1.02 £ 0.12 1.37 £ 0.14 0.23
Pentanoic acid 0.51 +0.03 0.39 £0.17 0.31 £ 0.03 0.36 = 0.04 0.04
Butanoic acid 0.14 £ 0.02 0.21 £ 0.1 0.22 £ 0.07 0.54 = 0.09 0.04
Acetic acid 779 +13 5.59 *+ 2.56 5.04 £ 0.85 6.73 £ 0.96 0.60
Dimethyl ester 0.23 +0.05 0.1 £ 0.05 0.08 £ 0.02 0.08 = 0.01 0.03
Butanedioic acid
4-Hydroxybutanoic 0.26 = 0.05 0.15 £ 0.07 0.14 £ 0.03 0.24 +0.03 0.18
acid
Subtotal 10.89 £1.58 | 8.03 £ 3.68 7.08 £1.13 9.56 +1.29
Sulfur-containing compounds, ester & ether
1-Propenethiol 6.42 £ 0.64 3.56 +1.51 8.44 £ 0.41 5.47 £ 0.16
Sulfurous acid, 0.72 £ 0.02 0.44 +0.19 0.15+0.01 0.13 +£0.01 0.005

cyclohexylmethyl hexyl

ester
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Dimethyl sulfone 0.16 £0.02 0.12£0.05 0.13£0.02 0.17 £0.02 0.551
Sulfurous acid, 1.85 £ 0.08 116+ 0.5 0.67 £0.15 0.36 £0.04 | 0.006
cyclohexylmethyl

dodecyl ester

Vanillin, tert- 0.31 £0.02 0.2+ 0.09 048 £0.04 | 0.54+0.05 0.002
butyldimethylsilyl ether

Subtotal 946 £0.78 | 548*+234 | 9.87+0.63 | 6.67 £0.28

“The p-values (Kruskal-Wallis). P-values marked in bold fonts are significantly different (p<
0.05).

VOC s in the acid group are mainly responsible for cheesy, fatty, sour, vinegar, rancid,
fruity and sweaty aroma.l8l As shown in Table 4.2, the relative total peak area of the
acids in maize flour of white, yellow, QPM and PVA were 10.89 + 1.58, 8.03 £ 3.68,
7.08 £ 1.13 and 9.56 * 1.29, respectively. Higher relative total peak areas were observed
in maize porridge, i.e. white - 18.87 £ 2.04, yellow - 8.63 £ 2.34, QPM - 16.33 £ 4.56
and PVA - 13.15 £ 1.91 see Figure 4.4. The relative increase in acids from flour to
porridge could be due to changes in other volatiles. Some compounds were lost during
porridge preparation, thereby allowing the relative amount of acids to rise since they
showed better stability. Although Goicoechea ef al. 'l reported that the number and
proportion of acids (especially formic, acetic and hexanoic acid) increased in maize oil
after long storage (1 — 10 years) due to oxidation, this cannot be the case in this research
since the analysis was after storing at 4°C. However, it is known that in the mechanism
of hexose fragmentation through 1-deoxy-2,4-hexodiulose, hydrolytic beta-dicarbonyl
cleavage can lead to the production of acetic acid.l?”l Therefore, hexose reaction (in the
presence of water, independent of oxygen) can explain acetic acid formed during
porridge preparation. Acetic acid was found to have the highest relative peak area within
the acid group. In maize flour, the white maize had the highest peak area for acetic acid,
ie.7.79 £ 1.3, while QPM had highest peak area (12.16 £ 3.64) in porridge, respectively,
see Table 4.3. Acetic acid has a strong, pungent, sour and vinegar odour but the flavour
threshold value is high. Hence it likely contributes little to the flavour of maize. Other
acids, e.g. butanoic acid, pentanoic acid, hexanoic acid, heptanoic acid and octanoic acid,
have been reported to have extremely low flavour threshold values and hence their
flavour impact is not negligible regardless of their infinitesimal amounts.[8]
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Table 4.3: Volatile organic compounds identified in maize porridge of four variety groups: white, yellow,

QPM and PVA by HS-SPME/GC-MS (extraction tempetature 40°C for 10 min)

Compounds Maize porridge (peak area % t SE) P-
White Yellow QPM PVA value2
Maize Maize Maize Maize
Saturated hydrocarbons
Decane 525 % 1.58 4.62+3.19 6.66 £ 1.79 437 £0.73 0.77
2,6-Dimethylheptadecane 1.31 £0.47 1£0.74 1.97 £0.75 2.05%0.39 0.48
6-Methyloctadecane 3.96 £0.85 259 £1.58 351124 2.93 £ 0.46 0.75
Dodecane 2.78 £ 0.66 1.61£0.5 3.38 £0.61 3.05£0.51 0.21
Subtotal 12.73 £3.56 | 9.82£6.01 | 15.52 +4.39 | 12.4 £2.09
Acids
Acetic acid 10.5£1.26 406+ 117 | 1216+3.64 | 9.21 +1.33 0.12
2-Methylpropanoic acid 424 £0.31 248 +0.7 25+04 2421029 0.02
3-Hydroxydodecanoic acid | 0.32 £ 0.03 0.22 £ 0.04 0.17%0.1 0.13£0.05 0.12
Hexanoic acid 2.09 £0.31 0.87 £0.21 0.95%0.25 0.77£0.13 0.02
Heptanoic acid 0.83 £ 0.06 049 £0.1 0.31 £0.09 0.32 £ 0.04 0.01
Octanoic Acid 0.89 £0.07 0.51£0.12 0.32£0.09 0.3 +£0.07 0.01
Subtotal 18.87 £2.04 | 8.63 £2.34 | 16.41+4.57 | 13.15£1.91
Alcohol
1-Pentanol 532 % 0.64 42+ 145 5.12 % 0.51 6.79 £ 0.84 0.27
2-(2-ethoxyethoxy) - 3.16 £ 0.28 2.01 £ 0.51 217 £0.32 24+£025 0.10
Ethanol
Subtotal 8.48 £ 0.92 6.21 + 1.96 7.29 £0.83 9.19 £ 1.09
Aldehydes & Ketones
2-Heptanone 10 £1.52 3.64 14 718£1.19 | 12.65+1.89 0.02
Hexanal 5731259 | 1475£6.03 | 1998 +8.74 | 7.42+1.54 0.10
Subtotal 15.73 £4.11 | 18.39 £ 7.43 | 27.16 £9.93 | 20.07 £ 3.43
Arene & Furan
2-Methylfuran 4.35+0.65 4.84+212 2.65 £ 0.54 7.29 £1.58 0.04
2-Pentylfuran 5.93£0.76 3.76 £1.11 5.36£0.8 6.29 £0.76 0.31
1,2,4-Trimethylbenzene 0.42 £0.16 24.68 + 19+142 8.77£5.25 0.10
23.28
1,3-Ditertiarybutylbenzene 528 £2.14 4551333 695+ 22 4.064£1.13 0.73
Subtotal 15.98 £3.71 3783 16.86 £ 4.96 | 26.99 + 8.72
29.84
Nitrogen/Sulfur-containing compounds, Ester & Ether
Acetonitrile 6.07 +0.55 409 %1 333+1.29 1.8 +0.34 0.01
Mercaptoacetic acid, 2TMS | 21.98 £1.87 | 14.09 £ 4.15 | 13.39£2.25 | 1473+ 1.53 0.05
detivative
Octyl ether 1.49 £0.17 0.95+0.21 0.72+0.21 2.56 +1.89 0.10
Subtotal 29.54+2.59 | 19.13+5.36 | 17.44 £3.75 | 19.09 + 3.76

“The p-values (Kruskal-Wallis). P-values marked in bold fonts are significantly different (p<

0.05).

Alcohols are important contributors to the overall green, floral, fruity, grassy, and earthy

aroma profile of maize.’l Some members of this group possess extremely low threshold
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values (in water). For instance, 3-hexan-1-ol has a flavour threshold value of 0.0038
ppm (in water); ethanol, which has the highest peak area in this research, has 53 ppm
(in water).8l In total 14 alcohol compounds were detected in flour samples and 2 in
porridge. From the highest to lowest, the alcohol contents in maize samples were:
yellow - 19.73 & 9.33, white - 30.49 £ 6.11, QPM - 34.71 £ 8.29 and PVA - 35.1 £ 4.79,
see Figure 4.4. One-hexanol had the second-highest percentage in flour while 1-
pentanol was the highest in porridge. Similar alcohol compositions were recently
reported in gluten-free flour and maize starch.?8 Some of the alcohols detected, e.g. 1-
octen-3-ol, 1-pentanol, 1-nonanol, 2-heptanol and 1-hexanol, have been identified as
the volatile compounds in cereals contributing to the green, grass-like, mushroom,
fruity, herbaceous, plastic, and citrus aroma characteristics.['l: 161 In porridge these
compounds were lost, leaving only 1-pentanol. Alcohols in food can be abundant but
their impact on flavour is likely to be lower than that of aldehydes. 8!

Aldehydes are very prominent in VOC composition of food and their flavour threshold
level for human sensing is low, implying crucial contributions to aroma perception.
Aldehydes mainly contribute green, grassy, soapy, citric and malty notes.8l In maize
flour, aldehyde peak areas (%) were for white - 7.31 £ 0.51, yellow - 4.38 = 2.00, QPM
-10.63 £ 1.57 and PVA - 9.55 + 1.40, see Figure 4.4. The number of different aldehydes
was reduced from 7 in maize flour to only hexanal in porridge. Hexanal is very common
in food aroma, and when considered in a single state, has a green bean and grassy
character. Pyysalo ef a/. 129, observed a low odour threshold value for hexanal, i.e. 0.02
(mg/litre in water), signifying its important contribution to the overall aroma of maize.
The proportion of hexanal was most prominent in provitamin PVA and QPM maize.
Hexanal is commonly formed during cooking processes, thus the higher proportion in
the porridge was to be expected. Hexanal can be generated by lipid breakdown
(commonly oxidative degradation of linoleic acid) initiated by lipoxygenase.5 17l In fact,
hexanal is often used as an indicator for human perception of rancidity. Other
researchers have found hexanal to be most abundant in maize starch.l¥l The high
proportion of hexanal and 2-heptanone in carotenoid-rich maize could be attributed to
enzymatic degradation of the oil. Besides, autoxidation of free fatty acids has been
described as a major source of ketones (81 but only 2-heptanone was found in this
research. Two-heptanone (having a fruity, green, nutty, soapy smell) has been identified
as an odour-active compound in maize, thus its contribution to maize aroma is
relevant.3.3l

Aromatic hydrocarbons (arene) and furans are interesting groups of VOCs in maize. In

maize flour, the peak areas (%) were: white - 35.37 £ 4.67, yellow - 60.14 & 37.56, QPM
-30.09 + 8.4 and PVA - 31.03 £ 9.8, sce Figure 4.4 and Table 4.3. Most VOCs of the
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yellow maize variety belonged to this group; this may be an important classification
characteristic of the variety. Furans can potently contribute to aroma, even in minute
amounts. Two main furans were found in our samples: 2-methylfuran and 2-
pentylfuran. The latter is known for its crucial contribution to the aroma and flavour of
popcorn.lfl Furans are usually formed during thermal processing of food, thus
explaining the increase in porridge. Benzene derivatives such as propylbenzene, 1-ethyl-
3-methylbenzene and 1,3,4-trimethylbenzene were found to be a major contributor of
VOCs in maize, especially for the yellow maize cultivar. Aromatic hydrocarbons and
furans have relatively low threshold values. Hence their presence as found in all the
samples especially the carotenoid-rich varieties is noteworthy for their role in maize

aroma.
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Conclusions

This is the first study on volatile compounds in maize using PTR-QITOF-MS. Maize
varieties from different groups were successfully grouped by PCA. With such
sophisticated, highly sensitive and fast equipment, coupled with a statistical tool for
multivariate analysis, the diversity in maize odour-active compounds can be assessed as
input to improve sensory qualities of new vatieties. HS-SPME/GC-MS was used to
identify VOCs and this was also the first time the method was used on improved maize
cultivars developed for the nutritional needs of the growing African population. The
study identified differences in volatile composition of maize cultivars and their
corresponding porridges. Results of this study can be the basis for further research of
flavour threshold values and identification of the association between consumer
perception and the inherent volatiles compounds. This will contribute to the
understanding of consumer preferences for maize varieties in Africa and help breeders
to build a data bank for volatiles that will enable the incorporation of aroma traits during
variety selection and development. Breeding for aroma is a difficult task for maize
breeders because aroma is yet to be propetly understood and classified genetically, but
our current research paves ways to generate information useful for further classification.

Our results show that maize has a vast volatile variability that is still untapped:
considering that aroma is a major contributor to taste and food crop acceptance, this
research aspect requires further efforts. An investigation into methods to monitor off-
flavour during post-harvest handling of the nutrient-rich maize varieties is
recommended. For instance, hexanal production is a good indicator of lipid oxidation
and could be used to evaluate storage stability, especially in provitamin A biofortified
maize.
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Abstract

Maize varieties that are rich in carotenoids have been developed to combat vitamin A
deficiency in Sub-Saharan Africa. Unfortunately, after harvest carotenoids degrade and
off-flavour volatiles develop, which affect nutrient intake and consumer acceptance,
respectively. This study evaluated carotenoid retention and aroma compound stability
in provitamin A biofortified maize, variety Pool 8A, as influenced by dry milling and
storage in different packaging and temperature conditions. Results show that improving
the storage conditions (i.e. at a lower temperature and with better packaging material)
inhibits carotenoid degradation and off-odour formation. The lowest amount of total
carotenoids was found in flour stored in laminated paper bags at 37°C (only 16%
retention after 180 days), attributable to the high storage temperature and oxygen
permeability of the packaging material. No significant effect on carotenoid degradation
was found for dry milling, either by rotor mill or freezer mill, but the formation of
volatile compounds was significantly (P<0.05) affected. Volatile compounds such as
hexanal, 2-pentylfuran, 1-propanol, 2-heptanone, butyrolactone, limonene and
hexanoic acid were found in different proportions after milling. The highest
concentration of hexanal was in flour milled by rotor mill or freezer mill, and stored in
laminated paper bags at 37°C after 180 days, while the lowest concentrations were for
flour in aluminium bags and double-layered polyethylene bags stored at 4°C. Maize flour
stored in double-layered polyethylene bags had the highest carotenoid retention and
aroma stability. Importantly, the use of these bags is economically feasible for use in
low-income countries. Overall, our results show that effective control of storage

conditions is crucial to prevent carotenoid loss and dectrease off-odour formation.

Key Words: Carotenoids; biofortified maize; provitamin A; volatile aroma
compounds; Africa
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5.1.0 Introduction

Vitamin A deficiency (VAD) is a nutritional disorder caused by lack of Vitamin A intake.
Globally, one-third of children under 5 years are affected by VAD with 48% living in
Sub-Saharan Africa (SSA).[1 VAD results in preventable vision loss, poor growth, and
a vulnerable immune system, potentially leading to an increased risk of infections and
premature death. Dependence on starch-dense crops as major food source, such as
white maize, which contain no retinol activity is the major cause of VAD in SSA. Due
to the severity of VAD, biofortification of key staple crops such as maize, cassava and
sweet potatoes is applied to alleviate the problem.l More than 30 biofortified maize
varieties have been developed through conventional breeding and released in SSA.I3I
Biofortified maize is rich in provitamin A carotenoids such as «-carotene, 3-carotene
and B-cryptoxanthin in addition to elevated contents of the non-provitamin A

carotenoids such as zeaxanthin and lutein.

The consumption of biofortified maize enhances the vitamin A status of children in
SSA. However, carotenoids are partially degraded during post-harvest handling, i.e.
storage, processing and cooking.l®l The rate of carotenoid reduction has been associated
with the presence of oxygen, heat, light, enzymatic and non-enzymatic factors, which
can be controlled through the improvement of post-hatvest conditions.¥ The
degradation rate of carotenoids is influenced by the packaging material, the storage
conditions and processing methods. For instance, Burt e al 19, Sowa et al 'l and
Simpungwe ¢t al. B found 50 to 65% carotenoid loss after 4 to 6 months under
traditional storage conditions, showing a significant reduction in the nutritional quality
of biofortified maize.

Besides the nutritional concern related to carotenoid loss, the sensory quality of
biofortified maize can be affected during post-harvest storage by changes in the profile
of the volatile organic compounds (VOCs). VOCs play an important role in the sensory
perception of food, having a major impact on food appreciation and acceptance by
consumers. The germ of maize is rich in unsaturated fats, which is predisposed to
rancidity under storage and processing conditions, resulting in an unpleasant taste and
aroma.’! The oxidation products are mostly VOCs, which are associated with off-
odour.’l Changes in VOCs of maize flour during milling, storage and processing could
contribute to the poor consumer acceptance of biofortified maize as some consumers
perceived the smell to be disagreeable.[1] To date, no information on VOC stability or
changes during storage and processing of provitamin A biofortified maize is available.
Post-harvest handling must be optimized to increase acceptance, thus improving the
impact on the target population.
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The study assessed carotenoid retention and changes in VOCs during six months
storage under different conditions using different milling methods, packaging materials
and temperature conditions.

5.2.0 Materials and methods
5.2.1 Chemicals and standards

Extraction and HPLC solvents, i.e. absolute ethanol, butylhydroxytoluene, potassium
hydroxide, hexane, ammonium acetate, methanol, 2-dichloroethane and methyl-t-butyl-
ether, were obtained from Sigma-Aldrich Chemie BV, Zwijndrecht, The Netherlands.
The standards B-carotene, B-cryptoxanthin, lutein, zeaxanthin and B-apo-8°-carotenal
were obtained from Sigma-Aldrich Chemie BV, Zwijndrecht, The Netherlands and
CaroteNature, Switzerland and used for carotenoid identification, calibration curves and
determination of extraction efficiency. For VOC identification, C7-C40 saturated
alkanes and hexanal were obtained from Merck KGaA, Darmstadt, Germany.

5.2.2  Biofortified provitamin A maize, milling and storage

Orange maize variety Pool 8A (at <11% grain moisture) was obtained from the Rwanda
Agriculture Board. Maize kernels were milled using two different machines, namely a
freezer mill (FM) at low heat (<150°C) (SPEX samplePrep 6875 freezer/Mill,
Metuchen, USA), and a rotor mill (RM) at 20,000 tpm with frictional heat (>60°C)
(Pulverisette 14, Fritsch International; Idar-Obenstein, Germany). Three different
packaging materials (i.e. aluminium pouches, laminated paper bags and double-layered
polyethylene bags), commonly used to store food products, were tested. The double-
layered polyethylene bag contained two liners folded and sealed separately. Equal
samples (10 g) of maize flour were packed in the three types of bags, sealed airtight and
stored at 4°C in a laboratory refrigerator and at 37°C in laboratory incubators, figure
5.1. Samples were analysed for carotenoid content at intervals of 0, 10, 20, 30, 60, 90,
120, 150 and 180 days to cover a six-month storage period. Moisture content was
determined by the American Association of Cereal Chemistry (AACC) method 44-15A.
Samples were stored at -20°C until analysis.
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Freezer mill Rotor mill
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Figure 5.1: Sampling and experimental scheme of the maize flour storage study. Samples
were taken for analysis at an intervals of 0, 10, 20, 30, 60, 90, 120, 150 and 180 days.

5.2.3 Carotenoid extraction and quantification by HPLC

Carotenoid extraction was according to Rosales ¢f a/ 11, Briefly, 600 mg sample was
precipitated for 5 min using 6 mL ethanol (containing 0.1% butylated hydroxytoluene)
at 85°C in a water bath before saponification with 500 uL. 80% (w/v) KOH solution
during 10 min. After saponification, samples were immediately placed in ice followed
by addition of 3 mL of cold deionized water. Carotenoids were extracted 3 times with
3 mL of hexane by centrifugation at 3,000 rpm for approximately 10 min. The combined
hexane layers were dried by vacuum evaporator at 60°C and 335 mmHg. The extract
was resuspended in 2 mL 50:50 methanol:dichloroethane (v/v). Carotenoid extractions
and analyses were all performed under red light to prevent degradation. The
resuspension was filtered using 0.25 um. Next, 20 uL. of the sample was injected into
the Thermo Scientific Dionex UltiMate 3000 HPLC system equipped with a photodiode
array detector (Thermo Fisher Scientific, Amsterdam, The Netherlands). The separation
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was performed using a YMC30 4.6 mm X 250 mm with 5 pm particle size (YMC Europe
GmbH, Dinslaken, Germany).

5.24 Aroma compounds analysis by GC-MS

Maize flour was analysed using a Stabilwax DA capillary column (30 m x 0.25 mm ID
x 0.25 pm) and SPME fibtre assembly DVB/CAR/PDMS (Supelco, Bellefonte, USA).
An internal standard, viz. perfluorotributylamine (PFIBA, FC43; Thermo Fisher
Scientific Inc., Waltham, USA), was used to calibrate the HS-SPME GC-MS every two
weeks. Maize flour (1 g) was placed in a 10 mL glass bottle with crimp caps and
incubated for 10 min at 40°C. The fibre was automatically injected into the injector port
of the GC-MS and desotbed for 10 min. The oven temperature was set at 40°C for 2
min, increased at 10°C min! to 200°C and then fixed at 200°C for 5 min. Split injection
was used as the injection method at 225°C, split ratio 19:1. Helium cartier gas with a

flow rate of 1 mL min! was used. Each analysis was performed in triplicate.

5.2.5 Data analysis

The raw data from the HPLC and GC-MS were reprocessed by Thermo Scientific
Dionex Chromeleon® 7.2 chromatography data system (CDS) softwate before further
analysis in XLSTAT version 2020.1.1.54525 and IBM SPSS® software version 23, using
the Tukey test for pairwise comparison. The aroma compounds were identified by
comparing their mass spectra with the National Institute of Standards and Technology
(NIST) database, retention indexes from literature as well as the retention time of the
standards. For volatile compound quantification, maize flour spiked with a stock
solution (hexanal) was used to obtain a calibration curve. Carotenoid peaks were
identified by comparing the UV spectra of compounds with literature Muzhingi ez a/. [2)
and the retention times of pure carotenoid standards. Provitamin A was calculated as
all-trans fC + (1/2) (B-cryptoxanthin). The total carotenoid content was calculated as
the sum of all carotenoids (zeaxanthin + lutein + f-ctyptoxanthin + [S-carotene). The
extraction efficiency was calculated based on B-apo-8°-carotenal and moisture content

to express concentration on weight basis.
5.3.0 Results and discussion
5.3.1 Carotenoid content of biofortified maize

The carotenoid content of biofortified maize flour processed using two different milling
methods is reported in table 5.1. The main carotenoids were lutein, zeaxanthin, B-
cryptoxanthin and f-carotene. The total carotenoid content of biofortified maize was
23.8 £ 3.7 ug/g with B-cryptoxanthin and zeaxanthin as the major carotenoids, i.e. 8.2
and 9.2 pg/g, respectively. Carotenoid loss was between 11 to 12% for milling in the
rotor mill.
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Table 5.1: Carotenoid content (ug/g dry weight)* of freezer-milled and rotor-milled maize flour of
biofortified variety Pool 8A grown in Rwanda.

BC BCX ZEA LUT PVAC TCC
Freezermill 1.09 £0.28: 827 0.11a 921 £2.17¢ 519+ 1.3+ 523+ 0.25¢ 23.76  3.65¢

Rotor mill 0.96 £0.222 727 £0.522 820 £0.78> 4.55 £ 0.052 4.60 £ 0.04> 20.99 + 0.93a

%o loss™** 11.93 12.09 10.97 1233 12.05 11.66
* Different superscript letters indicate significant differences within columns (Tukey; p < 0.05). Values
are mean t standard deviation of triplicates. fC = B-carotene, fCX = B-cryptoxanthin, ZEA =
zeaxanthin, LUT = lutein; PVAC = provitamin A carotenoids and TCC = Total carotenoid content.
**The percentage of carotenoid loss due to frictional heat in the rotor mill.

Zeaxanthin and B-cryptoxanthin accounted for 73.6% of the total carotenoids. Total
carotenoid contents in this study are comparable to the results of Mugode ¢ a/. 3] and
Taleon ¢ al. ¥, who reported a range of 12.8 to 30.8 ug/g dry weight. Similarly, Ortiz ez
al. 14 reported zeaxanthin as the predominant carotenoid (37.9 to 61.3%) in nine maize
genotypes. Provitamin A carotenoids accounted for 22.0% of the carotenoids present
in biofortified maize. The amount of provitamin A carotenoid is within the range of 0.6
to 12.7 ug/g (17.4% to 26.9%) reported by Rosales ¢ al. [11l. Note that the values of the
B-carotene isomers - 15-cis-, 13-cis- and 9-cis - were not included in the provitamin A
carotenoid data presented. The isomers - 15-cis-, 13-cis- and 9-cs- B-carotene in
biofortified maize were found in the range 0.4 to 1.4 pug/g, 0.1 to 1.2 pg/gand 0.3 to
2.2 ug/g, respectively, which corroborate the low values of provitamin A carotenoids
obtained in the current study. [ 4l Mugode e a/. 31 and Pixley ef al. 13 reported B-
cryptoxanthin to be twofold higher than 3-carotene, but a much higher 3-cryptoxanthin
amount of about sevenfold was found in the present study. Varietal differences in
carotenoid content of biofortified maize have been widely reported in literature. 3.4 11-
13,15] Besides, differences in the carotenoid content due to postharvest handling, milling
method, extraction and chromatographic separation techniques could also have
contributed to the differences in data. Regarding the current experiment, sun-drying
was applied in Rwanda before sampling. This could have reduced the carotenoid
content before our experimental treatments. For instance, sundried carotenoid-rich
sweet potato was reported to have a carotenoid retention of 66 to 67% [, and an even
more severe loss occurred at a lower relative humidity.['4 Furthermore, other maize
genotypes have been used in previous studies, which might also explain the differences
in carotenoid profiles. Varieties with high B-carotene and -cryptoxanthin are desirable
for VAD affected regions due to the retinol and antioxidant activity. Although (-
cryptoxanthin is usually present in higher amounts in biofortified maize, it has a 50%
lower retinol activity equivalent (RAE) than {3-carotene, i.c. the Institute of Medicine
(IOM) 7] set a default value of 12 pg/g B-carotene and 24 pg/g B-cryptoxanthin for 1
RAE. Better bioequivalence factors have been found for biofortified maize by Li e 4/.
18] and Muzhingi ez 2/ ['¥]. In general, the provitamin A carotenoid content of the tested
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vatiety was low compared to the global biofortified breeding target of 15 pg/g, which
was established to provide 50% of the Estimated Average Requirement (EAR) of
vitamin A, particularly for vulnerable groups such as preschool children. 0]

No significant difference (p < 0.05) for the two milling methods was found in lutein,
zeaxanthin, $-cryptoxanthin, ff-carotene and the total carotenoid content, even though
they differed in heat production (absence of heat for the freezer mill and presence of
heat for the rotor mill). The B-cryptoxanthin value in RM flour was slightly lower than
in FM flour but not significantly. This agrees with the report of Mugode ¢ a/. 113, which
indicated that B-cryptoxanthin is stable during milling. However, the provitamin A
carotenoid content showed a significant difference (p < 0.05), signifying that the milling
method affected the provitamin A retention in maize. Milling has been reported to have
different effects on the carotenoid profile. Mugode ¢7 a/. 131 found 60% retention for -
cryptoxanthin, while Pillay e# a/ Rl reported a retention of 118.9 to 137.2% of B-
cryptoxanthin in milled maize. In general, the carotenoid loss in the current study could
be attributed to the effect of frictional heat, light and oxygen exposure during milling in
the rotor mill. However, since no significant difference (p < 0.05) was found for the
milling method, other factors during postharvest handling, especially the storage

conditions, appear to be more important as reported in the next paragraph.

5.3.2 Carotenoid retention during storage

The total carotenoid content and provitamin A carotenoid content are presented in
figure 5.2, table 5.S1 and table 5.52. Carotenoid retention after 180 days of storage in
aluminium, laminated paper and double-layered polyethylene bags at 4°C and 37°C was
determined to assess the stability. The total carotenoid content of FM maize flour stored
at 4°C was 13.5 to 17.1 ug/g DW after 180 days, which is equivalent to a retention index
of 53 to 73%. At 37°C a range of 4.1 to 10.8 ng/g DW, which is equal to a retention
index of 16 to 42%, was found. The lowest total carotenoid content was in laminated
paper bags at 37°C (16% retention). The laminated paper bags had the highest oxygen
permeability of the three tested materials, thus autoxidation coupled with temperature
triggered a significant loss in total carotenoid content over time. Considerable
degradation of carotenoids in maize during grain and flour storage has been reported.
13] Bechoff 7 al. 19 suggested that oxygen is the main cause of [f-carotene degradation
in the high carotenoid crop. Ortiz e al. 14 reported 55 to 76% retention of total
carotenoid content in three maize varieties after 90 days of storage, suggesting the
likelihood of even more degradation after 180 days and proving that varietal differences
affect the stability of carotenoids. Other authors reported similar trends.* 131 Generally,
the double-layered polyethylene bags showed better retention, followed by the
aluminium bags. Taleon e 2/ ¥l observed that aluminium pouches with oxygen absorber
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had better retention than double-layered polyethylene bags during the storage of
biofortified maize grain. However, in the present study, no oxygen scavenger or vacuum
condition was used. The high retention of double-layered polyethylene bags was due to
better barrier properties resulting from the double liners, which decreased oxygen and
light penetration through the package. Although aluminium and double-layered
polyethylene bags preserved the carotenoids better, the air trapped in the bags during
sealing might have contributed to the reported degradation. However, vacuum
packaging is not a guarantee for preserving carotenoids: a study found that provitamin
A rich cassava flour stored under vacuum had a higher loss of carotenoids than without
vacuum.|??l Besides, packaging materials that can hold vacuum are very expensive for
the targeted smallholder farmers and resource-poor households. Double-layered
polyethylene bags have been proposed as a cheaper alternative to reduce maize grain
loss during storage in Africa.l?l
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Figure 5.2: Effect of storage method on total carotenoid content (TCC) retention in maize milled with
freezer mill (FM) and rotor mill (RM) using different packaging materials for 180 days at 37°C. AL —
Aluminium, LP — laminated pap, PT — Double layered polyethylene.
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For both FM and RM flour, samples stored in aluminium, laminated paper and double-
layered polyethylene bags differed significantly (<0.01) in total carotenoid content
between 4°C and 37°C. However, no significant differences were found within either
storage temperature, except for flour in the laminated paper bag at 37°C that showed a
higher loss in carotenoids. Regarding storage temperature, our results show that storage
at 4°C improves provitamin A and total carotenoid retention. The same was observed
for biofortified maize samples stored at 4°C and 55°C in the study of Ottiz e a/ 14,
Similarly, Sowa e al. 1 showed that storage at -22°C stopped degradation almost
completely. Temperature is known to speed up deterioration reactions such as
oxidation, which is why it was anticipated that a lower storage temperature would retain
carotenoids better. FM flour (from a cryogenic mill) was expected to be more stable
during storage because of a lower exposure to heat during milling but this effect was
not found. A possible explanation is that the endogenous enzymes in the kernel were
not inactivated during freezer milling, resulting in enzymatically induced oxidation of
the carotenoids during storage. Destruction of cell membranes during milling
inactivates antioxidants and improves the availability of oxidation reactants 4, which
might explain the instability of FM flour immediately after milling.

Table 5.1 and 5.52 show the retention of B-carotene and [B-cryptoxanthin during
storage for 180 days at different temperatures in different materials. Significant
differences in degradation during storage were obsetved across packaging materials,
temperature and flour type, especially in samples stored at 37°C. High B-catotene
variability was detected in all packaging materials at 37°C, indicating poor stability
during storage, while at 4°C a better stability was observed.

For FM flour, the lowest retention of B-carotene was 13% in laminated paper bags at
37°C (table 5.S2) and the highest retention was 79% in double-layered polyethylene bags
at 4°C, table 5.51. A similar trend was observed in RM flour. Sowa ez al. 'l reported a
high loss of B-carotene (up to 95%) in maize flour stored at 37°C for 12 months. The
extent of the loss was reported to depend on genotype. Therefore, aside from
processing and storage conditions, genotypes with better carotenoid stability should be
targeted during crop breeding. Besides, as tropical temperatures are detrimental to

carotenoid retention, prolonged storage should be avoided as much as possible.

Table 5.51 and 5.52 show the retention of non-provitamin A carotenoids such as lutein
and zeaxanthin during storage for 180 days at different temperatures in different
materials. Generally, a high retention of both carotenoids was found at 4°C, but at 37°C,
all samples showed a significant decrease in retention. Laminated paper bags retained
only 21% of zeaxanthin and 17% of lutein. Sowa ez a/. Il reported a similar trend with
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about 10% retention after 12 months of storage. Overall, these results confirm that the
storage of maize flour could have both linear and quadratic degradation kinetics
depending on the storage conditions and duration. Other workers have established that
carotenoids are better preserved when maize is stored as kernels than when it is stored
as flour.* 141 Consequently, milling just before consumption may result in a higher

carotenoid content.

5.4.0 Volatiles and off-odour production

Table 5.2 shows the concentrations of VOCs found in the maize flour after milling with
the freezer mill (FM) and the rotor mill (RM). Of the 26 volatiles detected, there were
six aldehydes (hexanal, heptanal, octanal, nonanal, 2-octenal and 2-heptenal), two
aromatics (benzaldehyde and 2-pentylfuran), five alcohols (ethanol, 1-propanol, 1-
pentanol, 1-hexanol and 1-Methoxy-2-propanol), five ketones (2-heptanone, 2-
octanone, 6-methyl-5-heptene-2-one, butyrolactone, 3-octen-2-one), one monoterpene
(limonene) and three acids (acetic acid, pentanoic acid and hexanoic acid). Similar lists
of compounds have been found for sweet maize, millet, rice and barley.[25-27)
Compounds in the alcohol group had the highest total concentration (1491 to 2157
ug/kg). The aldehydes ranged from 81 to 94 pg/kg. Annan e al 128 reported higher
concentrations of aldehydes in raw maize, i.e. 400 pg/kg and 7400 pg/kg of 2-nonenal
and heptanal, respectively. The authors found four times lower concentrations of
alcohols such as 1-pentanol and 1-hexanol compared to the current study. A range of
10 to 90 pg/kg of benzaldehyde was found in maize extruded at different temperatures
and with different moisture contents.l?’! Generally, studies on maize VOCs are scanty,
and the ones availablel?0-32] used peak area for quantification, which makes those results
uncomparable to our current findings.

From all the compounds found, hexanal was selected for further investigation because
it has been used extensively to determine the level of rancidity or off-odours in
cereals.l3333] Besides, focusing on one compound gives an in-depth understanding as
monitoring trends of formation and degradation of VOCs is complex. Aldehydes and
ketones are derived from lipid oxidation, and therefore useful to assess the deterioration
of maize flour aroma.
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Table 5.2: Concentrations of volatiles in maize milled with a freezer mill and a rotor mill (pg/kg)

. . Freezer milled Rotor milled
Volatile organic L.
compounds flour flour Odour description*
(vg/kg, mean * SD)

Octane 9213 £1.97 81.62 + 0.49 alkane, fat, oil, sweet
Decane 340.22 £ 10.32 104.04 + 3.48 fusel-like, fruit, sweet
Tridecane 194.11 £ 20.81 86.19 £ 1.73 alkane
Tetrahydrofuran 347.51 £16.27 414.28 + 14.70 | floral, fruit
Hexanal 84.74 £ 0.28 92.1 £1.80 grass, fat, herbal
Heptanal 93.29 £1.08 81.19 £ 0.14 citrus, dry fish, fat, green
Octanal 83.56 + 0.23 81.47 £ 0.37 fat, soap, lemon, green
Nonanal 89.5 £ 3.07 83.48 £ 0.52 fat, citrus, green, wax,
2-Octenal 81.14 £ 0.13 80.96 = 0.02 green, nut, fat
2-Heptenal 81.82 £ 0.16 80.94 £ 0.01 fat, citrus, rancid
Benzaldehyde 87.7+2.88 82.14 £ 0.35 almond, burnt sugar
2-pentyl-Furan 86.28 + 0.59 82.22 £ 0.61 green bean, butter
Ethanol 770.08 £ 10.25 1149.1 £ 88.57 | alcohol, floral, apple, sweet
1-Propanol 81.11 £ 0.08 85.23 £ 0.25 candy, must, pungent, fruit
1-Pentanol 87.05 + 2.32 88.01 = 0.45 balsamic, fruit, green, yeast
1-Hexanol 115.71 £ 2.47 109.27 + 3.96 resin, flower, green
1-Methoxy-2-propanol 437.93 + 3.02 726.38 £ 85.38 | fruit
2-Heptanone 150.44 + 5.83 89.92 + 3.13 blue cheese, cinnamon, nut
Limonene 84.35 + 0.88 85.78 + 0.81 balsamic, citrus, fruit, herb
2-Octanone 89.74 £ 0.42 82.73 £ 0.48 herb, butter, resin
6-Methyl-5-heptene-2-one | 86.35 £ 0.67 85.98 £ 0.36 metal
Butyrolactone 192.31 £ 62.9 86.18 £ 0.25 caramel, sweet
3-Octen-2-one 81.76 £ 0.49 80.98 = 0.00 herb, butter, resin
Acetic acid 112.64 £ 8.09 99.83 = 0.58 fruit, pungent, sour, vinegar
Pentanoic acid 94.86 £ 3.77 82.53 + 0.32 sweat
Hexanoic acid 83.94 +1.02 81.91 £ 0.70 sweat, cheese

*www.flavornet.org and www.vcf-online.nl

Figure 5.3 shows that RM flour had a significantly different (p<<0.05) hexanal content
of 92 pg/kg compated to 85 pg/kg in FM flour. The latter was produced at a
temperature below —150°C. The amount of hexanal in FM might have been present in
the kernel before milling. The heat (>60°C) produced by the rotor mill during milling
of the kernel is the key reason for the 8% increase in hexanal production. However,
heat production during milling could be of advantage duting storage as it may inactivate
the endogenous lipase enzyme, whereas in the cryogenic mill the preserved endogenous
enzyme could be activated during storage leading to a product more susceptible to
degradation. On the other hand, heat can also expose the maize flour to non-enzymatic

oxidation.Bs] Lampi e al B¢ reported that an extrusion temperature of 70°C was
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sufficient to deactivate lipase enzymes in oats to give a stable product while a higher
temperature could result in non-enzymatic lipid oxidation.
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Figure 5.3:Hexanal production during milling of maize using
rotor mill (RM) and freezer mill (FM). Bar with different letter
are significantly different (n = 3, P<0.05).

Figure 5.4 shows the hexanal content of maize flour stored with different packaging
materials at 37°C for 180 days. The highest amount of hexanal found in this study was
in RM and FM maize flour stored in laminated paper bags at 37°C, namely 2429 ug/kg
on day 150 and 2493 pg/kg on day 180, respectively. In both cases, significant hexanal
production started after 60 days and continued to increase until 180 days of storage.
Hexanal in all maize flours stored at 4°C (excluded in the chart) was below 100 pg/kg
and showed no significant differences throughout the 180 days storage period. In all
bags, suppression of hexanal production in both FM and RM flours at low temperature
(4°C) was detected, thus differences at 4°C between the packaging materials was
insignificant. The suppression of hexanal formation during storage at 4°C is due to the
inhibition of the lipid oxidation process. The temperature and nature of packaging
material significantly reduced the hexanal formation. This effect is seen for both milling
methods but is more obvious in samples stored in laminated paper bags. Considering
the packaging materials, the most evident difference was observed at 37°C between
laminated paper bag samples compared to aluminium and double-layered polyethylene
bag samples. Understanding the volatile degradation at 37°C was relevant because cold
storage is not applicable in the daily practice of the relevant populations.
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Figure 5.4: Hexanal production in maize milled with a freezer mill (FM) and rotor mill (RM)
stored using different packaging materials for 180 days at 37°C. AL — Aluminium, LP —
laminated paper, PT — Double layered polyethylene.

Annan ¢ al. 128 found 5000 pg/kg hexanal in whole maize kernel obtained from a retail
outlet in Ghana. While the authors do not mention the duration of storage at room
temperature (30°C) before analysis, the reported hexanal value is twice as high as in our
maize flour samples stored at 37°C for 180 days. Bredie e a/. [ reported a range of 9
to 170 pg/kg of hexanal in extruded maize, which corresponds to the values for maize
flour stored for 180 days in aluminium bags and double-layered polyethylene bags in
the current research.

Compared to RM flour, the hexanal production was generally high in FM flour, except
when stored in laminated paper bags. Increases in hexanal and heptanal were reported
in rice during storage at 35°C, causing the development of a stale flavour.l’”] The author
suggested that lipoxygenase-3 enzyme contributed to aldehyde production after
detecting an increased activity of the enzyme. Hexanal, heptanal, octanal, nonanal, and
2-heptanone have been evaluated in other studies regarding flavour detetioration in
oats, wheat and whey powder.34 3839 Aldehydes have a low flavour threshold value in
water, making them very important flavour compounds. Their aromas have been
reported to be grassy, fatty, fishy, citrus, rancid and musty.34 Heinid ef a/. 33 reported
that hexanal was perceived as a rancid flavour in oats. Rancidity is caused by lipid
oxidation, which can be accelerated by light, heat, presence of moisture, but most
importantly the presence of oxygen.3+ 40l This implies that the low hexanal formation
in the samples stored in the aluminium bags and double-layered polyethylene bags was
due to the low oxygen permeability of the packaging materials. Samples stored in
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laminated paper bags at 37°C showed a steady increase in hexanal due to the higher
oxygen permeability of these bags. FM samples had higher hexanal after storage
compared to RM. Milling at freezing temperature leaves the endogenous enzymes intact,
thereby catalysing deterioration upon activation at a higher storage temperature.
Therefore, thermal deactivation of the oxidative enzymes during milling in RM was

beneficial to aroma stability during storage.

Furthermore, VOCs in maize can be derived from non-volatile precursors such as
polyphenols, carotenoids, unsaturated fatty acids, sugars and amino acids through
autoxidation, thermal breakdown and enzymatic reactions. Volatile degradation
products from carotenoids, such as damascenone, geranylactone, 6-methyl-5-hepten-2-
one and -ionones, were not found in this study.*-42l However, oxidative degradation of
carotenoids together with lipoxidase can result in the development of off-odour
compounds.*!l Carotenoid-based volatiles can contribute to aroma changes if present
above the threshold values. Future studies should try to track the presence of these
products to ascertain the by-products of carotenoid degradation in biofortified maize.
This is important since studies up till now have focused mainly on enzyme-dependent
degradation of unsaturated fatty acids, even with evidence showing that carotenoid-

based changes may affect aroma profile.1*1. 42|

Rotor and hammer mills seem suitable and feasible for maize milling in SSA; the type
of storage material and the storage temperature play a more important role in the
preservation of maize aroma. Double layered polyethylene is a feasible material for
storing maize due to a proper stability of carotenoids (table 5.51 and 5.82) and VOCs
(Figure 5.4). However, the polyethylene bags pose environmental challenges. Many
African countries have banned or reduced the use of plastics bags for this reason.[*3]
Biodegradable plastic could be a solution only if cost-effective for smallholder farmers
and resource-poor households.
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Conclusion

This study assessed the stability of carotenoids during milling and storage of provitamin
A biofortified maize variety Pool 8A. We found B-carotene, [-cryptoxanthin,
zeaxanthin, and lutein within the range reported by previous studies. No difference in
carotenoid retention was detected after milling with rotor mill and freezer mill but
substantial differences were observed in both flours during storage. Temperature plays
an important role in carotenoid retention during postharvest storage since a rapid loss
was observed at 37°C. Our findings stress the need to pay more attention to postharvest
handling to retain carotenoids in end products. Storage of maize flour in laminated
paper bags showed the worst carotenoid retention while double-layered polyethylene
and aluminium bags showed improved retention. Milling method influenced the
formation of off-odour. Hexanal production was significantly high in laminated paper
bags at 37°C while lower temperature suppressed the formation. Hexanal was least
formed in aluminium bags, followed by polyethylene bags and laminated paper bags.
The rate of carotenoid degradation and formation of sensory defects can be mitigated
through the improvement of postharvest handling practices, thereby enhancing food
security and consumer acceptance of provitamin A biofortified maize.
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Appendix: Supplementary Material
Table 5.51: Effect of storage method on carotenoid retention in maize flour after 180 days at 4°C

Days (% retention)
Carotenoid Bag_temp. | 10 20 30 60
Lutein FM_AL 70.05 + 1.91 6379+ 1.80 | 61.53+6.97 7878 +7.98
FM_LP 67.28 + 6.50 56.81 +2.39 | 58.81+6.70 70.20 + 1.24
FM_PT 78.91 +0.10 61.09+247 | 79.34 +1.84 87.10 £ 3.11
RM_AL 99.53 + 0.14 9878 +3.73 | 9310 +3.57 97.74 + 2.02
RM_LP 93.13 +0.90 8827 £2.04 | 8677 £1.18 7972+ 17.37
RM_PT 76.18 +3.38 7393+ 418 | 7442+ 453 7391 +2.56
Zeaxanthin FM_AL 70.93 £ 1.76 6510+ 053 | 59.38 £ 6.84 84.14 +10.23
FM_LP 71.50 + 7.89 5831 +240 | 55.31+0.96 68.89 + 0.38
FM_PT 76.49 +0.75 6172+ 085 | 6217 +4.35 69.82 + 2.46
RM_AL 90.6 £ 0.33 90.87 +0.09 | 83.83+6.76 88.79 + 1.64
RM_LP 90.55 * 1.21 8520 £2.15 | 85.89 +£0.87 76.96 + 16.33
RM_PT 82.92 +4.17 7846+ 4.00 | 8558+ 6.94 87.55 + 12.85
B- FM_AL 62.69 +1.10 65.03+090 | 60.91 +1.47 76.27 £ 8.98
Cryptoxanthin [ FM_LP 59.94 +2.72 5392+ 6.11 | 58.6 % 3.02 84.34 + 0.94
FM_PT 64.76 + 1.84 7469+ 1.11 | 74.58 £0.06 78.45 £ 3.66
RM_AL 100.11 +£0.56 | 101.17 £5.83 | 104.7 £ 5.06 89.02 + 11.63
RM_LP 91.57 + 2.74 847 £ 1.03 82.81 £ 0.17 61.72 +11.92
RM_PT 81.63 £ 0.23 7478 825 | 9333+ 1.71 80.45 = 9.08
B-Carotene FM_AL 66.20 +3.03 65.09+0.64 | 60.36 +2.88 92.19 +7.78
FM_LP 65.73 +3.02 59.13 £ 9.41 | 59.03+12.47 | 75.41 £ 0.66
FM_PT 80.36 + 7.56 7411+£927 | 792+ 4.02 84.68 £ 3.32
RM_AL 109.9 £39.66 | 81.34 + 10.06 | 79.94 + 0.86 88.15 + 8.52
RM_LP 83.47 = 3.00 6332+ 437 | 68.63+15.16 | 67.15%13.08
RM_PT 7958 +10.77 | 92.83+£1.89 | 92.22+0.21 87.75 £ 9.07
Provitamin A | FM_AL 61.55 + 1.46 6311+ 056 | 59.00 +1.71 77.24 + 8.47
carotenoid FM_LP 59.34 + 2.70 5338 + 6.6 56.96  4.85 80.03 = 0.59
FM_PT 66.01 +0.12 7236 +2.73 | 73.31 £ 0.87 77.39 + 3.48
RM_AL 89.61 = 8.31 84.61 £1.92 | 86.71 £3.25 77.77 £ 9.56
RM_LP 7855 + 1.25 69.88+1.57 | 67.44+3.15 55.13 + 10.67
RM_PT 71.06 + 2.00 69.09+595 | 81.49+1.19 71.90 +7.95
Total FM_AL 64.06 + 0.57 61.3 %032 572+ 4.59 76.25 + 8.68
carotenoid FM_LP 62.76 £3.26 53.47 £ 3.77 | 54.34 £0.30 70.79 £ 0.68
content FM_PT 69.29 + 0.56 63.01 +£0.09 | 67.34+0.97 73.29 +2.90
RM_AL 80.05 + 1.70 79.1 £ 0.54 76.77 + 1.40 75.07 + 4.56
RM_LP 75.35 + 0.11 69.95+1.53 | 69.45+0.20 59.39 + 12.29
RM_PT 68.99 + 1.51 65.7 = 433 7392 +3.93 70.97 + 9.60

*Freezer mill (FM) and rotor mill (RM); AL — Aluminium, LP — laminated paper, PT — Double layered
polyethylene
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Cont.:

Table 5.51: Effect of storage method on carotenoid retention in maize flour after 180 days at 4°C
Days (% retention)

Carotenoid Bag temp. | 90 120 150 180

Lutein FM_AL 58.89 £296 | 63.17 £ 6.11 62.27 £1.32 | 57.49 + 3.58
FM_LP 60.05£0.95 | 56.59 + 4.45 61.3£0.18 59.51 £ 0.66
FM_PT 73.95%347 | 69.97 £4.99 70.19 £0.90 | 69.77 £ 0.81
RM_AL 91.16 £0.93 | 93.07 £ 5.92 91.8 £1.67 96.79 + 6.68
RM_LP 81.11+4.03 | 84.19 £4.72 83.67 £ 542 | 73.23 £7.04
RM_PT 7276 £2.08 | 69.3+3.44 65.38 £435 | 64121+ 0.29
Zeaxanthin FM_AL 58.35%3.70 | 65.85+ 247 60.75£1.22 | 57.48 £ 2.99
FM_LP 60.851£0.48 | 52.97 +4.38 60.54 £0.08 | 60.13 +1.25
FM_PT 7228 £426 | 6851516 69.85£1.65 | 70.30 + 1.57
RM_AL 80.52+2.01 | 824 +544 8296+ 0.08 | 8543 £533
RM_LP 79.69 £3.51 | 79.72 £ 4.76 76.12£4.10 | 71.04 £ 2.65
RM_PT 79.73£1.52 | 82.64 +5.21 79.31 £43 73.00 £ 1.18
B- FM_AL 56.64 £0.77 | 71.23 + 3.83 60.23 £1.41 | 59.30 + 4.16
Cryptoxanthin | FM_LP 51.39 £2.69 | 44.21 +2.90 49.2+0.20 49.57 £ 0.38
FM_PT 73321143 | 69.25 + 2.46 69.16£1.23 | 71.45+1.21
RM_AL 87.21+0.00 | 89.71 £5.91 83.79 £ 0.37 | 89.52£3.22
RM_LP 72951774 | 67.60 + 2.14 70.87 £9.26 | 66.04 = 8.91
RM_PT 84.71 £ 0.57 | 92.46 £5.46 84.38 £3.96 | 83.7%+7.79
B-Carotene FM_AL 63.06 £0.13 | 69.73 +20.12 | 62.79 £0.47 | 6231 +3.95
FM_LP 57.81 £2.03 | 54.36 + 1.40 4872+ 252 | 5243 +0.53
FM_PT 87.82+0.06 | 83.02 +4.11 75.27 £0.62 | 79.19 £ 0.49
RM_AL 82.03 +4.07 | 78.94%0.13 78.17 £ 0.93 | 86.68 + 12.47
RM_LP 66.04 £1.93 | 59.46 + 5.73 60.53 + 1.04 | 56.64 +5.20
RM_PT 8491+ 729 | 83.23+0.93 7571 £0.61 | 2223 +5.02
Provitamin A | FM_AL 56.27 £ 0.62 | 68.82+1.15 58.97 £1.18 | 58.16 £ 3.99
carotenoid FM_LP 51.17 + 247 | 44.96 £ 2.51 47.64 £0.36 | 48.69 + 0.40
FM_PT 74.09 £ 1.11 | 69.99 +2.72 68.35+0.82 | 709 +1.03
RM_AL 75.32£0.81 | 76.39 + 3.96 7223 £0.06 | 77.81 £ 0.33
RM_LP 6249 £5.61 | 57.56 +0.30 59.98 + 6.46 | 55.94 £7.06
RM_PT 7421 £1.08 | 79.11 £3.50 7214 £2.80 | 60.97 £6.27

Total FM_AL 54.99 + 224 | 63.64+1.85 5775+ 121 | 552+ 3.38
carotenoid FM_LP 5422+ 134 | 48.14 +3.55 5328 +0.06 | 53.02 *0.45
content FM_PT 69.78 £ 2.76 | 66.01 +3.92 66.19 +1.17 | 67.17 £ 0.33

RM_AL 70.47 £0.98 | 72.00 £1.13 7023 £0.39 | 73.9 £2.52
RM_LP 63.67 X413 | 6242 £2.74 6215+ 497 | 57.11 £ 4.87
RM_PT 68.68 £ 0.44 | 72.08  4.31 68.19 £3.16 | 53.2+3.15

*Freezer mill (FM) and rotor mill (RM); AL — Aluminium, LLP — laminated paper, PT — Double layered
polyethylene
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Table 5.52: Effect of storage method on carotenoid retention in maize flour after 180 days at 37°C

Days (% retention)

Carotenoid Bag_temp. | 10 20 30 60
Lutein FM_AL 62.14 +0.58 5472+312 | 69.97 £2.43 65.91 +2.28
FM_LP 68.27 + 1.94 64.55+058 | 51.78 £2.17 46 +0.24
FM_PT 76.18 + 3.38 7393+ 418 | 7442 453 7391 + 2.56
RM_AL 84.31 +3.28 824+ 1312 | 61.84 £ 1355 62.29 +3.48
RM_LP 86.54 +3.85 7013 +£9.25 | 67.39 +3.64 40.68 + 3.5
RM_PT 98.84 + 6.43 89.84 + 6.78 | 75.39 + 8.65 59.53 + 8.44
Zeaxanthin FM_AL 63.5 % 0.89 54.85+391 | 68.99 +1.88 70.58 + 1.73
FM_LP 67.37 +2.55 622 %113 5242 +1.25 39.25+0.16
FM_PT 76.08 +0.52 7488 +1.53 | 72.86 £ 2.95 72.27 +2.53
RM_AL 76.97 +2.65 7455+ 11.31 | 54.55 + 14.41 55.06 + 2.81
RM_LP 56.53 + 2.8 4762+ 4.04 | 4522+231 25.67 + 3.45
RM_PT 68.53 + 3.54 6727 +433 | 5202+6.74 46.08 + 10.44
B- FM_AL 69.84 + 6.14 56.88+0.16 | 67.98 £0.77 62.22 +2.58
Cryptoxanthin | FM_LP 69.69 + 1.42 6171 + 449 | 5595+ 1.94 36.19 + 0.42
FM_PT 85.6 = 4.51 69.8 £ 0.22 68.84 +1.35 57.11 £ 0.38
RM_AL 64.91 +0.75 61.94+11.12 | 46.9 £13.84 4359 +8.23
RM_LP 63.71 £ 3.16 53.67 £ 455 | 5097 £26 28.93 +3.88
RM_PT 77.24 +3.99 7582+ 4.88 | 58.63 £7.59 51.94 + 11.76
B-Carotene FM_AL 7852+ 10.08 | 76.34+£727 | 73.93+£8.26 81.34 £2.93
FM_LP 79.15 + 4.92 5803 £3.61 | 59.72 £ 448 4131 +2.56
FM_PT 80.3 £ 0.37 76.28 £ 0.3 79.66 + 6.1 69.98 + 0.09
RM_AL 65.49 +0.65 61.8 11047 | 4642+ 1424 | 46.42 %659
RM_LP 63.84 + 0.31 54.4 + 294 4911 + 1.87 26.81 +3.88
RM_PT 8137 +5.7 748 £ 6.15 57.18 £ 6.63 57.48 + 16.67
Provitamin A | FM_AL 69.54 + 6.76 59.14 1.6 67.17 £ 1.08 64.26 + 2.57
carotenoid FM_LP 69.55 + 0.09 59.14 = 418 | 55.06 £ 2.4 36.15 + 0.85
FM_PT 81.99 + 3.38 69.05+0.11 | 69 +227 58.03 + 0.28
RM_AL 56.95 + 0.64 542 +9.61 40.97 + 12.19 38.73 + 6.88
RM_LP 55.81 +2.07 4713 £3.66 | 44.25+2.13 2491 +3.4
RM_PT 68.45 +3.84 66.18 + 453 | 51.04 + 6.46 46.58 + 11.28
Total FM_AL 625 %197 5346+ 1.73 | 65.39 £ 0.25 63.53 + 2.09
carotenoid FM_LP 65.21 £ 1.09 59.04 £ 2.15 | 50.93 £ 0.85 37.72+0.24
content FM_PT 75.29 +0.52 69.07 +1.53 | 68.29 + 1.36 63.74 = 1.35
RM_AL 61.05 + 1.68 5892+ 959 | 43.89 + 11.59 432+ 4.15
RM_LP 5447 + 1.1 4541 + 437 | 4316+ 221 2489+ 3
RM_PT 65.11 + 3.66 6242+ 425 | 493+ 6.15 42.67 +8.92

*Freezer mill (FM) and rotor mill (RM); AL — Aluminium, LLP — laminated paper, PT — Double layered

polyethylene
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Cont.:

Table 5.82: Effect of storage method on carotenoid retention in maize flour after 180 days at 37°C

Days (% retention)
Carotenoid Bag_temp. | 90 120 150 180
Lutein FM_AL 41.02 +0.76 3513+ 1.6 39.46 + 1.69 38.63 + 0.01
FM_LP 30.36 £ 5.9 3312%£223 | 235%1.62 2142+ 1.19
FM_PT 7276 + 2.08 69.3 + 3.44 65.38 + 4.35 64.12 = 0.29
RM_AL 66.81 + 4.67 59.31 +3.12 | 59.87 = 0.39 5498 2.6
RM_LP 37.84 + 0.94 33.4 £ 1.06 31.02 +0.95 29 £0.03
RM_PT 67.16 + 0.45 67.28 +0.1 65.14 + 2.94 64.36 = 0.68
Zeaxanthin FM_AL 402+ 13 37.07+1.3 40.03 +0.92 42.80 + 0.31
FM_LP 2631 £ 4.38 26.99+0.83 | 19.79 £0.79 16.56 = 0.01
FM_PT 41.48 £0.88 331 %187 2025+2.1 30.23 +0.33
RM_AL 59.8 = 4.07 5373 +289 | 5424+ 121 56.05 + 1.77
RM_LP 26.83 £ 0.67 26.6£1.07 2527 +0.97 23.88 +0.98
RM_PT 53.68 + 1.54 5247 +1.75 | 50.99 +0.5 51.13 £ 1.21
B- FM_AL 3378 +0.52 3559 +0.58 | 43.63 +£0.28 4672+ 2.18
Cryptoxanthin [ FM_LP 30.22 + 5.04 27.23+0.72 | 19.38 £ 0.09 1522 £ 0.04
FM_PT 37.98 +0.53 3313 +247 | 31.41 £0.07 32.80 + 0.42
RM_AL 58.47 + 0.44 4847 + 1.6 45.08 +0.52 44,61 +1.28
RM_LP 30.24 £ 0.76 28.2 % 2.06 26.92 + 2.34 26.38 +2.06
RM_PT 60.51 +1.73 593+ 1.63 56.08 = 2.04 54.66 + 2.36
B-Carotene FM_AL 442 +0.7 4235+ 0.6 55.99  1.99 7218 + 4.37
FM_LP 31.51 + 3.94 2824+109 16.95 £ 0.12 13.17 £ 0.56
FM_PT 441+0.75 39.06 +2.59 | 32.87 £ 0.66 36.92 + 0.04
RM_AL 54.25 +0.01 4355+ 1.31 | 43.6 £1.05 42.04 £ 2.31
RM_LP 215 % 0.62 17.83£0.11 | 17.29 £0.22 1691 £ 0.34
RM_PT 56.06 + 1.93 48.86 +0.67 | 46.36 £0.12 42.23 +0.42
Provitamin A | FM_AL 34.9 + 0.54 4496 251 | 44.85+0.62 50.51 + 2.56
carotenoid FM_LP 2959 + 4.67 26.63+0.94 | 1831 £0.05 1436 + 0.14
FM_PT 38.1 £ 0.55 3335+242 | 30.78 £0.19 3273+ 0.33
RM_AL 50.35+ 0.3 4145+134 | 3917 +0.14 38.54 +1.33
RM_LP 2473 + 0.64 2261 +1.41 | 21.64+1.63 212+ 146
RM_PT 52.08 = 1.56 4983+123 | 4715+ 1.4 4537 £ 1.51
Total FM_AL 36.32 + 0.84 4814 +355 | 39.61 +0.53 4216 + 1
carotenoid FM_LP 27.28 + 4.67 27.02 1.1 19.29 + 0.67 1616+ 0.3
content FM_PT 45.08 + 0.97 3951 +2.34 | 36.44 = 1.76 37.17 £ 0.08
RM_AL 50.1 = 2.27 4351 +2 42.81 + 4.06 4231 +0.57
RM_LP 249 £ 0.29 233+ 1.12 22.06 + 0.82 21.08 +0.92
RM_PT 48.85+ 1.15 4791 +1.07 | 4595+ 1.27 4528 +1.17

*Freezer mill (FM) and rotor mill (RM); AL — Aluminium, LP — laminated paper, PT — Double layered
polyethylene
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Chapter 6

Abstract

Making bread from maize is a technological challenge due to the poor viscoelastic
properties of the dough. Maize germplasm as well as the thermoalkaline processing
technique commonly used in Mexico can be harnessed for bread-making purposes. We
assessed the bread-making performance of two maize hybrids, two landraces, and their
thermoalkaline processed flour in addition to their blend with high zinc wheat.
Significant differences (P = 0.05) were found in physical kernel characteristics such as
flotation index, hardness, size and weight. Doughs had a higher consistency, springiness
and gumminess than the untreated reference. Landrace L1 (Jala) had a larger specific
volume (1.99 mL/g), softer texture (13.10 N) and faster springiness (0.90) but a
relatively high staling (1.60), while landrace L2 (Cacahuacintle) and hybrid H1
(CSTH19001) had a lower staling (< 0.50). The specific volume and softness of bread
reduced in all thermoalkaline processed flours. Genotypes demonstrated significantly
different performances during bread-making, indicating that the choice of maize
genotype significantly affected the final product. Thermoalkaline processed flour did
not seem to improve bread quality, hence its application in bread making requires
further study.

Keywords: Maize flour; gluten-free bread; landraces; hybrids; Africa
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6.1.0 Introduction

Bread is commonly made with wheat flour. The flours of other cereals, including rye,
barley, maize, oats, sorghum, millet and rice, are used to a lesser extent. With the
exception of rye, these cereals are usually combined with wheat to derive suitable
rheological and textural properties. Maize is a staple crop in many countries in Africa
and Latin America. Its uses are multiple in Latin America with more than 600 food
products being made with maize, mainly derived from thermoalkaline processed flour.[!
However, maize proteins do not develop into a continuous network upon hydration

and shear, resulting in doughs lacking extensibility and gas holding properties.

Maize germplasm has a vast genetic and functional variability, which could be exploited
for bread-making purposes. Identification of maize germplasm with proper bread-
making properties could open opportunities for the growing gluten-free markets.[2!
Garzon et al. 12 observed differences in maize genotypes for dough rheology and gluten-
free bread making performance. Mexico, the centre of diversity of maize, has around
60 landraces with most of them still cultivated throughout the country.l?l Cacahuacintle
and Jala are two popular maize landraces characterized by large-sized grains with more
than 80% floury endosperm, preferred for the preparation a soup called pozole, cookies
and thermoalkaline processed tortillas.!l

Solutions to improve the bread-making performance of maize include the use of
functional ingredients such as hydrocolloids, dough conditioners, protein sources,
modified starches, and processing technologies such as high hydrostatic pressure.l!
However, these advanced technological solutions appear inappropriate for low and
middle-income countties. Solutions such as using pre-gelatinized starch, thermoalkaline
processing (so-called nixtamalization), sprouting and composite flours offer better
possibilities for adoption.[l Thermoalkaline processing improves dough viscoelasticity
and network stability, which could ameliorate the bread-making performance of maize
flour.l"]

In this study, we compared the dough rheology and bread-making performance of two
maize hybrids and two Mexican landraces, namely Jala and Cacahuacintle. Moreover,
the physicochemical and functional properties during bread-making from
thermoalkaline processed flour of these genotypes were evaluated. Finally, bread from
a maize/high zinc wheat blend was analysed to test whether the observed differences

in maize genotypes were sustained in a blend with wheat.
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6.2.0 Materials and methods
6.2.1 Plant materials

Grains of the Cacahuacintle landrace were purchased from Ixtenco market and of Jala
landrace from a farmer in Jala, Jalisco, Mexico (Figure 6.1). Both landraces were
produced in the spring-summer cycle of 2018 and harvested in December 2018. The
hybrids, one commercial and one advanced hybrid from CIMMYT's tropical maize
breeding program were grown in the autumn-winter cycle 2019 in the experimental
station of CIMMYT in Agua Fria, Mexico. Genotypes with contrasting quality
parameters commonly used to prepare maize snacks were selected. High Zn wheat was
produced at CIMMYT experimental station in Ciudad Obregon, Mexico, and was
harvested in April 2019. Composite flour consisted of 75% high-Zn wheat and raw

maize or thermoalkaline processed maize flour based on prior trials (Table 6.51).
6.2.2. Thermoalkaline processing, drying and milling

Thermoalkaline processing was performed as described by Roque-Maciel ¢ a/. 18I,
Briefly, a pan with 3 L water containing 1 kg maize kernels and 10 g food-grade calcium
hydroxide (Oxical®, Mexico) was placed on stove at a regularly monitored minimum
steam level. Cooking time was based on grain hardness as described by Vazquez-Catrillo
et al. Pl. The cooked maize was steeped in the closed pan for 16 h. Next, the cooking
water was discarded, followed by washing the grains three times in clean water. Then
the grains were milled using a wet milling machine (Fumasa, M100, Mexico) to produce
a paste, so-called masa, which was subsequently lyophilized with the Labconco
equipment (model 7755041). The dried dough was re-milled using a hammer miller
(Christy Turner 43220 Series 3000 mill - Suffolk, UK) equipped with a 0.5 mm mesh.

6.2.3. Physical and chemical properties of grains

The flotation index (FI) was used to determine kernel hardness by the method of
Wichser [19. One hundred grains were placed in a sodium nitrate solution with a specific
density of 1.250 g/mL after which the number of floating grains after six strokes of
mild stirring was recorded. Grain and flour colour were measured using the MiniEscan
HunterlLab colorimeter (Reston, VA, USA). The colour differences (AE*ab) after
processing into thermoalkaline processed flour were calculated and interpreted
according to Cserhalmi ez a/. ['1l. Colour changes become more perceptible to human
eyes with increasing values.

Grain size distribution was determined by passing 1 kg kernels through a set of meshes
standard no. 24 (9.53 mm), 22 (8.73 mm), 20 (7.94 mm) and 18 (7.14 mm) with constant
agitation for 1 min and determination of the percentage. Grain moisture, starch, protein
and oil content were determined by Near-Infrared Spectroscopy (INIS) with the
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Infratec™ 1241 Grain Analyser (FOSS, Denmark) and calibrations provided by the
manufacturer. Hundred kernel weight was determined by weighing 100 grains.[12l
Mineral contents were analysed by Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES).[3]

6.2.4. Bread making

Maize bread making was adapted from Falade [, namely on flour weight, as follows:
5% sugar, 3% dry yeast, 2% margarine, 2% salt and 130% hydration (based on the dry
matter). For wheat bread, the same formulation was used with adjusted hydration based
on the solvent retention index and Mixolab®), i.e. a hydration level of 70% for whole
wheat and 64% for refined wheat. Solvent retention capacity (SRC) and Mixolab® data
were inadequate to determine the proper hydration level for baking maize bread. Hence
empirical trials were conducted first to optimize the crumb structure. All samples were
aligned based on the moisture content of the flour to establish equal treatment. For
maize bread, the batter was placed in a loaf tin and kept for 1 h at room temperature
for proofing, then baked for 25 min at 200°C and relative humidity (RH) of 85%. Bread

samples were prepared in duplicate.

6.2.5. Starch characterization

Total starch, amylose, amylopectin and resistant starch contents were determined in
maize flour using the Megazyme assay kit (Megazyme, Bray, Ireland) based on AACC
methods 76-13.01 and 32-40.01.1'3 In addition, the resistant starch content of
thermoalkaline processed flour and all bread samples were determined. Bread samples

were lyophilized prior to analysis.
6.2.6.  Solvent retention capacity

SRC of all samples (including the flours of the maize/wheat blend) was determined by
the AACC 56 - 11 method with slight modifications. Four solvents were individually
used to determine the SRC values: 0.5 g/mlL sucrose (SuRC); 0.05 g/mL sodium
carbonate (SCRC), 0.05 g/ mL lactic acid (LARC) and water (WRC). For each sample,
300 mg were weighed in duplicate in a 2 mL graduated round-bottom centrifuge tube
after which 1.5 mL of solvent was added, followed by vigorous shaking for 10 s and
immediate transfer to a thermomixer at 1400 rpm for 5 min at 25°C. Next samples were
centrifuged for 2 min at 4000Xg at 25°C. The SRC was calculated as the weight of
solvent retained by samples after centrifugation and gel drainage for 10 min, and
expressed as a percentage of sample weight on respective moisture content, as follows:
Haynes et al. 1191,
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o _ (2@ 86
SRC (%) = <m - 1) " (100 — flour moisture (%)) + 100

6.2.7. ‘Thermal characterization of flour

Thermal properties were determined using a Differential Scanning Calorimeter (DSC)
equipped with a thermal analysis data station (PerkinElmer Corp Norwalk, USA). For
gelatinization analysis, a dry flour sample of approximately 5 mg was dispersed in
distilled water at 1:3 w/v in stainless steel capsule, which was then hermetically sealed
and incubated for 2 h to equilibrate the moisture. Sample and reference pans (balanced
to within + 0.5 mg) were loaded at ambient temperature, cooled to 10°C, and held for
2 min before scanning to 120°C. The temperatutes of the characteristic transitions,
onset (To), peak (T}) and endpoint (Tf) were recorded and the enthalpy (AH) of the
transition was expressed as J/g. The degree of gelatinization (DG) was calculated as [1
— AHs)/AHn] X 100, where AHs is thermoalkaline processed flour and AHn is

untreated maize flour.
6.2.8. Rheological behaviour (Mixolab®)

Rheological behaviour of flour was determined using the Chopin* protocol with a
dough weight of 100 g but without a target consistency.[!”l The Mixolab® was originally
developed to analyse wheat flour but can also be used for non-wheat flours after
adjustment of the protocol, e.g. dough weight.['8. 191 Rheological behaviour of maize
dough was determined using a mixing speed of 80 rpm at a temperature regime of 6
min at 30°C, heating of 4 K/min until 90°C, 7 min at 90°C, cooling for 4 K/min until
50°C, and 5 min at 55°C. Dough consistency and temperatutre during the entite process
were measured to determine protein power, starch gelatinization, amylase activity and
starch retrogradation. The tests were carried out for each sample at constant hydration
of 110% (based on the dry matter; corrected for moisture content of each sample).
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6.2.9. Loaf characteristics

Loaf specific volume was measured upon cooling by the rapeseed displacement method
according to AACC method 10-05.01, while bake loss was determined by the weight
difference before and after baking. Texture profile analysis (TPA) was performed using
a TA-XT texture analyser (Stable Micro Systems, Surrey, UK) equipped with a 50 kg
load cell and a 20 mm aluminium cylindrical probe. Pre-test speed, test speed and post-
test speed were 2 mm/s. The sliced samples (20 mm thickness) were tested using double
compression (20%) with a trigger force of 20 g at 5 s wait time between the first and
second cycle. TPA measurements were performed 2 h after baking and on the fifth day.
Bread staling was calculated using the following equation by Hager 7 a/. 1201:

crumb hardness on day 5 — crumb hardness on day 0

B ling =
read staling crumb hardness on day 0

6.3.0  Statistical analysis

Data analysis was by IBM SPSS® software (version 23) and XLSTAT® software
(version 2018.5.52280, Addinsoft, New York). The significance level was fixed at p <
0.05. Data are presented as the mean of two or three determinations depending on the
parameter.
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6.4.0 Results and discussion
6.4.1. Physical and proximate characteristics of kernels from maize genotypes

Table 6.1 shows significant differences (p < 0.05) in all physical parameters measured,
except colour (lightness). The highest F1 (79-83%) was observed for the landraces, i.c.
soft, while the hybrids showed the lowest FI (3.5-8%), indicating very hard kernels.
This reflects the large proportion of floury endosperm of the popular landraces and the
relatively high proportion of vitreous endosperm in the hybrids. Grain hardness is a
crucial quality parameter in determining the type of food product to be made and setting
optimal processing conditions at industrial and household level. The average grain size
(US mesh 24) varied from 95.8 to 98.4% in the landraces to 12—19.8% in the hybrids
(Table 6.1 & Figure. 6.1). To date, no relation between the physical properties of maize
grains and their bread-making performance has been reported, but the association
between tortilla (flatbread) quality and maize physical characteristics has been studied.[s:
21l Industries producing thermoalkaline processed flour prefer grains with hard
endosperm (FI = 20%), kernel weight between 32 and 40 g, grain colour lightness of
250 and medium-sized grains.’l However, the masa-tortilla industry prefers softer
kernels with a FI of about 40%. Garzén ef al. P! found that soft maize improved gluten-
free breadmaking performance compared to hard maize. The protein content of all
samples did not differ significantly except for hybrid (H2), which had a higher protein
content (Table 6.1). Hybrid (H1) with the highest starch content, had the lowest amount
of other components.
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Figure 6.1: Maize hybrids and landraces. H1 (CSTH19001), H2 (Commercial hybrid), L1 (Jala)
and L2 (Cacahuacintle). Pictures showing the side views of maize kernels.

6.4.2. Colour of maize flour

The colour values for untreated and thermoalkaline processed maize flour are shown in
Table 6.2. The lightness (L*) of the flour from both landraces decreased significantly (P
< 0.05) after thermoalkaline cooking, signifying a darker colour. On the contrary, hybrid
maize (H1) showed an increase in L*. The AE*ab values indicate that the flours from
the landraces after thermoalkaline treatment differ visually in colour, while the colour
changes in the hybrids are much smaller. Vazquez-Carrillo ef al. 1) reported that large
differences (AE*ab) in the colour of landrace flours could be due to the relatively high

proportion of phenolic polymers, which easily oxidize under alkaline conditions.

Table 6.2: Colour values for untreated and thermoalkaline processed maize flour
Maize flour

Nixtamalized maize flour

L* a¥* b* L* a* b* AE*ab
L1 96.8> -0.42 15.10 93.8b -1.7b 18.5¢ 4.8
L2 10052 -0.3 11.2f 95.2b -1.62 18.3f 8.9
H1 96.5> -0.52 11.7¢ 97.7¢ -1.5b 12.72 1.8
H2 97.7° -0.42 12.24 97.4b¢ -0.7b 11.02 1.3

*AE*ab colour interpretation: 0 — 0.5 (not noticeable), 0.5 — 1.5 (slightly noticeable), 1.5 — 3.0 (noticeable),
3.0 — 6.0 (well visible) and 6.0 — 12.0 (greatly visible). Values are mean of triplicate.

6.4.3. ‘Total starch, amylose, amylopectin and resistant starch

Maize samples were characterized by their chemical properties (Table 6.3). The hardest
maize sample (H2) and the softest (L2) significantly differed (P < 0.05) in starch content
with 74.5 £ 0.04 and 72.4 £ 0.22, respectively. RS and its transformation during
processing depend on variety.l?2l After the thermoalkaline process, more than doubled
the resistance starch content was quantified. L1, L2, H1 and H2 had RS contents of
0.83%, 0.81%, 1.19% and 1.18%, respectively. This agrees with data from Villada e a/.
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23] for masa (0.917%) and tortilla (1.477%) (Table 6.3). Three types of resistant starch
have been reported in the processing of maize into masa: (1) physically inaccessible
starch in the cellular matrix, (2) amylose-lipid complexes or amylose-calcium complexes,
and (3) retrograded starch formed on cooling to low temperatures.2l RS has several
health-supporting properties, such as lowering the risk of colorectal cancer, reduction
of insulin sensitivity and lowering the glycaemic index.[”l On the other hand, an

increased RS content can negatively affect crumb hardness.

Table 6.3: Total starch, amylose, amylopectin and resistant starch

Total Resistant starch, dw %

otal

starch IAmylose* Amylopectin* Raw maizeNixtamalizedRaw maize[Nixtamalized
flour maize flour |bread maize bread

L1 738+05°326+1.7% 67.4'® 0.43+0.00" 0.83+001" 1.9+004" 1.88 +0.04°

12 724+02" 329+01"" 67.1"® 033+ 003" 0814000 1.93+0.03 1.48 +0.05"

H1 727405 356 +11° " 644" 038 +0.00" 119 +0.02° 202 +0.051.87 + 0.03"

H2 745+00" 350+ 05 650" 042+ 001" 118+0.01° 218+ 0.01°1.85+ 012"

* Percentage in the starch of maize flour. Amylopectin determined by amylose difference. Values in each
column with different letters are significantly different (Tukey, 0.05). Letters in bracket are based on (Fisher
(LSD); 0.05). Values are mean * standard deviation of duplicates.

6.4.4. Solvent retention capacity

Both the untreated and thermoalkaline processed flours differed significantly in their
ability to retain the tested solvents (P < 0.05), as shown in Figure 6.2. Soft maize flour
(L1) had the lowest SRC profile for all solvents tested, possibly due to differences in
chemical composition, especially the damaged starch content. Flour from hard or
vitreous endosperm has been reported to contain significantly more (p < 0.05) damaged
starch than flour from the floury (soft) endosperm because hard grains have a higher
resistance to milling.24 The physicochemical and thermal properties of starch are
significantly influenced by the damaged starch content. Generally, the untreated maize
flours and their corresponding thermoalkaline treated samples had different SRC values.
Sucrose retention capacity, which corresponds to pentosan characteristics, increased in
all thermoalkaline cooked samples. Hydrolysis and solubilization of maize pericarp
during thermoalkaline processing generates pentosans, which in part act as
hydrocolloids and confer good viscoelastic properties to dough.l?!l On the contrary, the
lactic acid retention capacity (LARC) (associated with protein characteristics)
significantly decreased in all samples up to 22% in L2 and H1. LARC was the most
sensitive property, perhaps because of denaturation of the protein due to the
thermoalkaline treatment. High positive correlations were observed among the SRCs:
SCRC and LARC; WRC and SCRC; WRC and LARC (r = 0.98, P < 0.05). However, a
negative correlation was found between RS and all SRC profiles, e.g. RS and SuCR (r =
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—0.85, P < 0.05) (Table 6.S2). SRC data show a significant difference (P = 0.004)
between hybrid and landrace maize while no significant difference (P = 0.937) was
found between raw and nixtamalized flour (Table 6.S3). Principal Component Analysis
(PCA) based on SRC values of untreated and thermoalkaline processed flour (Figure
6.3) distinctively separated (PCA = 87.53%) landrace L1 (Jala) from the other maize
genotypes. Furthermore, Figure 6.81 shows that solvent retention parameters of all
maize flours are well distant from those of both whole and refined wheat, with L1 (Jala)
being the least distant (PCA = 96.79%).

6.4.5. ‘Thermo-mechanical behaviour of batter

The Mixolab® measures in real-time the torque generated by a dough between two
paddles, thus allowing the study of baking quality and thermo-mechanical performance
of hydrated flour. The profiles derived from the maize landraces, hybrids and their
respective thermoalkaline cooked flour are summarized in Figure 6.4. The profiles show
the parameters of maize batter behaviour during mixing (C1 & C2), cooking (C3 & C4)
and cooling (C5).1'8] Substantial differences were found between the samples for all
measured parameters. L1 (Jala) gave the lowest peak value for C1 and C2, namely 0.21
Nm and 0.04 Nm, respectively, which indicates a relatively poor protein quality during
mixing at a fixed temperature (30°C). However, this landrace also had the highest peak
torque at C3 (starch gelatinization) as well as at C5 (starch retrogradation at cooling
phase). Generally, the viscosity of untreated landrace dough at starch gelatinization was
higher than for the hybrids. This confirms previous findings where flint maize showed
a lower maximum viscosity and lower retrogradation than dent varieties.l) The high
starch retrogradation value corresponds to shorter shelf life, thus methods to lower
starch recrystallization are necessary to improve stability of flour for bread making.[18]
L2 (Cacahuacintle) had the slowest retrogradation value. Matos ez a/ 18] found a
significant correlation (r = 0.7533 P < 0.001) between C5 and hardness. The present
study showed a positive correlation between C5 and cohesiveness (r = 0.737, P < 0.05)
and resilience (r = 0.818, P < 0.05), suggesting that genotypes with a low C5 like 1.2
(Cacahuacintle) could have better bread-making performance, particularly a slow staling.

Thermoalkaline processed flour resulted in dough with at least a two-fold increase in
the torque for all parameters, attributable to denaturation of proteins and partial
gelatinization of starch (Figure 6.4). Through calcium incorporation, thermoalkaline
processing confers malleability and functionality to maize flour suggesting improved
viscoelasticity that can compensate for the lack of gluten in maize dough.l”l From a
techno-functional perspective, the enhanced dough consistency confers stability to
maintain the shape of final product.!’l
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Torgue (Nm)
o
Temperature (°C)
Torgue (Nm)
Temperature (°C)

00 KL— — 0
1t 4 7 10 13 18 20 23 % 29 32 35 3 42 45 14 7 10 13 16 20 23 2% 20 32 35 3B 4z 45
Time (min) Time (min)

L1 —(2 —LX1 —LX2 —Temperature (0C) H1 —H2 —HX1 —HX2 —Temperature (0C)

Amplitude Stability Amplitude Stability
Torque (Nm) (Nm) (min) Torque (Nm) (Nm) (min)

(o] c2 c3 c4 C5 C1 c2 C3 C4 c5

L1 0.21 0.04 123 1.11 1.72 0.03 037 H1 0.90 0.41 1.07 0.05 1.64 0.09 427
L2 1.06 0.32 0.75 0.60 0.98 0.04 1.87 H2 0.57 0.15 0.77 072 1.26 0.03 117
LX1 1.95 0.81 187 1.83 2.7 2.88 042 HX1 219 0.97 1.64 1.61 2.40 0.21 1.23
LX2 2.08 0.97 1.68 1.64 2.36 3.28 040 HX2 242 0.97 1.72 1.71 2.58 2.21 1.55

6.4.6. Thermal properties of untreated and thermoalkaline processed maize
flour

The thermal characteristics of untreated and thermoalkaline processed maize flour
measured by DSC atre presented in Table 6.4. Untreated flour from L1 (Jala) had a
significantly higher enthalpy (J/g) and gelatinization temperature than the other
untreated flours. This indicates that the amylopectin content of the genotype is more
stable during heating, making it harder for gelatinization to take place. However, hybrid
maize H1 and H2 with hard endosperm had a significantly higher gelatinization
temperature range. The decrease in the transition temperature range is influenced by a
decrease in the onset temperatures (To) rather than a change in the end temperatures
(Tc), possibly due to a lower expansion of the starch granule caused by a higher amylose
content. The thermal behaviour of starch is influenced by granule size, damaged starch
content, amylose/amylopectin ratio and granule crystallinity.?5 261 Thermoalkaline
processing raised the gelatinization temperature and decreased the enthalpy of all
samples. Maize starch becomes difficult to gelatinize after heat treatment. 26l Gonzélez-
Amaro et al. 12 reported similar thermal properties of maize landraces Cacahuacintle
and Bolita, namely a Tp (°C) of 66.4 and 67.0 respectively. Hybrid maize (H1 and H2)
had a higher degree of gelatinization because hydration saturation is quicker in smaller

grains.
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Table 6.4: Thermal parameters of untreated and thermoalkaline processed maize flour 2
T (°C)° Ty (°C)b T (°C)b T —T (C)AH (J/g)>  |[DG (%)>

Raw maize flour

L1 645+03° 703+06"  764%01° 58+03° 104+05
L2 590400 675+00° 730+01° 54+01° 74+01°
Hl 575401 695+00° 768%00° 73+00° 94+01°
H2 6104025 69.1+00°  766%01° 76+01° 96+07° na

Nixtamalized maize flour

LX1 678+ 01 733+02°  799+02° 66+01° 78+09° 24.6 + 5.0"
LX2 662+ 08" 714+00° 788+00° 74+00° 47+06 36.7 + 8.2°
HX1764+04" 767+01"  823+03" 5504  55+07 418+74"
HX2704+07° 767+01°  813+01" 46+00° 44+05 543+ 80"

aData are means t standard deviations. Values in the same column with different letters are significantly
different (p < 0.05). T, = onset temperature; T, = peak temperature; T¢ = final temperature; AH =
gelatinization enthalpy; and DG = degree of gelatinization. na= not applicable. Values are mean * standard
deviation of duplicates.

6.4.7 Loaf characteristics

The produced bread differed in specific volume, springiness, resilience and staling.
Notably, landrace L1 had a significant (P < 0.05) increase in specific volume. As
expected, bread L1 and H1 with the highest specific volumes, 1.99 mL/g and 1.30
mL/g, respectively, also had the lowest hardness. However, this was not significantly
different (P < 0.05) from other bread (Table 6.5). Lower hardness could theoretically
be due to less amylose but this does not apply to the cutrent research since the
genotypes did not significantly differ in their amylose contents. Bread specific volume
and firmness are strong indicators of consumer preference; consumers from sub-
Saharan Africa consider hard bread to be old and no longer fresh.l!l High volume per
weight is most preferred, thus giving landrace L1 an edge over other genotypes
regarding consumer acceptance. Statistically significant differences existed for bread
springiness; H2 hybrid (hard endosperm) showed the lowest value (0.82), while L1
landrace (soft endosperm) showed the highest value (0.90). Soft maize varieties have
higher springiness than hard maize, according to Garzén ef al. 12, Bread with a higher
specific volume corresponds to higher springiness (Table 6.5). Bread with low
springiness crumbles during cutting due to brittleness. Attributes such as hardness,
springiness, cohesiveness, chewiness and resilience increased in all bread made from
thermoalkaline processed maize flour of all genotypes. Guadarrama-Lezama e a/. [ also
observed increased hardness of bread from thermoalkaline processed flour but other
textural characteristics decreased. Pregelatinization generally increases dough
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consistency, gumminess and springiness.l!l However, the rheological changes in the
dough did not translate to improvement in specific volume and softness of the final
product. Using morphological analysis (SEM), Guadarrama-Lezama ez /. [l showed that
dough from thermoalkaline processed flour can form a compact microstructure causing
increasing hardness in bread.

Table 6.54 shows the loaf characteristics of composite bread from wheat and maize. As
expected, refined wheat composite bread showed a higher specific volume than whole
wheat composite bread. In both categories, composite bread made with L1 and H2
genotypes had the highest specific volume, 3.27-3.93 mL/g and 3.34-3.86 mL/g,
respectively. In composite bread from thermoalkaline processed flour, volume was
reduced by at least 30%. Wheat bran strongly binds to added water, making it
inaccessible for gluten; reactive components in bran (such as glutathione and phytate)
and bran-related enzymes (such as endopeptidases) can contribute to weakening of
gluten.?”l The volume of all maize bread was at least 40% lower volume than for their
respective wheat composite bread. Concerning the overall texture, the L1R (landrace 1
with refined wheat) composite was the most favourable with a high specific volume
(3.93 mlL/g), springiness (1.58), cohesiveness (0.87), chewiness (1.21 N) and low
hardness (0.92 N).

Lastly, L2 with the lowest amylose content (32.91%) had the slowest staling. The
retrogradation rate of amylose is faster than of amylopectin. Furthermore, the values of
C1 showed a negative correlation with the specific volume of bread (r = - 0.721) and
positive correlation (r = 0.714) with hardness (Table 6.S5 - supplementary material).
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Conclusion

Bread making performance is not yet considered during maize breeding in spite of the
potential for gluten-free bread applications and the available variability in maize
germplasm. Furthermore, landrace germplasm traditionally used for bread making is
losing its genetic diversity due to the very limited kernel characteristics and strong focus
on productivity during the breeding process. In the current research, significant
differences (P < 0.05) between maize landraces and hybrids were found in terms of
physical kernel characteristics such as flotation index, hardness, size and weight. Maize
landraces and hybrids had significantly different (P < 0.05) resistant starch content,
solvent retention capacity and the produced bread had differences in specific volume,
hardness, springiness and other quality parameters. Hybrid and landrace maize
demonstrated significantly different performances during bread-making, hence
exploring different landraces with different kernel characteristics will be important to

improve the quality of the final product.
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Abstract

Sourdough has been used to improve the texture of gluten-free bread for its i situ
acidification and production of exopolysaccharides (EPS). Since wheat is not
sufficiently cultivated in Sub-Saharan Africa where the demand for bread is on the rise,
the application of sourdough can serve as a viable option for making gluten-free bread
from maize. In our research, sourdoughs were fermented using isolated bacteria with
or without 10% addition of sucrose ot sprouted maize flour as source of carbon. Lactic
acid bacteria were isolated from two traditional African foods, namely munkoyo and
ogi, of which 22% and 10%, respectively, were EPS producers having slimy, viscous
and mucoidal colonies. The total yield of EPS in modified MRS broth ranged from 5.0
to 9.6 g/L, with the highest amount for Weissella confisa strain Mk02. Significant
differences (p<<0.05) were observed in pH, TTA and organic acids among the
sourdoughs, showing diverse buffering capacities of the formulations. Peak viscosity of
the control increased from 627 Pa's to 901 Pa's and 1326 Pa-s after fermentation at
30°C with W. confisa and Lactobacillus plantarnm, respectively. After fermentation at 37°C,
peak viscosities of 897 Pas and 684 Pa's were found for W. confusa and L. plantarum,
respectively. Sourdough with the highest viscosity did not correspond with the highest
amount of EPS. Gelatinization parameters such as onset temperature, peak
temperature, final temperature and temperature range were not significantly (p<0.05)
different among sourdoughs but a significant difference (p<<0.05) in enthalpy was
observed. Bread derived from the formulation containing sprouted maize flour, which
held the highest EPS content, had the highest specific volume (2.04 ml./g) and the
lowest bread hardness (12.62 N). The role of EPS in modulating rheological properties
of dough and textural properties of maize bread could not be conclusively established
in this study because of confounding factors caused by acidification during

fermentation.

Keywords: Sourdough fermentation; Lactic acid bacteria; exopolysaccharides; gluten-
free bread quality; Weissella confusa
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7.1.1 Introduction

The growing urbanization in Sub-Saharan Africa (SSA) has increasingly led to shifts
towards consumption of bread, mainly produced from wheat, which is not sufficiently
cultivated on the continent.[!l This trend is expected to continue at the expense of socio-
economic development of people if no alternative solution is presented. Thus there is a
sense of urgency to investigate appropriate technologies to improve indigenous crops
that are naturally resilient and climate-smart such as maize, sorghum and millet for non-
wheat bread production.ll However, these crops, which are entrenched in the
traditional food system of the people in SSA, lack technological requirements such as
the development of a viscoelastic dough upon hydration. |3l

Maize accounts for 45% of the cereal production in SSA 4, making it a suitable
alternative crop for making gluten-free bread in this region. However, maize flour does
not have network-forming proteins, thus resulting in bread characterized by a low
specific volume, hard crumb and poor mouthfeel.l>: ¢ Generally, ingredients to
substitute gluten, such as hydrocolloids, are added to maize flour. Moreover, enzyme
and sourdough technology is applied to improve bread crumb structure.l’l Sourdough
technology improves flavour, nutritional quality, shelf life and textural properties of
bakery products when propetly applied.l8l One of the aspects of sourdough technology
that is gaining traction in research is the ability of bacteria to produce organic acids and
exopolysaccharides (EPS) 7 sitn during food fermentation. Acidification during
fermentation drops the pH below the isoelectric point of protein, thereby conferring a
net positive charge on the protein and activating proteinases. This increases protein
solubility and consequently enhances bread texture.l>!!l EPS are biopolymers
commonly produced 7z situ by bacteria that can act as a natural stabilizer, hydrocolloid
and emulsifier. The application of sourdough technology to gluten-free flour confers
suitable rheological properties to baked products.['!l The nature of the EPS — molecular
weight, composition of the chain (homo/hetero-saccharide), chain length and degtee
of branching - determine the physical properties as regards dough viscoelasticity and
bread crumb structure.l!l.12] The quantity of EPS and their chemical structure depend
on the microorganism and substrate present. Flour made from sprouted grains contains
mono- and disaccharides (i.e. maltose, sucrose and glucose), which can serve as
substrates for EPS production.['3] Aside from their rheological contribution, EPS have
beneficial health functions through their prebiotic effects such as anticholesteremic,
antitumor and immunomodulating effects.['4l Suitable EPS producing bacteria can be
obtained from studies on natural diversity of lactic acid bacteria (LAB) in locally
fermented maize-based foods and beverages in SSA such as ogi (in Nigeria)2 and
munkoyo (in Zambia)l?. Isolated bacteria can serve as pure starter cultures for making

sourdough, which can be sustained at household level through backslopping.[s. 13l
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Hittner ef al. 151 and Schwab e a/. 16 found that LAB such Lactobacillus reuters, Weissella
ctbaria, Lactobacillus plantarum, Lenconostoc argentinum, Lenconostoc mesenteroides, Lactobacillus
coryniformis and Pedicoccus pentosacens have vast potential to increase the loaf-specific
volume as well as other quality parameters of gluten-free bread due to their EPS
producing abilities. LAB are generally recognized as safe (GRAS). Hence they can serve
as a source of food-grade polysaccharides to enhance texture and sensory properties of

maize sourdough bread.

The present study aimed to isolate, screen and identify EPS-producing LAB in ogi (a
traditional fermented maize-based dough consumed as porridge in West Africa) and
munkoyo (a cereal-based traditional fermented beverage in Zambia) as well as assess

their potential for the production of sourdough maize bread.

7.2.0 Materials and methods
7.2.1. Materials

White maize, variety MMG03, was provided by a farmer in Zambia. L. plantarnm
(Lb0073) was obtained on MRS agar from the laboratory of Food Microbiology,
Wageningen University, the Netherlands. Ogi was bought on a local market in Nigeria
and munkoyo was collected from Zambia. All chemicals and microbial media were
purchased from Sigma-Aldrich Chemie NV, Zwijndrecht, the Netherlands.

7.2.2  Sprouted maize flour and native maize flour

Sprouted maize was prepared as described by Adegbehingbe [17l. The kernels were
placed in a container with 500 mL of water and soaked for 24 h. The soaked maize was
rinsed and drained 3 times per day until the third day when all kernels germinated (free
of the green coleoptile). Samples were then dried in a hot air dryer (Retsch Quick Drying
Machine type TG2200, Germany) at 50°C with an aitflow of 40 m3/h until the moisture
content was below 12%. The sprouted maize and native maize were separately milled

in a rotor mill using a 500 wm mesh.

7.2.3 Isolation, purification and characterization of EPS producing bacteria

To derive bacteria isolates, 10 g of ogi and 10 mlL of munkoyo were separately
suspended in 90 mL of sterile phosphate-buffered saline (PBS) solution and stomached
in triplicates, followed by serial dilution (10 to 10-5).1181 One millilitre of each diluted
sample was pour-plated on MRS agar and incubated anaerobically for 48 h at 37°C.
Three consecutive streak plating steps were used to purify the bacteria.

Allisolated bacteria were tested for EPS production. The MRS agar cultivation medium
was supplemented with 60 g/L sucrose. After incubation for 48 h at 37°C, EPS
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producing bacteria were isolated using a visual approach, i.e. mucoidal colonies (creamy
and slimy) were classified as EPS producers. Isolated colonies were re-streaked on MRS
broth, grown and stored in 25% v/v glycerol at -80°C as a stock culture.

The EPS producers were phenotypically and biochemically characterized before the
experiment. Isolated colonies were identified using microscopic observation, gram
staining, catalase activity and oxidase test. To identify the bacteria to species level, API
50 CHL medium was used, with known L. plantarum as control. The tubes were filled
with cell suspension and covered with mineral oil before incubating for 48 h at 30°C.
The biochemical profiles obtained for the strains were identified using the Apiweb™
identification software with database (V5.2).

7.2.4 Extraction of EPS

EPS extraction, purification and quantification were done as previously described by
Adesulu-Dahunsi e¢f a/. 1181 with modifications. Before extraction, the growth curve of
the bactetia was determined at 30°C for 72 h, see Figure 7.S1 in the appendix. Five
bacterial isolates were tested for EPS production. The cell pellet was resuspended with
ultrapure water to attain turbidity of McFarland standard one, Figure 7.52 in the
appendix. One millilitre of isolated bacteria (McFarland standard 1, ie. 3 x 108
CFU/mL) were grown in MRS (plus 100 g/L sucrose) broth at 30°C and 37°C for 48
h with intermittent shaking.

After incubation, the culture broth was heated at 80 °C for 10 min, then cooled in ice
before adding 15% (v/v) of 80% trichloroacetic acid (TCA) to precipitate DNA and
protein. The mixture was incubated at 37°C for 30 min at 100 rpm then centrifuged in
250 ml bottles at 10,000 x g for 10 min at 4°C to remove cell pellets (biomass). The
supernatant was precipitated using double volume ice-cold ethanol (95%, v/v)
overnight (24 h) at 4°C. The precipitate was collected in a 50 ml tube and centrifuged
at 4,500 X g for 20 min at 4°C, followed by three rounds of precipitation. Extracted
EPS was resuspended in 5 mL ultrapure water, vortexed and dialyzed against distilled
water using 10 kDa dialysis membranes for 48 h. Pure EPS was collected in a 50 mL
tube, covered with parafilm, freezed at -80°C and lyophilized at -50°C for 48 h. The
total quantity of EPS was measured by the weight of solids after lyophilization. The
same process was applied for extraction of EPS from maize dough.
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7.2.5 Sourdough preparation

All flour samples were pre-treated at 60°C for 30 min to reduce the initial microbial
load, see table 7.51 in the appendix for sample description. The addition of 10%
sprouted maize flour and sucrose were to support EPS production by the bacteria, i.c.
W. confusa (EPS producer) and L. plantarum (non-EPS producer). Sourdough was
prepared using a flour-water ratio of 1:2, followed by inoculation of 1 mL cell
suspension (108 (CFU)/mL) that was determined using 1 McFatland solution standard
as proposed by Galle ¢ a/. 'l Samples were incubated for 48 h at 30°C and 37°C, then
freeze-dried and stored at -21°C.

7.2.6 pH, total titratable acidity (T'TA) and organic acid

The pH and TTA were determined before sourdough fermentation and after 48 h of
fermentation. Ten grams of freeze-dried sourdough was prepared in 90 mL of sterile
water. The pH results were determined by a pH meter and the samples were then
titrated with 0.1 M NaOH to pH 8.5 to analyse TTA as described by Wolter e a/. [8l.
The protein in the flour for organic acid determination was first precipitated with 7%
petchloric acid overnight at 4°C for 15 h. The supernatant was pipetted after
centrifugation (2000 x g, 20 min) and filtered through a 0.45 pm filter before
measurement by an Agilent 1200 HPLC system coupled to a refractive index detector

and a REZEX 8 n Organic Acid Column (Phenomenex, USA).

7.2.7 Water absorption capacity (WAC)

Two grams of freeze-dried sourdough was weighed into a 15 mlL centrifuge tube and
10 mL of distilled water was added, then vigorously shaken by a vortex for 1 min and
left for 30 min. The mixture was centrifuged at 2200 x g for 20 min. The supernatant
was decanted and the weight of the tube with the sediment was measured. Water

absorption capacity was calculated following equation:

. . (Sediment —Sample weight)
Water absorption capacity = - - 00
sample weight (dry basis)

7.2.8 Thermal characterization of native maize flour and freeze-dried

sourdough

Differential Scanning Calorimeter (DSC) (Perkin-Elmer Corp Norwalk. USA) was used
to analyse the thermal properties (including gelatinization temperatures).['”l In short, 5
mg dry flour sample was dissolved in distilled water in a ratio of 1:3 w/v in airtight
stainless steel capsules and left to equilibrate for 2 h. Sample and reference in duplicate
pans were cooled to 10°C, and held for 2 min before scanning to 120°C. The onset (To),
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peak (Tp), endpoint (Tg) of gelatinization temperature and the enthalpy (AH) were

recorded.

7.2.9 Rheological properties

A rheometer (Anton Paar MCR-102 with geometries CC17/Ti-38491 and C-CC17/Ti-
21932) was used to measure pasting properties of the samples.0) Three grams of
sourdough were prepared with 18 mL of demi water. For the thermal profile, the initial
temperature of the system was 50°C and held there for 1 min. The sample was then
heated from 50 to 90°C for 5.3 min, held constant at 90°C for 5.3 min, cooled to 50°C
for 5.3 min and held at 50°C for 2 min. All samples were performed in duplicate. Pasting
temperature, peak viscosity, final viscosity, breakdown viscosity and setback viscosity

were recorded.

7.2.10 Bread production

Sourdough bread was prepared by using the native maize, sourdough and a composite
containing 20% sourdough and native maize. The recipe for maize bread making was
adapted from Falade 1. The formula used was based on flour weight, as follows: 5%
sugar, 3% dry yeast, 2% margarine, 2% salt and 110% hydration. The batters were
proofed in small loaf tins (width: 4.3 cm, height: 3.1 cm, length: 9.1 cm) at 30°C and
85% relative humidity (RH) for 1 h. The oven was preheated to 210°C top and bottom
and the batters were baked for 25 min. The loaves were left to cool at room temperature
for 2 h and subsequently analysed or stored in plastic bags at ambient temperature. All
bread was prepared with sourdough that had been fermented at 37°C since this
condition showed optimal EPS production.

7.2.11 Bread characteristics

Loaf specific volume was measured after cooling using the rapeseed displacement
method according to AACC method 10-05.01, and bake loss was calculated by the
percentage of weight difference before and after baking. Texture Profile Analysis (TPA)
of breadcrumb was determined on three slices taken from the centre of each loaf using
a TA-XT2 texture analyser (Stable Micro Systems, Godalming, UK) following the
procedure of Falade ¢f 4/ Bl. The texture analyser was equipped with a 50 kg load cell
and a 35 mm aluminium cylindrical probe. Pre-test speed, test speed and post-test speed
were 2 mm/s, trigger force was 0.05 N, the distance was 10 mm (40% compression)
and wait time between the first and second compression cycle was 5 s. Results using
TA-XT2 software were calculated in terms of hardness, cohesiveness, springiness and
chewiness of the bread at day O after 2 h baking.
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7.2.12 Image analysis

An IRIS V400 electronic visual analyser (Alpha MOS, France) was used to determine
breadcrumb structure with a 25 mm lens. After applying a colour filter to isolate
different parts of the bread, slice area, cell volume, porosity and crumb brightness were
obtained for calculation of breadcrumb parameters. Porosity was calculated using the
‘colour descriptor’ option available in the software by changing the hue, saturation,
value (HSV) of the image. Porosity was calculated as the difference in total crumb area
minus the non-pore area. All analyses were performed in triplicate for each baking batch

cut transversely into 10 mm slices.

7.2.13 Data analysis

ANOVA and Tukey’s pairwise posthoc test were used to identify the significant
differences between the functional characteristics of the flour mixtures and bread
quality attributes through IBM SPSS® software (version 23) and XLSTAT® software
(version 2018.5.52280, Addinsoft, New York).

7.3.0 Results and discussion
7.3.1 Isolation and identification of EPS producers

Ninety-six bacterial colonies were isolated from munkoyo and 105 colonies from ogi.
None of the colonies showed signs of slime or mucoid when grown on normal MRS
agar (no sucrose supplement). When colonies were grown on EPS agar supplemented
with sucrose using a four-spot plating technique, non-EPS producers showed rough
and irregular colonies, while EPS producers showed slimy, viscous and mucoidal
colonies, figure 7.1. In total, 10% (9 bacteria) of colonies isolated from ogi were EPS
producers while 22% (23 bacteria) of those separated from munkoyo were EPS
producers, figure 7.2. It is important to point out that some colonies counted as non-
producers showed no growth, i.e. the cells were not viable after plating on MRS sucrose

plates.
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(A) (MRS/Suc*) No EPS (B) (MRS/Suc*) EPS

Figure 7.1: Irregular colonies due to the absence of EPS (A) and slimy colonies due to EPS
production by LAB (B)

EPS producers
(10%) EPS producers

(22%)

Non-EPS producers Non-EPS producers
(90%) (78%)

Figure 7.2: Percentage of EPS and non-EPS producers in ogi (left) and munkoyo (right)

It is not known why munkoyo beverage had a higher number of EPS producers.
However, organisms may produce EPS to protect themselves against stress conditions,
e.g. absence of nutrients and oxygen, suboptimal temperatures, desiccation, osmotic
pressure, lethal compounds and phage attacks.?!l Munkoyo is made by cooking maize
meal in water before adding an inoculant (Rhynchosia heterophylla root).22 Furthermore,
munkoyo is fermented in containers such as buckets or calabashes, which usually have
biofilms on their surfaces.?2l The organisms resident in the biofilms, which act as a
starter culture, could be responsible for the higher numbers of EPS producers in
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munkoyo compared to ogi, where no biofilm nor obvious stress conditions were
present.

From all the EPS producers, five bacterial colonies were selected for identification based
on their relatively high mucoidal colony formation on MRS sucrose agar. All five
organisms were characterized as rods, gram-positive, catalase-negative and growing on
MRS agar (table 7.1), thus implying that these organisms were LAB. Based on a
biochemical test (API 50 CHL), the bacterial strains were identified as W. confusa (MkO1),
W. confusa (MkO2), L. brevis (Og01), W. confusa (Og02) and W. confusa (Og03), table 7.1.
Unexpectedly, the selected organisms belonged to the same species except for Og01.
Different EPS producing LAB have been identified in literature. (8. 11.16.21.23.24 W sonfissa
is a LAB species that is often found in fermented foods. The genera Wezssella and
Lactobacillus have been widely studied for their ability to produce significant amounts of
EPS.116. 18,25, 261 7. confusa has been found in traditional African foods such as ogi 18],
fura 27, lafunl8], bordell and togwa.l3 Other bacteria associated with EPS production

are Lactobacillus reuteri and Leuconostoc mesenteroides.[16,31]

Table 7.1: Biochemical and morphological characteristics of LAB from ogi and munkoyo

Code ’ Gram ’ Catalase | Oxidase Slime EPS | Bacterium *
MkO1 + - - ++ Weissella confusa
Mk02 + - - +++ Weissella confusa
Og01 + - - + Lactobacillus brevis
Og02 + - - ++ Weissella confusa
Og03 + - - ++ Weissella confusa

*% Identification: >99% - based on carbohydrate fermentation profiles analysed using API-WEB™ API
50 CHL V5.2 software. Bacteria with “Mk” were isolated from munkoyo while “Og” from ogi. + represents
the degree of mucoidal colonies on modified MRS plate.

7.3.2 EPS production

First, the EPS production of the five selected bacteria in MRS broth was quantified
(including non-EPS producing L. plantarum as control). The W. confusa Mk02 isolated
from munkoyo showed the highest EPS production (9.6 g/L), figure 7.3. Based on the
results obtained in MRS broth, Mk02 was used as inoculum for the maize flour based
sourdoughs. EPS production in sucrose supplemented dough (SuMF) was significantly
lower than in MRS broth, figure 7.4. The low yield could not have been due to a low
amount of fermentable sugars because the control sample (NaMF) that contained no
sucrose or sprouted flour had a higher EPS production. The highest EPS production
was found in SpMF (maize flour supplemented with sprouted maize flour) fermented
at 30°C and 37°C. The supplementation of sprouted maize provided metabolites
necessary for building the polysaccharides.[3] EPS production is affected by the
fermentation conditions, the nature of the organism and the available nutrients.
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EPS production was higher at 37°C for all samples, irrespective of the substrate used.
Wolter ez al. 1 found higher amounts of EPS (4.0 g/kg) than in the current research
during in situ fermentation of buckwheat. Besides the different fermentation conditions
and the nature of the substrate used by the authors, there was a difference in the mixing
ratio of water to flour. Moreover, literature points at capsular EPS (i.e., bacterial pellet
with EPS attached to cell wall material) and extracellular EPS (i.e., slime secreted) since
EPS can be cell-bound and/or secreted.[2!.32] In the current study, only the extracellular
EPS was determined; the bacterial cells were centrifuged into a pellet and discarded to
enable better control as well as the easy harvest of the soluble EPS. In addition, EPS
degradation is common during lengthy incubation, which could also be responsible for
lower figures. Furthermore, Degeest ¢z a/. 123 and Kaditzky ef a/. 13 studied the kinetics
of EPS production and reported a decline in EPS production after 24 h of fermentation.
Finally, EPS synthesis depends on the nature of the substrate or growth medium, which
mostly differed in published research, providing an additional reason for the variation

in reported data.[11.14,18,24,32, 34)
7.3.3 pH, titratable acidity, organic acid and water absorption of sourdough

Figure 7.5 presents the values of the pH, total titrable acidity (TTA), organic acid and
water absorption profiles of the different sourdoughs. pH and TTA of flours before
fermentation were 6.2 and 6.0 mL, respectively. Fermentation resulted in a significant
drop in pH and a concomitant increase in TTA (P< 0.0001). The highest amount of
TTA was SuMF: LP37 (maize flour with sucrose), which correlates with the organic
acid value. A high amount of organic acid in NaMF: WC37 and the relatively high pH
suggest that it had the best buffering capacity. Lactic acid was the dominant organic acid
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in all sourdoughs tested. The values of formic acid and acetic acid were below 0.006
mg/mL even in sourdough with a heterofermenter such as W. confusa known to produce
a cocktail of organic acids. The presence of acetic acid can give an unacceptable vinegar
flavour in sourdough and decrease the specific volume of bread.B35 Therefore, its
absence is considered an advantage.
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Figure 7.5: pH, TTA, organic acid and water absorption profiles of twelve sourdoughs fermented with .
confusa (WC) and L. plantarnm (LP) at 30°C and 37°C. SuMF (maize flour with sucrose), SpMF ( maize
flour with sprouted maize flour) and NaMF (maize flour). (n=3, «=0.05).

Significant differences (p<0.05) in pH, TTA and organic acids among the sourdoughs
were observed. This indicates that flours possess different buffering abilities. However,
in most of the flours, the increase in organic acid production resulted in lower pH
values, showing that the flour samples overall had weak buffering capacities. A higher
buffering capacity helps fermentation to continue longer without substantially changing
the pH and excessively souring the flavour. The pH of sourdoughs containing W. confusa
was not significantly different from L. plantarum but at 37°C, a lower pH and higher
TTA were recorded. Generally, the highest TTA concentration corresponded to the
highest organic acid concentration.

7.3.4 Pasting properties of sourdough

The pasting properties (i.e., pasting temperature, peak viscosity, final viscosity,
breakdown, holding power and setback) of the lyophilized sourdough was measured
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and compared to the non-fermented flour, figure 7.6. The peak viscosity of the control
(NaMF) was 627 Pa-s before fermentation but increased to 901 Pa's and 1326 Pa-s after
fermentation at 30°C with W. confisa NaMF:WC30) and L. plantarum — NaMF:LP30,
respectively. After fermentation at 37°C, peak viscosities of 897 Pa's and 684 Pa-s were
tound in W. confusa (NaMEF:WC37) and L. plantarum (NaMF:LP37), respectively.
Fermentation had considerable effects on the pasting properties of the maize flour. In
general, the highest peak viscosity among the sourdoughs fermented at 30°C was 1326
Pa's (NaMF:LP30), while for the sourdough fermented at 37°C, the highest viscosity
was 995 Pa's (SuMFE:LP37). Contrary to expectation, sourdough samples with the
highest viscosity were not corresponding to the sourdough with the highest amounts of
EPS, ie. doughs fermented with W. cnfusa (EPS producer) showed lower peak
viscosities than those fermented with I.. plantarum (non-EPS producer). Pasting
properties of sourdough are influenced by the protein hydrolysis, starch hydrolysis,
hydrolysis of non-starch polysaccharides (hemicelluloses), acidification and amount of
EPS. The current pasting properties were similar to the results of Xu ez a/. 241 who found
that dough fermented by W. confusa had the lowest viscosity after fermentation even
though their dextran contents were not the lowest. The authors attributed this
phenomenon to differences in the structural and molecular weight of dextrans produced
by organisms.?4 Similarly, Zhang es al. B reported a significant decrease in peak
viscosity (p < 0.05) after addition of dextran to wheat, suggesting that dextran could
prevent swelling and gelatinization by depriving starch of water or covering the starch
surface. More evidence is required to ascertain the role of EPS as viscosity enhancer in
in sitn fermentation. However, it has been acknowledged that EPS produced by bacteria
in situ plays a viscosity-enhancing role, which influences the rheological properties of
the end product.l!l: 14 24 3437 However, the level of the viscosity depends on the
molecular properties of the polymer, e.g. molar mass and monomeric composition
(heteropolymer or homopolymer).['1. 32l Therefore, the nature of EPS secreted in the
current work apparently could not induce sufficient viscosity to overrule other
confounding factors such as the acidification in both sourdough made from non-EPS
and EPS producing bacteria. Houben ef a/ 138 reported that viscosity and elasticity
increase in amaranth dough mainly due to the changes in protein, fat and carbohydrates
induced by the presence of organic acid and the activated acid-sensitive latent enzymes
during fermentation. Fermentation degrades proteins into smaller polypeptides, which
in turn leads to weakening of protein-protein and protein-starch interactions.!s 11l This
explanation is relevant to the current study since SuME:LP37 (fermented by a non-EPS
producer) with the highest organic acid showed the highest peak viscosity (1326 Pa-s).
The lower viscosity of the fermented sourdough at 37°C compared to 30°C could be
attributed to the presence of bacteria-secreted amylolytic enzymes capable of breaking
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the starch and rendering it more porous to absorb more water and consequently reduce
viscosity.[2439-41]
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The results of the thermal analysis obtained by DSC are presented in table 7.2. Analysis
of variance showed that fermentation at 30°C and 37°C with W. confusa and L. plantarum
did not significantly (p<0.05) change gelatinization parameters such as onset
temperature (To), peak temperature (T}), final temperature (Ts) and temperature range
(T — T,). A similar result was obtained for pasting properties using a theometer, Figure
7.6. In addition, the supplementation with sucrose or sprouted maize did not affect
gelatinization temperatures. A significant difference (p<<0.05) in enthalpy was observed
after fermentation at both temperatures. All samples had at least a 30% increase in
enthalpy due to fermentation, which indicates a more crystalline formation of the
amylopectin component of the starch granules. In general, the higher levels observed
for enthalpy after fermentation indicate a higher internal granule stability. No clear
pattern was deduced from the current work in terms of EPS production since samples
such as NaMF:LP37 with no EPS had a high enthalpy (12.88 J/g) while NaMF:WC30
with EPS had the lowest enthalpy (9.23 J/g). Zhang ez al. 36 showed that the presence
of dextran can reduce enthalpy but a drop in pH may lead to an increase in enthalpy.l%)
Therefore, the role of acidification in the sourdough seems to have overruled the

influence of EPS on enthalpy in our research.

Table 7.2: Thermal properties of native maize flour and sourdough: enthalpy (AH), onset temperature (To),
peak temperature (T, final temperature (Tf) and temperature range Tr — To of gelatinization

Sample To T Ty Range, AH

p
°C) °C) °C) Te—To (°C) J/2

SpMF 70.99a 75.14a 79.88 8.89 7.57de
NaMF 69.634 73.98% 7947 9.850 6.59¢
SpMF:LP37 69.454 7457 79.09 9.640 10.56wbed
SpMF:LP30 69.42a 7451b 7933 9.91a 10.8abed
SuMF:WC37 68.99a 74.64a 80.28 11.29a 13.754
SpMF:WC30 68.86 74.71a 80.70a 11.84a 12.24abe
NaMF:WC37 68.85 7417 79.22 10.37 11.66be
NaMF:LP37 68.64 74324 7895 10.31a 12.88b
SuMF:WC30 68.58 74.18b 7957 10.99a 9.93bede
NaMF:LP30 68.52a 73.74d 79,020 10.50 9.9Gbede
SuMF:LP37 68.40a 73,824 78.9a 10.51a 11.75bc
NaMF:WC30 68.350 7424 80.38 12.04 9.23cde
SuMF:LP30 68.08 73.07b 78.350 10.27a 10.63bcd
SpMF:WC37 67.18 7458b 7939 12.21a 11.43bc

*Values in the same column followed by different letter are significantly different (n=2, «=0.05). Samples
are based on W. confisa (WC) and L. plantarnm (LP) fermentation at 30°C and 37°C. NaMF (native maize
flour) SpMF (Sprouted maize flour), SuMF (maize flour with sucrose), SpMF ( maize flour with sprouted
maize flour) and NaMF (maize flour).
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7.3.5 Bread characteristics

Figure 7.7 presents the porosity of bread measured by the IRIS electronic visual analyser
based on the ratio of bread pore area and slice area. The highest porosity (34%) was
found in SpMFWC. Bread made from maize flour supplemented with sprouted flour
had a 12.5% increase in porosity compared to the native maize bread, while the addition
of 20% of the same flour to native maize flour led to a 10.3% increase in porosity.
Similarly, the application of 20% sourdough led to a significant increase in porosity of

bread crumb structure in all cases.
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Figure 7.7: Crumb porosity based on the ratio of pore areas and total crumb area. Images on the bars
show the porosity, i.e. the blue part represents the non-pore region while the white spots are the pores
(gas bubbles). Bars with the same letter are not significantly different (n=3, «=0.05).

The presence of organic acids can lead to softening of the protein structure of
sourdough, thus resulting in a higher bread volume and porosity. Similarly, an increase
in porosity could be attributed to the better absorption of simple sugars and
consequently, more gas production by yeast during proofing. RRhmkorf ez a/ 012
reported that the addition of EPS did not increase bread porosity. Hence the increase
in porosity observed in the current work may be largely ascribed to the presence of
organic acids or other changes during maize fermentation. Bread acidification has been
shown to increase porosity.[12l The porosity of all bread samples was below the range of
values previously reported, 47.8% to 58.4% for buckwheat, oat, quinoa, sorghum, teff,
wheat and maize bread.l6-81 The differences are attributed to the analytical method since
the authors used a C-Cell colour imaging system, which works differently from the IRIS
imaging used in the current work. Besides, differences in dough hydration contributed
to the variation in porosity. In samples with larger pores such as SpMFWC and 80:20
SpMFWC, the crumb structure was not strong enough to support the bread weight,
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resulting in a dent at the top. This might lead to a specific volume reduction due to the
breakage of gas cells, thus optimizing the recipe to achieve better porosity is critical.
Variation in the flour formulations (inclusion of sugar or sprouted maize), as well as the
sourdough pH, has a major effect on yeast activity and therefore affects CO» production

and porosity.

Table 7.3: Baking properties of native maize flour, sourdough and 20% sourdough substituted bread
Samples Specific volume Hardness Cohesiveness | Springiness Chewiness

(mL/g) ™) ™)
NaMF 1.64 £ 0.03 16.02 + 1.144 0.47 £ 0.03> 0.83 £ 0.03b 6.22 £ 0.99be
SpMF WC 1.63 £ 0.10% 25.55 + 2.49b 0.66 £ 0.022 0.92 £ 0.022 15.37 £ 1.69=
SuMF WC 1.49 + 0.022 29.96 + 0.292 0.63 £0.012 0.90 £ 0.014b 16.85 = 0.292
SpMF LP 1.62 £ 0.06% 27.76 £ 0.95% 0.66 £ 0.032 0.89 £ 0.042> 16.12 + 0.44»
SuMF LP 1.70 £ 0.05> 26.01 £ 0.73b 0.66 £ 0.052 0.90 £ 0.03% 15.23 + 0.86#
8020 SpMF WC 2.04 £ 0.03¢ 12.62 + 1.30¢ 0.49 £ 0.04> 0.90 £ 0.042b 5.48 £ 0.25¢
8020 SuMF WC 1.92 + 0.05¢ 20.88 £ 0.60¢ 0.47 £ 0.05> 0.87 £ 0.05% 8.43 £ 0.76>
8020 SpMF LP 1.98 + 0.02¢ 17.72 £ 0.57<d 0.50 £ 0.05> 0.87 £ 0.022 7.50 £ 0.64b¢
8020 SuMF LP 1.71 £ 0.01> 16.77 £ 0.394 0.48 £ 0.03> 0.90 £ 0.022 7.23 £ 0.41be

Values given as mean T standard deviation (n=3, «=0.05). Different letters of superscripts in the same
column indicate statistically significant differences (p<<0.05). Samples are based on W. confusa (WC) and L.
plantarnm (LP) fermentation at 37°C. NaMF (native maize flour), SUMF (maize flour with sucrose), SpMF
( maize flour with sprouted maize flour) and NaMF (maize flour). The “8020” recipes represent a 20%
substitution of the respective sourdough with 80% native maize flour.

The baking characteristics of bread made from dough fermented with W. confusa and L.
Plantarum as well as their substitutes with 80% native maize flour are presented in table
7.3. Bread derive from composite flour made from sprouted maize had the highest
specific volume (2.04 mL/g). The same formulation had the lowest bread hardness
(12.62 N), p<0.05. Supplementation of the 20% sourdough with 80% native maize
increased both specific volume and softness of bread. The sole use of the sourdough
for bread making led to a significant increase in bread hardness. The effects of
acidification and the presence of EPS differ depending on the flour formulation,
although EPS produced during dough fermentation have been reported to improve
bread softness.*2 The presence of organic acids has been mostly associated with
softness in sourdough bread due to unfolding and solubilization of the protein
network.[8:11.36,40] ‘The role of organic acids in reducing hardness and increasing specific
volume could be observed in the current study since formulation SpMF with the highest
amount of organic acids (figure 7.4) had the highest volume and softness. Factors such
as the presence of organic acids and other fermentation metabolites may play more
important roles than EPS in the quality improvement reported in sourdough bread. This
assertion was corroborated by Galle ez 2/ 1!l who reported that iz sitn dextran synthesis
did not enhance the specific volume of bread. Yet RRhmkorf ez 2/ 121 observed that ex
sitn addition of purified higher molecular size (8x107 — 24x107Da) EPS isolated from
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LAB increased specific volume and softness of gluten-free bread, possibly due to the
absence of acidification. This suggests that the presence of organic acids in the
sourdough may work against the positive impact of EPS in 7# situ fermentation. EPS
can interfere with protein-starch and starch-starch interactions, thus increasing bread
hardness and reducing specific volume, which in turn affect other quality parameters

such as loaf cohesiveness, gumminess, springiness and chewiness.!8.11]
Conclusion

The production of bread in SSA currently depends on wheat importation. Hence, to
make bread more accessible, acceptable, affordable and available for the local
population, the use of maize is considered necessary. Using a starter culture derived
from traditionally fermented foods in Africa would be an appropriate choice.
Sourdough technology is a simple and inexpensive way of producing bread in SSA,
given that local fermentation of food is a common practice in the region. Besides,
sourdough can be obtained from hydrocolloid producing bacteria readily available in
the microflora of local foods and environment.

This study showed that EPS producing LAB can be obtained from local African foods
such as munkoyo and ogi, which had 22% and 10% EPS producers, respectively. These
organisms, which were able to grow in a maize food system, can be further characterized
and optimized for use as a starter culture in sourdough production for gluten-free bread.
Weissella confusa was found to be the dominant EPS producer in both food matrices
tested. EPS production in a maize medium depends on the substrate used. The highest
production in our research was found in maize flour supplemented with sprouted maize
flour. The added sprouted maize provided an assortment of metabolites needed for
building the polysaccharides. The role of EPS in improving rheological properties of
dough and textural properties of bread could not be ascertained in this study. This is
attributed to the strong acidification during fermentation, which plays overlapping roles
with EPS. Thus, separating these factors in subsequent research is recommended to
clarify conflicting data found on dough and bread properties.
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Appendix: Supplementary Material

Table 7.S1: Sample desctiption

Microorganism Fermentation
Samples Description temperature
W.confusa | L.plantarum | 30°C | 37°C

NaMF Native maize flour X X X X

NaMF WC 30C | Native maize flour v X v X

SpMF WC 30C | Native maize flour with | X v X
10% sprouted maize

SuMF WC 30C | Native maize flour with | X v X
10% sucrose

NaMF LP 30C | Native maize flour X v J X

SpMF LP 30C | Native maize flour with | X v v X
10% sprouted maize

SuMF LP 30C Native maize flour with | x v v X
10% sucrose

NaMF WC 37C | Native maize flour N4 X X v

SpMF WC 37C | Native maize flour with | / X X v
10% sprouted maize

SuMF WC 37C | Native maize flour with | / X X v
10% sucrose

NaMF LP 37C | Native maize flour X N4 X v

SpMF LP 37C Native maize flour with | x N4 X v
10% sprouted maize

SuMF LP 37C Native maize flour with | x N4 X v
10% sucrose

V' Applicable; X not applicable
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Figure 7.51: The growth curve of bacteria strains. Organisms for fermentation were taken at

mid-stationary phase to avoid the negative effects of pre-formed EPS degrading enzymes
during the late stationary phase or death phase.

192



Chapter 7

dnyos
SISATeIP SAH PUE ‘SdH parendpard ‘vorsuadsns [[95 oy3 pue UORN[OS PUB[IE, IO JO ANpIqIny oy T, ;7S / 2nSy]

193



194



\ A

CHAPTER 8

General discussion



Chapter &

8.1 Introduction

This thesis project aimed to improve the nutritional value and diversification of
maize-based foods in Sub-Saharan Africa (SSA) through the use of appropriate
technology. To this effect, the following specific research aims were identified:

e  Assess maize-based food processing and consumption patterns and establish
the objectives to meet processors’ and consumers’ needs and preferences.

e Determine the volatile profiles of the most commonly used maize varieties
and their respective porridges as a basis for alignment with consumer
preferences.

e  Evaluate carotenoid stability and changes in volatile organic compounds
during grain and maize flour storage in different packaging materials.

e Screen maize genotypes suitable for making gluten-free bread.

e Enhance the functional properties of maize flour using readily available local

techniques such as fermentation.

8.2 The maize value chain in Africa

The maize value chain in Africa needs improvement and better coordination to meet
the increasing demand for high quality products for domestic, regional and international
markets.!l Chapter 2 centred on the main maize-based foods in SSA and their
processing methods, followed by analyses of the limitations of traditional processing
and opportunities to enhance the nutritional value and product diversification. Detailed
analyses of physical and chemical characteristics of maize-based foods (especially the
magnitude of changes in nutritional components) would have enriched this chapter but
wide discrepancies in the available data led to the exclusion of such information.
However, traditional maize processing has shown significant losses in nutrients, e.g. a
range of 13 - 42% of protein is lost during the production of 9g.[2¢l Moreover, the
overall nutritional contribution of provitamin A maize is significantly reduced by the
loss of carotenoids along the value chain.l’l Modification of traditional processes is

known to lower losses and increase nutritional quality. /3]

Food fermentation in Africa is usually through a spontaneous process, i.c. relying on
microorganisms from the environment and crop microflora as inoculum, chapter 2.
This process is not always safe and can result in product failure, hence the need for pure
starter cultures. Moreover, traditional sources of microbial inoculum are becoming
scarce, such as the root (Rbynchosia heterophylla) required for the production of a
fermented beverage, called munkoyo, in southern Africa I8, while modern agronomic
practices, such as the use of Aflasafe™ (a biocontrol product to deter aflatoxigenic fungi
through competitive ecological exclusion) in maize could change the microflora that is
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responsible for spontaneous fermentation. To address the variability and/or scarcity of
inoculum in Africa, affordable starter culture practices, such as backslopping of material
from a previous batch (containing carefully selected microorganisms) can be promoted
in local communities. Since Africans are familiar with the use of yeast starter culture for
baking as well as the use of roots or malt as inoculum, the introduction of starter

cultures for fermentation of traditional food is feasible.

8.3 Diffusion and adoption of new maize varieties in Africa

In view of the importance of maize in the diet of Africans and the resources spent on
maize development, the impact and effectiveness of breeding activities need critical
evaluation. Walker ¢ @/ Il in their report on “Diffusion and Impact of Improved
Varieties in Africa (DIIVA)” showed that more scientists are assigned to maize than to
any other crop in Africa, i.e. maize breeding is on top of the agenda, particulatly by
international research centres such as IITA and CIMMYT. Given the current climate
change, considerable resources are allocated to developing improved varieties that
withstand pests, diseases, heat and drought situations as well as close the wide yield gaps
in Africa. This is a worthy track of investment from the perspective of a plant breeder
or an agronomist. From a multidisciplinary perspective, food and consumer scientists
would advocate broadening the scope to gain more impact. Breeding efforts often take
a long time to achieve tangible results, thus prioritizing the screening and distribution
of existing cultivars with preferred end user attributes seems an approach that deserves
more attention. Regarding the current predominance of trait-based breeding, chapter
3 makes the case for an increased focus on end user quality characteristics in maize
breeding programs. However, the allocation of resources to breeding activities would
most practically be based on relative costs and benefits of individual quality traits. A
cost-benefit analysis (CBA) of the suggested traits was not provided in the chapter but
we recognize that CBA is useful for decision-makers and any actionable step forward.
The main concept of chapter 3 is highlichted in figure 3.1. Consumer preference is an
important factor that should be prioritized in maize improvement since high agronomic
performance alone has not maximally attracted farmers towards the improved varieties.
For instance, the statistic that most private bred varieties were dent maize when the
dominant preference of the consumers is for flint maize, is indicative that breeders
assumed that higher yield potential of the dents would supersede any preference for
flint but this was not the case.[1l The decision on whete breeders should focus is driven
by regional preferences, with some preferring whole or ground maize and others

preferring refined maize flour (especially urban dwellers).

Furthermore, green maize breaks the hunger period and is a favourite dish all over the

continent. However, unfortunately, maize is solely bred and grown for the end use grain
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product, i.e. dry milling. Green maize research is yet to gain traction in Africa. Moreover,
dual-purpose maize is gradually gaining attention among breeders and farmers in Africa,
especially in Kenya. Farmers grow these varieties for their added advantage as cattle
fodder. Trade-offs with yield and other quality characteristics are important constraints
in the development of new varieties, chapter 3. Generally, during plant breeding, in a
situation where there is a trade-off between nutritional quality traits such as increase in
lysine, tryptophan, zinc, iron, [B-carotene or processing quality and agronomic
performances such as yield, the agronomy wins. However, in the long-term, the wishes
and preferences of the street vendors or mothers who make ugali, sadza, kenkey etc.
from the crop will eventually win. Therefore, the decision on trade-offs should be
carefully considered using participatory plant selection and breeding processes,

involving breeders, farmers, retailers, processors, street vendors and households.

The issue of maize colour preferences highlighted in chapter 3 is an ongoing debate;
less nutritious white vatieties are preferred over high nutritious yellow/orange varieties.
It begs the question: Ceteris paribus, would there be a preference for colour? Available
evidence suggests that colour is a binding criterion but provision of nutritional
information and value-added products can shift preferences.!-13. 14, 15] The authors
reported that consumers need a price reduction of about 40% in Kenya to accept yellow
maize. Therefore, consumers’ willingness to only switch at a high discount indicates a
strong preference for white maize.

Although our research focused on maize, it is important to state that the lack of diet
diversification is the main culprit of malnutrition in SSA. Therefore, allocation of
resources to highly nutritious underutilized crops such as bambara groundnut, cowpea,
bean, pearl millet, sorghum as well as fruit and “lost indigenous” African vegetables
which are usually climate-smart and crucial to local food security will greatly
complement the efforts in maize breeding. This can go hand in hand with the provision

of nutritional awareness, which has been proven to help in local communities in SSA.[11-
17)

8.4 Acceptance of improved maize varieties: does aroma contribute?

Flavour or aroma is a key driver of consumer preference and adoption of improved or
nutritionally superior maize varieties. In chapter 4 we found vast differences in volatile
organic compounds (VOC) among different maize varieties using PTRMS and GCMS
analysis, figure 8.1. The reported differences in aroma profile of nutritionally unique
groups (provitamin A maize, quality protein maize, yellow and white maize) suggest that
aroma could contribute to consumer preference.
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Figure 8.1: Graphical representation of PTRMS and GCMS sampling methods

To find the association of VOC with consumer perception, comprehensive sensory data
on African consumer perception is essential. Since African maize consumers are biased
towards the white maize, a sensory analysis must be done primarily with this in mind.
Methods such as blindfolding, the addition of odoutless food colourant or use of
coloured lighting in the sensory room can be considered, figure 8.2. The downside of
the blindfolding of the panellist is the amount of extra work and time that needs to be
invested in the sensory test (which may cause sensory fatigue). Changing room colour
may influence perception since some respondents might associate a certain colour to a
specific aroma attribute.

Figure 8.2: An African participant in a sensory booth.

All things considered, sensory analysis must be done with local African consumers since
preliminary analysis with Africans in the diaspora showed no significant difference in
sensory parameters tested - sweet aroma, overall liking of aroma, sweetness, bitter
flavour, sour flavour, flavour intensity and overall liking of flavour, figure 8.3. The
association between maize sensory perception and instrumental data could not be found
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in the current research but can be achieved using trained panellists from different
countries in SSA combined with PTR - or GC - olfactometry. Improving maize aroma
is a challenging task since aromas are yet to be properly understood and classified, but
our research in chapter 4 gives information useful for further classification.
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Figure 8.3: Sensory attributes of four maize porridges (Provitamin A variety, white maize variety,
quality protein variety and yellow maize variety) rated by a Sub-Saharan Aftican group (A) and
Control group (B). No significant differences (p < 0.05). Sub Saharan African group (n=21) and
control group (n=15).

8.5 Nixtamalization using available local African alkaline salt - Kaun

In chapter 2, we emphasised the importance of nixtamalization to maize product
diversification and nutritional improvement in Africa. Nixtamalization is a technique in
which maize is cooked in water containing calcium hydroxide, Ca(OH),. The usefulness
of the method in bread making was tested in chapter 6. One of the main constraints to
the thriving of the nixtamalization technique in Africa is the availability of calcium
hydroxide - Ca(OH); (a potent alkaline salt for the method). Besides, calcium in the
Ca(OH): has been suggested to have an inhibitory effect on the bioavailability of iron
and zinc.['8] Calcium competes with iron and zinc for binding sites on phytate (IP6) to
form insoluble calcium-IP6-iron/zinc complexes, which limit bioavailability.['8 Kaun
(N2a,CO3.NaHCO3.2H>0O) is an affordable and readily available rock salt that occurs
naturally in most parts of Africa, which could be a good alternative to Ca(OH),. Kaun
is used for several traditional dishes in SSA to reduce cooking time and improve flavour

and texture, but not yet for maize processing.
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Table 8.1: Mineral composition of Kaun salt (local African rock salt)

Pb

Kaun Salt 1 Kaun Salt 2 Kaun Salt 3
[mg/kg]*
211 150 28.2
32831 16478 8323
30.40 259 3.49
192534 245522 293413
1.05 0.23 0.68
[ng/kg]**
6215 2644 1972
23.10 11.50 18
1514 748 208
1583 1195 240
819 694 295

Kaun 1, 2 & 3 wete obtained from Accra-Ghana, Ibadan-Nigeria, Ilorin-Nigeria, respectively.
* Measured by ICP-AES ** Measured by ICP-MS
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Figure 8.4: Linear curves and fit of the correlation between Kaun salt, Ca(OH), and
NaHCOj3 concentration in g/ L and the pH of the solution.
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Kaun is usually sold in its raw form and thus the mineral content was determined to
understand the level of purity, table 8.1. Considering that about 3% is used for
nixtamalization, i.e. 30 g per 1 kg maize, the heavy metals found in the salt are low and
may not pose any health risk, particularly because the salt is mostly washed off after
soaking. In all the Kaun salts, Fe and K differ significantly but Na and Zn did not differ
significantly (p < 0.05). Comparing Kaun salt to other common alkaline salts, a Tukey
HSD test showed that the average pH of a Kaun solution (8), NaHCOj3 solution (10)
and Ca(OH): solution (12) differed significantly (p<0.01) from each other, figure 8.4.
High pH (>11) is required for the desired physical and chemical changes in maize during
alkaline cooking,["l implying that Kaun salt is not strong enough to give the needed

changes in the kernel as per nixtamalization technique.

8.6 Future perspectives: emphasizing the opportunities in Africa’s maize
value chain

8.6.1 Nixtamalized products

In Mexico, where maize originates, more than 70% of processed maize is produced
using the thermoalkaline method known as nixtamalization. This process has been used
for centuries and is the basis of a large diversity of maize-based foods. In Mexico alone
more than 300 foods (including masa flour, tortilla, chips, hominy, pazole, atoles, taco
shells, tastados, sopapilla, menudo, tastados) are produced with this method, the most
common one being the tortilla.2% For more than 500 years since maize was introduced
to Africa, nixtamalization was not known on the continent. However, a form of alkaline
cooking is practised in Africa, whereby maize kernels are boiled in water with or without
the addition of wood ash. For instance, processing of ogu (an intermediate product for
akassa, akpan, koko) in Benin requires preheating in water;2!l the only processing step
different from the Mesoamerican technique is the absence of an alkaline ingredient
(calcium hydroxide) 22, figure 8.5. Similarly, the Kalenjin people in Kenya prepare githeri
by boiling a mixture of maize and beans in wood ash (as alkaline source). The inclusion
of ash is believed to improve the taste compared to boiling in plain water.[20]
Furthermore, the nixtamalization technique was recently demonstrated for the first time
in Africa by CIMMYT and was well received by local communities in Kenya and
Ghana.?l In August 2019, Wageningen University organized an INREF workshop on
alkaline cooking for Sub-Saharan Africa in Zambia to get the viewpoints of experts
from the represented countries - Zimbabwe, Zambia and Benin. During the workshop,
the experts agreed that the alkaline cooking technique combined with fermentation and
using a nutrient-dense crop could improve the maize value chain and encourage
diversification of products for enhancing the nutritional and socioeconomic status of
Africans. Nevertheless, up until now the technique has not been taken up anywhere in
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Africa. Therefore, it is important to identify the appropriate channel to disseminate the

processing technology.

The acceptance of the method in Africa seems very feasible through the adoption of
local recipes using a consumer-oriented approach. Nixtamalization of maize improves
nutritional composition, processing quality, protein and starch functionality, flavour,
aroma, and significantly reduces mycotoxin contamination. 2l Nixtamalization has been
shown to reduce aflatoxin contamination in maize through extraction and hydrolysis.2*
%] This simple processing method can help to reduce the burden of aflatoxin
contamination, which is still a huge problem in Africa. Street food vendors can be very
effective intermediaries to promote the use of the method. This will serve as an
opportunity to spread, scale-up and sustain the innovations. Interestingly, since maize
is similar to other indigenous staple crops such as millet and sorghum, the method could
be deployed for the benefit of these indigenous crops, which have over the years
received less attention. Maize value creation will result in a direct reduction of post-
harvest losses and create market access for farmers as well as create job opportunities
to mitigate migration pressure towards urbanization or the search of “greener pastures”
abroad, which is currently a major issue in SSA.

Example of maize processing

Nixtamalization (MeXxico) in (Benin, West Africa)

Whole
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| maize
i Precoo
Parched Cleaning, lime-cooking, i (5 =10 min)
corn steeping & washing :
l l Precooked
T — ! maize
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T f . 5 5 |
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Figure 8.5: Similarities between maize processing in Mexico and a typical traditional
food in Benin.
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Nixtamalization is not without its own challenges. Processors in Mexico have been
reported to use non-food grade sources of salts, which could cause contamination of
food and the environment. Similarly, large volumes of water are required for the
nixtamalization process; cooking and washing 1,000 kg maize takes 3,000 — 10,000 L of
water.l20l Management of wastewater generated is still a major issue in Mexico, hence
wastewater management must be carefully considered before implementing the
technique in SSA. It is worthy of note that in Mexico several alternative solutions that
require less water have been developed, e.g. the use of microwave technology, extrusion
cooking, steam, ultrasonic-assisted techniques and ohmic heating, termed Ecological
Nixtamalizacién Process (ENP).126]

8.6.2 Composite flour for bread making

Policymakers in African countries have over the years advocated the incorporation of
local ingredients to make composite flour for bakery use since wheat is not sufficiently
grown on the continent. Unfortunately, the policy has not been successful because of
issues related to poor shelf life and baking properties, food safety, a decrease of
nutritional value and sensory properties due to the inclusion of flours made from
cassava, maize, millet, sorghum and other staple crops.2l Since SSA produces almost
enough maize to meet domestic demands, improvement of the functional properties of
maize flour could enhance its use for bread making, thereby reducing the dependence
on wheat and even promote the use of other indigenous crops such as millet and
sorghum. Gluten-free bread has poor texture and taste, short shelf-life, low volume and
stales fast.I28l However, using an appropriate technological approach, acceptable bread
could be produced using composite flour containing wheat flour and other crops or
total replacement of wheat. This proportion of inclusion of 10 — 20% non-wheat flour

fits with the level accepted by government policies of countries in Africa.

The functional properties and nutritional value of the composite flour can be improved
by the inclusion of protein from crops like peanut, sesame seed, sunflower seed,
soybeans, cowpea, melon seed, winged bean, bambara groundnut, chickpea, lentil seed,
shea nut and sweet potato flour. Composite flours with improved protein, vitamin and
mineral content can serve a dual purpose — for bakery use and complementary infant
foods. With the use of suitable additives — emulsifiers, hydrocolloids and binding agents
and the right flour milling conditions, the viscoelastic and sensory properties of the
dough can be enhanced. The inclusion of these additives helps to keep the protein and
starch together chemically and mechanically in a spongy structure that is strong enough
to hold the air produced by yeast. Different additives or gluten replacers are available
and applied in the gluten-free bread industry but it is important to focus on those that
are feasible for use by households, street vendors and local companies, to avoid issues

204



General discussion

with reliance on import market and higher costs of bread. Additives such as extracted
gum from locust beans, soy lecithin, egg, lard, lamb fat, deodorized shea fat and
margarine are effective and easily accessible binding agents that can be used in a
composite flour to improve the rheological properties suitable for bread making.
Furthermore, pre-gelatinized cereal flour and composite flour made by inclusion of
malted grains have been shown to improve dough and bread qualities.[2931 Likewise,
sourdough flour obtained from fermentation using selected mixtures of bacterial strains
has been shown to improve maize bread quality.’2l However, in our experiment in
Chapter 6, nixtamalized flour did not enhance bread volume and texture, figure 8.6.
Therefore, more research work is required to ascertain its application. Acidification of
the sourdough during fermentation improves the swelling or water-binding properties
of starch and the functionality of protein to enhance the texture of the gluten-free
bread.¥3l Sourdough improves nutritional quality, i.e. increases mineral bioavailability
due to a decrease in the phytate content. Likewise, the low pH helps to extend shelf-
life.’2l

Considering that the inclusion of exotic additives may incur a higher cost of bread, pre-
gelatinization, malting, fermentation and addition of local ingredients could play a
significant role in improving the quality of maize bread without significantly affecting
the cost. With appropriate food processing technology, there are huge opportunities in
bread production from composite flour, especially using crops and ingredients
sufficiently available in SSA, where the populace mostly depends on imported wheat.

\

Céc\ahuadintleZS‘)g‘ .
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Figure 8.6: Effect of the addition of nixtamalized maize flour on the volume and texture of wheat
bread. The bread fomulations contain 25% native maize flour or nixtamalized maize flour and
75% refined or whole wheat. Cacahuacintle and jala are maize landraces from Mexico while
DK2094 and CSTHW19001 hybrid maize from CIMMYT station in Mexico. The wheat is high
Zn variety produced at CIMMYT, Ciudad Obregon, Mexico.
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8.6.3 Composite flour for complementary foods

Given the existing rate of malnutrition in Africa, there is a huge potential for the
production of composite flours for complementary foods from mixtures of locally
available cereals, legumes, nuts and fruits. To augment the poor protein quality of maize,
s0y-0g7 (a blend of soya bean and maize) was developed.l?¥ Soy-0g/ was reported to be low
cost and nutritionally sufficient when compared to commercial weaning foods -
Incaparina, Pro-Sutro, Incaparinaf, etc. The Nigerian government endorsed soy-0gi as a
complete protein food for children.’5l However, soy-0g7 is yet to thrive due to strong
competition from other products and lack of willingness to scale up the production.*l
A modified maize dough (called ¢ko ilera) was prepared by the addition of toasted
cowpea flour, red palm oil and sugar, thereby increasing the energy density from 38 to
85 kcal and the protein from 0.8 to 2.0 g per 100 g.13l Seventeen percent of the mothers
who participated in the trial adopted the recipe. Similatly, a complimentary food known
as Weanimix was developed by the United Nations Children’s Fund (UNICEF) and the
Ghanaian government. Weanimix is made from 75 - 80% maize, 10 - 15% soya bean or
cowpeas and 10% groundnuts. The energy and protein density of Weanimix is much
higher than that of maize dough. However, it had high phytate and fibre, and was low
in vitamins and riboflavin.?4 A modified Weanimix was made by the inclusion of fish
powder. The iron content almost doubled, but this did not improve the iron status of
infants.4 It was suggested that the inclusion of a/fa/fa could boost the nutrient content
of the recipe.P8! In another trial, an increase in the crude protein in £enkey from 11% to
12% was found after the addition of 20% cowpea (Vigna unguicnlata) to the maize
dough.B?l The kenkey that was enriched with cowpea was relatively well accepted by
consumers.l*! In Eastern Africa, soya bean was included in the production of #ga/i.!*]
When compared to maize-based #gali, the soya-maize based #ga/i had an increase in
protein and available lysine from 13% to 20% and 2.6 to 5.1 g/ 16 g N, respectively,
with no obvious effect on taste and digestibility. Other cereal with
legume/nut/fruit/vegetables (even cetreal with insect) blends have been tested and
found to be better than available single protein sources..41-43] Data on home use of the
blends are not available but the aforementioned studies show that many opportunities

abound in the maize value chain for making of complementary foods.

8.6.4 Local manufacturing of breakfast and ready-to-eat foods

Breakfast foods are crucial in every society, especially for school children. The growing
trend of development in Africa further strengthens the need to tap into this opportunity
since the demand for convenient, shelf-stable, quick and energy saving food is on the
rise. The ease of preparing flake foods makes these a common favourite breakfast food
in the growing cities. Flake foods are produced by pre-cooking maize in steam and then
pressing the maize kernels into flakes. The production process of popular breakfast
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food such as cornflakes is relatively “simple”, i.e. cooked corn is milled, passed through
a roller with several rounds of drying, then toasted and sprayed with sugar/salt and a
nutrient premix before packing in a moisture-proof container.* Similatly, extruded
products are pre-cooked dry coarse maize flour mixed with additional ingredients and
passed through perforated plates (extruder). Despite the ease of processing these
products, the sector remains untapped to its full potential in many countries in Africa,
especially for the benefit of street vendors. The finished products are largely imported
from outside the continent.

Besides, partially or completely cooked traditional cereal products in Africa can be
transformed into acceptable shelf-stable breakfast foods that will only take a few
minutes of boiling or the addition of hot water to prepare, thus decreasing cooking time
and fuel requirements. For instance, maize dough dumplings such as donkunu, gwate and
ablo (Chapter 3, table 8.4 and 8.6) can be converted through controlled drying, rolling
and toasting to make granules, flakes and couscous, making them shelf-stable breakfast

and ready-to-eat foods.

8.6.5 Starter cultures for bio-enrichment

Large parts of SSA depend on cereal crops as their staple foods. Unfortunately, the
nutritional quality of these crops is poor.*l In normal maize vatieties, zein and glutelin
are the main proteins in the kernel. Both proteins are deficient in the essential amino
acids lysine and tryptophan; consequently, the protein quality is poor.[45: 46 Likewise,
maize products contain low amounts of vitamins since they are mostly lost during
processing.[43]

Several methods have been used to improve the protein quality of maize. These include,
for instance, endogenous fortification using conventional breeding, transgenic breeding,
targeted agronomic practices (application of soil fertilizer or foliar sprays) and
exogenous fortification using nutrient premixes, blending of nutrient-dense crops and
fermentation. Though endogenous fortification has achieved notable success in severe
malnourished communities, the approach faces several challenges, e.g. low adoption,
climate change and the fact that the increase in nutrient density through plant breeding
is often negatively correlated with agronomic properties - yield, pest/disease resistance
etc.*l Since fermentation is used for many foods in SSA, a sustainable increase in the
nutritional value of food products can be achieved by improving starter cultures for
fermentation. This will reduce the need for the expensive exogenous fortification
methods currently practised. Thereby increasing wider coverage and reducing the

incidence of malnutrition in Africa.
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Several bio-enrichment methods have been developed to substitute for the expensive
chemical production of amino acids and vitamins.[-501 To improve the protein quality
of maize sourdough, microbial # situ bio-enrichment such as the application of high
amino acid excreting microorganisms has been used.l-52 Naturally, microorganisms
regulate the amount of nutrients produced, i.e. synthesize only what is required for
growth. However, spontaneous mutant microorganisms with defective feedback
inhibition or repressor systems have been shown to overproduce essential amino acids
and vitamins.[50.51

Sybesma ez al. 15 isolated Lactococeus lactis able to secrete both vitamin B and vitamin B>
in in situ fermentation of food. Several vitamin overproducing organisms have been
developed.*8l Microbial sources for the production of lycopene, 3-carotene, lutein and
zeaxanthin have been reported.’3 These organisms have the potential for the
development of low cost and environmental friendly vitamin-enriched food products.
Since mineral deficiency remains a major public health issue in SSA, selection of
organisms that are capable of degrading antinutrients is also desirable.’* Furthermore,
cereal associated bacteria are known to produce exopolysaccharides (EPS) in large
quantities.l55: 50 EPS can serve as hydrocolloids to enhance textural properties of gluten-
free bread such as specific volume, gas retention, crumb structure, taste as well as reduce
hardness and staling rate. EPS is also good for gut health, i.e. prebiotic, and enhances
the immune system.!5”]

Identification and selection of natural, spontaneously nutrient, enzyme and polymer
overproducing mutant microorganisms for starter culture production should be
prioritized over genetic or metabolic engineering, to avoid legislative setbacks. Selected
strains from culture collections of traditionally fermented foods usually have ‘generally
regarded as safe’ (GRAS) status and can be simply adapted for local fermentation to
improve nutritional value and maintain sensory and textural properties.*8] The
spontaneous mutants could be incorporated as starter culture into natural maize-based
food fermentation to augment for the deficient nutrients as well as help to speed up
fermentation time, prevent fermentation failure and enhance end-product quality
consistency. This innovative and “green” bio-enrichment approach, which has gained
little or no attention in Africa, can be used to improve the nutrients that are naturally
deficient in crops and also enhance digestion of indigestible crop parts. Depending on
the starter culture composition and the cultivation conditions, maize-based foods can
be adapted to favour the production of the target nutrient iz situ. Starter cultures
developed for this purpose need to be fit for use in local communities, work with
sustainable energy sources, independent of harsh climatic conditions and be

environment friendly.
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8.6.6 Other opportunities: canned whole maize, wet-milled products and
animal feed

Canned whole maize is produced from green maize, i.e. maize harvested before
physiological maturity when it is still green, or from specific sweet maize varieties with
natural green maize properties. Green maize helps to close the hunger gap in SSA and
is a very important form of maize consumption in Africa.l58 Besides, it is consumed as
a whole, thus avoiding nutrient losses associated with refined maize products. Despite
the significance of green maize as a means to provide financial security (especially for
local women) and its impact on nutrition, it is not available all year round, only during
the harvest period. Canning of green maize provides an opportunity to make it available
throughout the year, and will also reduce exposure to aflatoxin contamination, which is
a major problem with mature kennels dried on the farm. Likewise, both cooked and
precooked green maize on the cob can be vacuum packed to obtain a much longer shelf
life. Furthermore, current developments in African society, i.e. increasing numbers of
cinemas, tourist sites and parks, drive the demand for popcorn, which is a snack usually
associated with these environments. Popcorn production still depends on the
importation of the appropriate maize variety. Itis an important opportunity in the maize
value chain with great chances of enhancing the socioeconomic status of street food

vendots.

Wet milling, i.e. the process of extracting maize components such as protein, starch, oil,
and fibre, is not common in Africa (except in South Africa) and is a long-term
opportunity. As society develops, becomes more industtialized and food secured, there
will be an increasing need for these maize components as ingredients for
pharmaceutical, cosmetic, food and feed industries. Although this research focuses on
maize for human consumption, animal feed is an emerging focus in Africa, consequent
to the rise in income levels and its significant correlation with meat consumption. Meat
consumption in developed countries commonly stagnates or decreases but developing
countries (including African countries) are experiencing a growing trend in meat
consumption. The OECD and FAO estimated that more than 80% of the additional
meat consumption will come from developing countries.5% The growing trend in
livestock farming, especially poultry in Africa, suggests a continuous rise in the use of
maize for feed. This implies that in the near future a large amount of maize will be
cultivated (mostly at commercial scale) for animal feed production, as currently is the
case in Europe and America.
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8.7.0  Forward-thinking: people & planet
8.7.1  Less visible hunger, more hidden hunger in the world

Humans, as the most adaptive and successful species, have come a very long way in
terms of providing the basic needs of life, i.e. water, food, shelter, safety and dignity.
We have developed resilience and capacities to navigate through countless apocalyptic
prognoses and incidents that threatened our existence. About five decades ago, some
parts of the world (mostly in Asia and Africa) were marked for extinction due to severe
hunger; video streams of starving children were the state of affairs. Then came light at
the end of the tunnel - “the green revolution” through the relentless work of scientists
around the world, particularly Norman Borlaug. Their miracle crops saved humanity
from the doomsday. Recent progress in breeding technology, not to mention the
renowned CRISPR-Cas9loVl, will foster further development of more miracle crops.
Likewise, the advancements in food processing, safety, quality and design will
immensely contribute to food and nutrient security. Humanity is now in a better place,
the global agti-food system can provide for everybody in the presence of stable social
conditions and sustainable distribution channels. As Harari [61] well put it “more people
die from eating too much than eating too little these days”. Willett ¢f a/. 162 in the EAT-

Lancet Commission report corroborated the aforesaid.

Globally, the number of people having enough to eat has increased significantly but
having enough food does not automatically mean access to a nutritious, healthy and
balanced diet. Thus nutrient insecutity, commonly termed “hidden hunger”, remains a
global public health issue, especially in SSA. Most people in SSA may get their daily
calories but many still lack essential minerals (zinc and iron) and vitamins (vitamin A)
and suffer from a double burden of malnutrition — undernutrition vs overweight.
According to the recent annual report of FAO ez a/. 1631 SSA is still experiencing a rise in
hunger with lack of diet diversification being the major culprit, despite the efforts and
the progress to achieve Zero Hunger. Hidden hunger stunts the future of children across
the globe and grips people in an endless cycle of poverty. Strengthening initiatives such
as dietary supplementation, exogenous fortification, endogenous fortification, food
nutrient retention methods and particularly food product diversification strategies
meant to eradicate visible and hidden hunger at all levels of society, are highly

recommended.

8.7.2  Future perspectives: theory of change

Maize quality is affected by not just the genetic factors but also by crop management
practices and most importantly post-harvest activities until utilization, figure 8.7.
Therefore, it is important to integrate every element in the value chain to achieve the
best outcome for maize consumers, i.e. system thinking. The problem of feeding the
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current and future population is complex, implying that all solutions need to be brought
together in one basket in a holistic manner to tackle the impending food and nutrition
insecurity. Sustainable intensification (growing more with little) is a common strategy
being promoted but it may centre attention around the crop production system while
certainly many food security issues could be solved by paying equal attention to the
entire agri-food system. Reducing post-harvest food and nutrient losses in SSA, most
of which are associated with storage problems and inefficient food processing, will
significantly support nutrient supply.

Sustainable intensification is only effective when the entire value chain is strengthened
to prevent losses. This will require a paradigm shift using a system thinking approach,
i.e. covering the crop system plus the food system. While the plant breeders ensure the
release of nutrient-dense varieties, food scientists and other disciplines must work hand-
in-hand with local stakeholders, especially the consumers, to ensure the adequate use of
the crops. Any form of disintegration of cooperation between the stakeholders can

negate the efforts of crop improvement.
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The trend in population growth, rapid urbanization and income rise have increasingly
led to shifts in consumption towards convenient foods such as bread and snacks, which
are produced from wheat, not sufficiently grown in SSA. If the trend in the dependence
on wheat importation is not curtailed, SSA food demands will continue to rely on import
markets at the expense of socio-economic development. Improvement of the functional
properties of climate-smart indigenous crops to serve as an alternative to wheat is
crucial.

Furthermore, the limited value addition to staple crops reduces market access. Street
foods constitute the largest part of daily urban food consumption in Africa. However,
the roles of street food vendors in food nutrition security and socio-economic
development of the continent have not received sufficient attention. Considering the
importance of street foods, innovative food science and technology solutions to
improve their safety, nutritional, sensory, shelf life and convenience qualities are

necessary.
8.7.3 Concluding remarks

There are strong indications that interventions in the crop production system alone are
not sufficient to meet the nutritional needs of Africans. This is particulatly because of
the substantial nutrient losses and inefficient use of the major crops. Thus suggesting
the need to innovate complementing solutions through crop value chains to deal with
the impending food security challenges. To ensure food and nutrition secutity, the agti-
food systems of staple crops must be more efficiently coordinated, thereby creating
innovations to feed more people. Value creation (enhancing product diversification,
quality, safety, sensory quality as well as the nutritional value of the end product) is
critical to unlock untapped potentials of staple crops. Value addition to the maize crop
will contribute to all Sustainable Development Goals (SDGs). Acceptability of
improved varieties can be encouraged and sustained by the development of novel
nutrient-rich and easy-to-make products, especially products targeting the street food
sector.
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General discussion

8.8.0  General summary

Feeding 2.4 billion mouths in Africa by 2050 will require all hands on deck as the
demand for cereals may triple. Viable options to feeding Africa include measures with
respect to (a) food technology, e.g. improved utilization of the available crops and their
by-products, (b) plant breeding, e.g. through bio-fortification, and (c) agronomy, e.g.
yvield improvement and sustainable crop intensification. Although the latter two options
have received most research traction, the current cereal yields in sub-Saharan Africa
(SSA) is about 20% of its potential. Crop intensification has huge economic and
environmental implications while biofortified crops have not received the expected
adoption. This reinforces the importance of strategies aimed at optimizing crop
utilization such as the prevention of food and nutrient losses as well as enhancing
product diversification from existing climate-resilient crops to feed the ever-rising
population. Matching consumer preferences and enhancing the ease of processing of
maize into different food types will support better use, with positive consequences on
reducing malnutrition and alleviating poverty.

Many high potential maize products that are localized or confined to particular
communities can be scaled up across the continent and beyond for prosperity, as
elaborated in chapter 2. This will require standardization of the processing conditions
for effective monitoring and evaluation. Curbing nutrient loss during post-harvest
handling of maize will enhance the nutritional status of Africans relying on maize as a
staple crop. Furthermore, research on more effective ways to enhance the protein
quality i.e. tryptophan and lysine as well as vitamin content of maize-based foods
especially through novel fermentation technique is important. Novel fermentation
techniques such as the use of microbial fortification or bio-enrichment using high lysine
producing microorganism could help to ameliorate the poor protein quality of maize
foods. This was briefly highlighted in the pilot test carried out with three strains of
bacteria in this thesis discussion. Microbial fortification has potential to produce healthy
maize food with quality protein but must be through methods that are feasible for use,
safe, meet organoleptic preferences of consumers, work under sustainable energy
sources, independent of the harsh climatic condition and environmental friendly.

Chapter 3 stressed that tackling malnutrition in Africa requires a holistic strategy that
stretches across the entire agricultural value chain - Crop-to-Health strategy i.e. from
agronomy to beyond plate. Maize value chain improvement with a keen consideration
of end user preferences will have a broader impact on the target population. Matching
the flavour and taste preference, and enhancing the ease of processing of maize into
different food types will guarantee a better consumption of maize in the future, with a
better contribution to reducing malnutrition. Therefore, an adequate understanding of
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the needs of the consumers and incorporating it into breeding programs will help to
properly harness research resources, increase adoption of new varieties, improves
nutrition and also protects the traditions of the local communities. Six clusters of maize
breeding objectives were identified in chapter 3. We develop a framework which
identifies the relationship between the breeding objectives and how it impacts farmers,
food processors and consumers to achieve sustainable food security. This will help
breeders to examine in detail how to establish those priorities.

In aroma analysis presented in chapter 4 and 5, PTRMS gives signals of the headspace
while GCMS gives signals of headspace/fibre system hence signal differences in both
instrtuments were found. PTRMS was very useful to give a quick “snapshot” of
differences among maize varieties while GCMS was efficient for the identification of
VOCs. Generally, vast volatile differences were found in maize genotypes which could
help to further improve the flavour of the crop. PTR-QiTOF-MS used for the first time
on maize successfully clustered the 22 maize varieties in four nutritionally distinct
categories while 69 volatile compounds were identified for quality protein maize,
provitamin A maize, white and yellow maize. The nutritional contribution of
biofortified maize varieties is significantly limited by loss of the provitamin A content
even at the eatliest stage of post-harvest handling such as storage; more deteriorations
of nutrient occur after processing, as shown in chapter 5. Furthermore, the carotenoid-
rich varieties are prone to aroma deterioration during storage which may negatively
influence consumer perception.

Chapter 6 showed significant differences in maize genotypes (landraces and hydrides)
for bread making performance. Suitable maize flour can be obtained for gluten free
bread through selection of appropriate genotypes. Similatly, sourdough technology can
help to further improve the functional properties of the flour for better bread-making
performance, as observed in chapter 7. Fermentation is a common practice for maize
food in SSA and cereal associated bacteria are known to produce exopolysaccharides
(EPS) in large quantities which can enhance dough quality. Screening for EPS producing
bacteria in ogi and munkoyo generated 10% producers and 22% producers respectively,
chapter 7. Isolated EPS producing lactic acid bacteria were identified using
morphological, biochemical and microscopic observations as W. confisa, a common EPS
producer. EPS can serve as hydrocolloids to enhance textural properties of gluten-free
bread such as specific volume, gas retention, crumb structure, taste as well as reduce
hardness and staling rate. Availability of suitable maize flour for bread making could
replace or reduce Africa’s reliance on wheat for bread making which would certainly

improve the socioeconomic status of people.
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