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ARTICLE INFO ABSTRACT

Keywords: Nigeria is the world’s largest producer of cassava (Manihot esculenta), and its production is important to the
Micrqnutrient deficiency country’s economy. Cassava’s edible storage roots act as a critical staple food for over 180 million Nigerians.
N‘igena. . Micronutrient deficiency presents a major public health issue in Nigeria and correlates with cassava consumption
E:S)sz‘r,:ﬁcanon level across six-agro-ecological zones within the country. Though high in caloric value, cassava roots are defi-
Iron cient in minerals, placing populations that rely on this crop at risk of hidden hunger. Micronutrient deficiencies,
Zinc especially iron and zinc, affect an estimated 6 million children in Nigeria under five years of age. Supplemen-

tation, fortification and food-based diversification are being employed to tackle micronutrient deficiencies.
However, in order to achieve wider impact and sustainability, biofortification of staple foods such as cassava is
also being explored. Conventional breeding of cassava is unlikely to achieve elevated storage root mineral
content at nutritionally significant levels due to lack of genetic diversity for these traits within the existing
germplasm. Biofortification by genetic modification provides a potential solution to this challenge. Proof of
concept has demonstrated that transgenic biofortification is a reality and can produce foodstuffs with increased
mineral content that could beneficially impact the health of consumers in Nigeria and elsewhere. This review is
targeted towards understanding the dynamics of micronutrient deficiency across Nigeria and addresses oppor-
tunities and challenges for deploying iron and zinc biofortified cassava.

under 5 years of age, 50% reduction of anemia in reproductive age
women, 30% reduction in low birth weight and childhood wasting
reduced to less than 5% (WHO, 2017). These relate to the United Nations

1. Introduction

Vitamins and minerals are micronutrients that consumers must

obtain from their diet to support normal cellular and physiological
functions (Merson et al., 2012). The expression “hidden hunger,” is
commonly used to convey micronutrient malnutrition, and has subtle
and long-term effects across a population. Hidden hunger caused by
micronutrient deficiencies affects around 2 billion people across the
world (IFPRI, 2016). Women and children under 5 years of age are most
prone to micronutrient deficiencies due to insufficient dietary intake
resulting from lack of access to quality foods, uneven food distribution
within the household and occurrence of infectious diseases (Bailey et al.,
2015). The World Health Organization (WHO) has provided global
targets for improving the nutrition of women, infants and young chil-
dren (WHO, 2014). This includes a 40% reduction in stunting of children

* Corresponding author.

Sustainable Development Goals on nutrition geared towards terminating
all forms of malnutrition by 2025, with special focus on the needs of
adolescent girls, pregnant and lactating women and the aged (https://
www.undp.org/content/undp/en/home/sustainable-development-goa

Is.html). Iron deficiency is one of the most common and prevalent
nutritional disorders in the world, the impact of which is intensified by
malaria, worm infestations and infectious diseases such as HIV and
tuberculosis (WHO, 2017). Fifty percent of pregnant women and an
estimated 40% of preschool children in developing countries are anemic
(WHO, 2017). Zinc deficiency in humans is largely due to inadequate
intake or absorption of zinc from the diet. It affects about one-third of
the world’s population, with estimates reaching 73% in some regions
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(Prasad, 2013). Zinc deficiency leads to physiological disorders affecting
the immune, gastrointestinal, epidermal, central nervous, skeletal and
reproductive systems (Roohani et al., 2013). It is now recognized that
understanding the epidemiology of micronutrient deficiencies is
required to determine effective intervention strategies for a particular
region and population (Bailey et al., 2015). Specific data for micro-
nutrient status and intake in children under 5 years of age, pregnant
women and women of reproductive age is therefore required at national
and local levels to guide development of nutrition interventions and
public health programs (Harika et al., 2017).

Iron and zinc biofortification improve the physical and cognitive
status of populations impacted by hidden hunger. Independent studies
carried out in countries across the world, including Rwanda, India,
Mexico and Bangladesh, showed the effect of iron and zinc biofortified
crops for alleviating micronutrient deficiencies (https://www.harve
stplus.org/evidence-document). In Rwanda, regular consumption of
iron-biofortified beans amongst women of reproductive age led to sig-
nificant increases in hemoglobin, ferritin and total body iron within a
period of 5 months. Behavioral and cognitive performance were also
impacted with improved memory, increased attentiveness and enhanced
performance at work and school (Haas et al., 2016). The same effect was
achieved amongst adolescent children in India who consumed iron
biofortified pearl millet (Finkelstein et al., 2015; Scott et al., 2018). The
importance of zinc in maintaining proper functioning of the immune
system cannot be overemphasized, considering that virtually all immune
cells are zinc dependent (Wessels et al., 2017). Zinc biofortified crops
have the potential to improve health conditions such as pneumonia and
other respiratory disorders as well as susceptibility to novel viral out-
breaks such as COVID-19 (https://www.harvestplus.org/knowledge-
market/in-the-news/coronavirus-pandemic-highlights-need-ensure-g
ood-nutrition). Antiviral activities of zinc against a variety of viruses
through varying mechanisms are well documented (Read et al., 2019).

Here, we review knowledge of staple food production and micro-
nutrient deficiencies across geographical locations in Nigeria, with a
focus on cassava production and consumption. This information will be
discussed in relation to biofortification of cassava to address nutritional
needs within at-risk populations. Nigeria is the focus because it stands
first among African countries for the numbers of people impacted by
micronutrient deficiency, with 37% of children (6 million) stunted due
to malnourishment (UNICEF, 2016). The goal of this study is to illumi-
nate the dynamics of micronutrient deficiency across the different re-
gions of Nigeria, setting the stage for subsequent ex-ante studies and
interventions for deployment of iron and zinc biofortified cassava.

There is already an existing biofortification effort in this area
anchored by the Harvest Plus program. Thus a significant portion of the
information used in the review was sourced from Harvest Plus publi-
cations on micronutrient deficiencies carried out in different regions of
the country. More than 90% of literature reviews cited are peer reviewed
research publications from internationally recognized journals. Articles
from national Nigerian journals were also included in some cases due to
local relevance of such studies. We intentionally focused on original
research and review articles published within the last ten years. This
ensured that the information presented was as current as possible. Key
reports from international publically supported and trusted organiza-
tions such as FAO, ICRISAT, IFPRI, NAERLS, UNICEF, WHO were
included in the review of literature.

2. Socio-economic status and micronutrient deficiency in
Nigeria

2.1. Population, geographical and economic diversities in Nigeria

Nigeria is situated on the Gulf of Guinea in Western Africa between
Benin in the East and Cameroon in the West. Nigeria is Africa’s most
populous country with a population of 195.9 million as of July 2018.
Total land area is 910,800 Km? producing a population density of 215
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per Km? (http://www.worldometers.info/). It is estimated that 50% of
Nigerians are rural dwellers, most of whom are subsistence farmers and
local traders (Reed and Mberu, 2013).

The country consists of six geopolitical zones divided by similarities
in culture, history, background and proximity (Table 1). Climatic con-
ditions in the different geographical areas vary depending on the com-
bined effects of temperature, humidity and rainfall. The Southern part of
the country records the highest annual rainfall at more than 2000 mm
compared to 500-700 mm in the North. This plays a major role in
determining the type of cropping systems, agricultural practices and
staple foods available to the populace in these regions (www.agricultur
enigeria.com). High rainfall experienced in the tropical forest zone of
the South supports plantation crops such as cocoa, oil palm, rubber,
coffee and staple crops including yam, cassava, cocoyam and sweet
potato. The lower rainfall in the North is better suited for grazing live-
stock including cattle, goats, sheep and camels and cultivation of crops
such as sorghum, cotton and cowpea. Differences in climate, soil,
vegetation, water resources and topographies also contribute to eco-
nomic diversities. For instance, it is prevalent to initiate industries in the
Southern part of the country due to the available natural resources and
economic opportunities. This attracts investments in this region as well
as immigration of the populace for better employment and improved
livelihoods.

2.2. Staple foods and production in different regions of Nigeria

Nigeria is the largest producer of staple crops in Economic Com-
munity of West African States (ECOWAS) (Otekunrin and Sawickra
2019). Grains provide 46% of the calories and 52% of the protein
consumed, while root and tuber crops provide 20% calories and 8% of
protein (Chandrasekara and Kumar, 2016). Production and consump-
tion of these staples vary across the different agro-ecological regions.
The major staple foods produced in the Southern regions of Nigeria
include cassava, yam, sweet potato, cowpea, maize and rice, while
wheat, cowpea, sorghum, rice and millet are dominant for the Northern
regions (Harris and Mohammed, 2003). In Southern Nigeria, staples are
consumed along with vegetables and seafood; while in Northern Nigeria,
staples are consumed with meat and dairy products.

Production of root and tuber crops including cassava, yam, sweet
potato and solanum potato dominate the Nigerian agricultural system.
At 240 million tons annually cultivated on 23 million hectares of land,
production of root and tubers exceeds that for cereal crops (Sanginga
and Mbabu, 2015). Such significant investment in root and tuber pro-
duction can be attributed to its potential for addressing food and
nutrition security. Cassava and yam, especially, play a vital role in
ensuring food availability due to their adaptability to diverse
agro-ecological environments, and their flexible harvesting period that
provides on-farm food security year round (Sanginga and Mbabu, 2015).

The basic nutritional component of staple foods produced and
consumed in different agro-ecological zones of Nigeria, as per the United
States Department of Agriculture National Nutrient Database, is shown
in Table 2 (www.ars.usda.gov). Cassava, yam and sweet potato are
excellent sources of carbohydrates but low in micronutrient and protein
content. Dependence on these major staple foods for essential micro-
nutrients is therefore a challenge (Table 2). Based on consumption
patterns in West Africa, iron and zinc present in cassava provide only
5-8% and 13-14% of the Estimated Average Requirement (EAR) for iron
and zinc, respectively, for children 2-5 years old (Stephenson et al.,
2010). These analyses indicate that, the major staple foods across
agro-ecological regions of Nigeria are not adequate to combat the hid-
den hunger resulting from insufficient micronutrients in the diet. Reg-
ular consumption of vegetables, fruits, dairy products and meats along
with the staples is ideal, but they are not always accessible by
low-income consumers (Ogundari and Arifalo, 2013). Dependence on
meat and meat products as an alternative source for essential micro-
nutrients is limited as production is insufficient to meet demands of the
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Table 1
Staple food crops prevalent in the geopolitical zones of Nigeria.
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Geopolitical Member states Agro-ecological zones Staples consumed

zones

North-West Zamfara, Sokoto, Kaduna, Kebbi, Katsina, Kano, Sahel, Sudan, Northern Guinea Sorghum, millet, beans, legumes
Jigawa

North-East Bauchi, Borno, Taraba, Adamawa, Gombe, Yobe Sahel, Sudan, Northern Guinea, Southern

Guinea
North-Central Niger, Kogi, Benue, Plateau, Nassarawa, Kwara,
FCT
Oyo, Ekiti, Osun, Ondo, Lagos, Ogun
Bayelsa, Akwa Ibom, Edo, Rivers, Cross River,
Delta

Enugu, Imo, Ebonyi, Abia, Anambra

South-West
South-South

South-East

Northern Guinea, Southern Guinea

Southern Guinea, Forest, Coastal
Southern Guinea, Forest, Coastal

Yam, cassava, maize, rice, sorghum, millet, beans, legumes

Cassava, yams, taro, sweetpotato, plantain, bananas, rice,
legumes, maize

Southern Guinea, Forest, Coastal

Sources: www.legit.ng/1094595-geopolitical-zones-nigeria-states.html;
article/staple-crop-production.

rapidly growing population in Nigeria. In addition, poor transportation
infrastructure and inadequate preservation of meat and meat products
limits its availability (Adetunji and Rauf, 2012). Disruptions to pro-
duction and distribution of nutritious foods of animal origin, fresh fruits
and vegetables as a result of the COVID-19 global pandemic also poses a
threat to nutrition security with respect to providing the lacking
micronutrients in the commonly consumed staples.

2.3. Mineral micronutrient deficiency in Nigeria

Various studies performed in Nigeria show that micronutrient deficiency,
particularly iron and zinc, is a major public health concern that requires
serious attention (Abubakar et al., 2017; Harika et al., 2017). Prevalence of
iron deficiency in Nigeria ranges from 19% to 80% for preschool children
under 5 of age, and 20%-60% for pregnant women, while zinc deficiency
ranges from 21% to 83% in preschool children (Ibeawuchi et al., 2017).
Parametric analysis of malnutrition using anthropometric indices of percent
stunted, underweight and wasting, show that children living in the
North-West and North-East suffer greater malnutrition (50% and 40%
stunted, respectively) compared to those living in the North-Central (25%),
South-South/South-West (20%) and South-East (10%) (Ibeanu et al., 2012).
Results of these studies indicate that inadequate intake and bioavailability of
iron and zinc in staple foods are predisposing factors for iron and zinc defi-
ciency. The main sources of these micronutrients are meat, seafood, nuts,
seeds, legumes and dairy for zinc (https://www.healthline.
com/nutrition/best-foods-high-in-zinc#section1), and whole grain cereals,
liver, fish, green leafy vegetables and pulses in addition to meat and nuts for
iron (Oluwatoyin and Adebukola, 2018). In some plant-based sources
anti-nutritional factors such at phytic acid act to inhibit adequate absorption
of these micronutrients. Studies carried out by Ibeanu et al. (2012) on
nursery school children using data derived from questionnaires, anthro-
pometry, biochemical examinations and a 3 days weighed food intake
showed that children living in the North-West and North-East suffer greater
malnutrition (50% and 40% stunted, respectively) compared to those living
in the North-Central (25%), South-South/South-West (20%) and South-East
(10%).

The prevalence of micronutrient deficiencies across the country can
also be associated with the socio-economic status of families. This is
determined by income, sanitary practices, and the educational levels of
mothers, which affects breast feeding, timing and consumption of
complementary foods (Onyemaobi and Onimawo, 2011). A study
investigating prevalence of zinc deficiency in Imo state, South-East
Nigeria, showed that 48% of the preschool children diagnosed with
zinc deficiency were from the rural parts of the state, and comprised
mostly of adults with limited formal education and low income status
(Onyemaobi and Onimawo, 2011). Likewise, serum levels of zinc in
preschool children in North-Central Nigeria were shown to be directly
affected by the socio-economic status of their families (Abah et al.,
2015). These findings indicated that strategies focused on bio-
fortification of staple foods could be effective for reducing micronutrient

http://www.inter-reseaux.org/publications/revue-grain-de-sel/51-special-issue-nigeria/

malnutrition in the country, since most rural dwellers are farmers and as
such grow the staple foods they eat.

Nevertheless, other predisposing factors to iron and zinc malnutri-
tion in Nigeria include protein-energy malnutrition (Abubakar et al.,
2017), parasitic infections and competition among different minerals in
the diet (Sandstorm, 2001; Ugwuja et al., 2011). Studies by Abubakar
et al. (2017) reported that zinc deficiency is more prevalent among
children with protein-energy malnutrition (PEM) compared to healthy
children, thus suggesting that food diversification and inclusion of nu-
trients from animal sources are essential towards balanced nutrition for
preschool children (Ibeanu et al., 2012). Protection from parasitic in-
fections, particularly the malaria parasite is necessary for alleviating the
impact of zinc deficiency in children under 5 of age, as 86% of cases
observed in South-East Nigeria were precipitated by malaria (Onye-
maobi and Onimawo, 2011). Studies have also shown that micronutrient
bioavailability can be affected by competition among different minerals.
Supplementation of iron in pregnant women diagnosed with iron defi-
ciency anemia affects the bioavailability of zinc and copper in the bowel,
while bioavailability of copper and iron in their blood was affected by
zinc supplementation (Ugwuja et al., 2011). This study also showed that
iron deficiency leads to increased copper levels in the liver while severe
copper deficiency causes changes in iron metabolism leading to anemia
and accumulation of iron in that organ (Ugwuja et al., 2011). This result
illustrates concerns for the use of micronutrient supplementation as a
mitigation strategy for micronutrient deficiency in pregnant women,
since supplementation for one micronutrient could compete with
bioavailability of another nutrient (Ugwuja et al., 2011). There is no
evidence, however, that this is occurs with dietary sources of micro-
nutrient obtained through regularly consumed biofortified and fortified
foods.

Supplementation has been used extensively to save lives and alle-
viate suffering, and remains a viable option for people at high risk
(Thompson and Amoroso, 2011). However, it is not effective in
addressing the root cause of micronutrient malnutrition. Importantly,
the benefits are transient and do not address lasting solutions to the
underlying problems. As an alternative measure, food-based approaches
involving fortification, dietary diversification/modification, nutrition
education and biofortification are being emphasized (Thompson and
Amoroso, 2011). The fundamental concept in a food-based approach is
to ensure availability, increased access and consumption of a variety of
micronutrient-rich foods as a means of improving consumers’ micro-
nutrient status. To date, strategies employed in implementing
food-based approaches aim to enhance the energy and nutrient density
of cereal-based food forms, incorporate enhancers of micronutrient ab-
sorption and reduce the content of anti-nutrients such as phytate within
cereals and legumes through soaking, germination, and fermentation.
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Table 2
Nutritional content of basic staple foods in Nigeria.
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Components Value per 100 g fresh weight
Cassava Yam Sweetpotato Maize Rice Sorghum Wheat Cowpea
(Raw) (Raw) (Raw) (Raw) (Cooked) (Grain) (Soft white) (Leafy tips, raw)

Water (g) 59.68 69.8 77.28 75 70.27 12.4 10.42 89.78

Energy (Kcal) 160 118 86 88 123 329 340 29

Protein (g) 1.36 1.53 1.57 3.02 2.74 10.62 10.69 4.1

Total lipid (fat) (g) 0.28 0.17 0.05 0.78 0.97 3.46 1.99 0.25

Carbohydrates by difference (g) 38.06 27.88 20.12 20.71 25.58 72.09 75.36 4.82

Fiber, total dietary (g) 1.8 4.1 3 2.1 1.6 6.7 12.7 0

Iron (mg) 0.27 0.54 0.61 0.42 0.56 3.36 5.37 1.92

Zinc (mg) 0.34 0.24 0.3 0.38 0.71 1.67 3.46 0.29

Vitamin A (RAE, pg) 1 7 709 10 0 0 0 36

Vitamin C (total ascobic acid-mg) 20.6 17.1 2.4 6.4 0 0 0 36

Vitamin B12 0 0 0 0 0 0 0 0

Folate (DFE-pg) 27 23 11 36 9 20 41 101
Abbreviations: RAE — Retinol Activity Equivalents; DFE - dietary foliate equivalents.
Sources: (USDA, 2016)
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cassava cultivation and tonnage of cassava production are shown in
Fig. 1, with yield per hectare across the different zones shown in Fig. 2.
While the North-Central and South-South regions have larger areas
devoted to cassava cultivation, the South-West and South-East regions
generate higher yield per hectare.

Cassava production in Nigeria remains significantly below its po-
tential, illustrated by the fact that average yield/hectare is only 7.7 MT
compared to 22-23 MT in Indonesia and Thailand (FAO, 2014). This
disparity can be attributed to lack of quality cassava planting material,
minimal mechanization and constraints from biotic stresses such as
Cassava mosaic disease (CMD), that limit production by Nigerian
farmers. Until recently, cassava cultivation in Nigeria was largely
limited to subsistence farming, with women being the major stake-
holders in production, processing and marketing. These low-income
farmers resort to manual weeding and harvesting which is labour
intensive, time consuming, tedious, and expensive if labourers are
engaged. Greater than 90% of smallholder farmers use stem cuttings
from previous cropping cycle to establish new fields, with no assurance
of the disease status or quality of the planting material. Subsequent
yields are, therefore, often compromised. Mitigating strategies towards
ensuring the certification, availability and accessibility of high-quality
cassava seed in Nigeria have been employed by the BASICS (Building
an Economically Sustainable Seed Systems) project which aims at
empowering cassava farmers economically (http://www.rtb.cgiar.or
g/basics/). The HarvestPlus Nigeria program is another project
contributing to production and dissemination of quality planting cas-
sava material (https://nutritionconnect.org). Across Nigeria, cassava
storage roots are mostly processed and consumed as traditional meals in
the form of gari, fufu, abacha and lafun (Fig. 3) (Akinpelu et al., 2011).
Eighty percent of the cassava produced in Nigeria is processed into these
traditional foods, with the remaining going to industrial products such
as ethanol, starch, syrup, chips and high quality cassava flour (HQCF).
Available data on cassava consumption patterns are shown in Fig. 4 with
the highest cassava consuming states being Abia, Akwa Ibom, Anambra,
Benue, Cross River, Ebonyi, Enugu, Imo, Ondo and Rivers. In urban

West East Central West South East

Geopolitical zones

Fig. 1. Estimates of land area and tonnage of cassava production in the six
agro-ecological zones of Nigeria.
Soure: NAERLS 2013 annual report
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Fig. 2. Average cassava yield per hectare across the six agro-ecological zones of
Nigeria.
Source:: NAERLS 2013 annual report

areas consumption of cassava foodstuffs in low-income households is
double that of high-income households, while in rural areas consump-
tion of cassava in low-income households is triple that of high-income
households (Akinpelu et al., 2011).

3.2. Overlap between cassava consumption and Fe/Zn deficiencies

A study conducted by Gegios et al. (2010) showed that 89% and 31%
of Kenyan and Nigerian children respectively consuming cassava as a
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staple food derived 21% of their energy from cassava. This proportion of
dietary energy obtained from cassava was found to be inversely corre-
lated with iron (r = —0.31), zinc (r = —0.11) and vitamin A (r = —0.15)
intake. It can be inferred from this study, that consumption of cassava
might be related to risk factors for insufficient iron, zinc and vitamin A
intake (Gegios et al., 2010) against data on household cassava con-
sumption (http://dataportal.opendataforafrica.org/) (Fig. 5) shows that
the number of households affected by micronutrient deficiency was
highest for South-South and South-East regions, and that these areas also
have highest levels of cassava consumption (Ibeanu et al., 2012). Stra-
tegic intervention to elevate iron and zinc levels in cassava has potential,
therefore, to mitigate hidden hunger in populations depending on this
staple.

4. Iron and zinc biofortification
4.1. Conventional breeding efforts in Fe/Zn biofortification

Biofortification is a process of improving the micronutrient content
of staple crops through conventional plant breeding, genetic modifica-
tion or agronomic practices. Biofortification of staple food crops brings
advantages due to long-term cost-effectiveness and its potential to reach
and deliver sustained beneficial impact within urban and rural pop-
ulations. Investment in developing and delivering biofortified crops
provides poor farmers with nutrient rich crops at low cost which can be
further adapted to cultivars suited for different geographical locations.

Numerous international organizations, national programs and pri-
vate seed companies are addressing the challenge of hidden hunger in
Nigeria through the development of biofortified crops. HarvestPlus is a
leading program, integrating the efforts of international partners and
national programs to improve the micronutrient content of major staple
crops (https://www.harvestplus.org/evidence-document). Seven sta-
ples including beans, cassava, maize, sweet potato, pearl millet, rice and
wheat are being targeted. These were selected using the biofortification
priority index (BPI) tool to determine the preferred staple(s) relevant for
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delivering maximum benefit within a given country (Asare-Marfo,
2014). This was accomplished by a) exploring the available genetic di-
versity for minerals that can be used within breeding programs, b)
breeding to develop germplasm combining high levels of one or more
micronutrients, ¢) understanding genotype x environment (GxXE) by
studying micronutrient expression in different growing environments
within target countries and d) release of nutritionally enhanced planting
materials after multi-location testing over multiple seasons and with
approval of national government agencies (Bouis and Saltzman, 2017).
Progress made by HarvestPlus include increases in hemoglobin and total
body iron in iron-depleted women in Rwanda after 4.5 months con-
sumption of iron biofortified beans (Haas et al., 2016). Similarly, 4
months consumption of iron enhanced pearl millet by secondary school
children in Maharashtra, India resulted in a significant improvement in
serum ferritin and total body iron (Finkelstein et al., 2015). Recently,
iron biofortification of pearl millet led to improvements in functional
cognitive development that could highly impact women and teenagers’
daily lives in India (Scott et al., 2018).

HarvestPlus targeted Vitamin A biofortification of cassava and maize
as a priority for Nigeria (Asare-Marfo, 2014). Genetic diversity present
within the germplasm have been used to generate biofortified cassava
and maize using conventional breeding approaches. In a large, diverse
country such as Nigeria significant differences exist across
agro-ecological and climatic conditions and in social economic, educa-
tional and cultural practices. There is a need, therefore, to determine
regional requirements when considering best strategies to mitigate
micronutrient deficiencies within the country.

Presently, iron and zinc biofortification is being addressed by
collaborative efforts of the Nigeria Sorghum Value Chain, Agricultural
Transformation Agenda Support Program (ATASP-1), and Harvest Plus.
Two new, nutritional-high sorghum varieties, improved Deko
(12KNICSV-188) and improved Zabuwa (12KNICSV-22) rich in iron and
zinc have been released. The improved Deko has three times higher iron
content, at 126 ppm compared to 40 ppm dry weight derived from local
varieties (ICRISAT, 2016) while Zabuwa had an iron gain of 54 ppm

Fig. 3. Processing cassava storage roots in Nigeria. a) Peeling of cassava roots. b) Milling of storage roots into cassava flour c¢) Roasting of cassava flour into gari. d)

Stirring of cassava flour to make fufu.
Source: NextGen Gender responsive research @NRCRI, Umudike
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(http://www.tnpp.org/2016/02/new-sorghum-varieties-released-in.
html). These results are encouraging but not adequate to handle the
consequences of iron and zinc deficiencies in the country, as sorghum is
a staple food for only a fraction in the northern part of the country. There
is a strong need for iron and zinc biofortification in crops such as cassava
that are widely consumed. There is insufficient genetic variation in iron
and zinc accumulation within the cassava germplasm (6-10 pug/g DW Fe
and 7-10 pg/g DW Zn). Therefore, conventional breeding is unlikely to
achieve elevated mineral content in cassava storage roots to reach
nutritionally significant levels (Chavez et al., 2000).

4.2. Transgenic efforts in Fe/Zn biofortification

Transgenic approaches can be an effective method for achieving
biofortification, especially when limited genetic variation for a given
nutrient is available within the existing germplasm (Zhu et al., 2007).
Transgenic methods can be employed to overexpress genes controlling
mineral uptake and transport (Johnson et al., 2011), reduction in
anti-nutrients (Kruger et al., 2012), and redistribution of nutrients
across plant tissues (Ishimaru et al., 2010). Production of transgenic
biofortified crops requires significant investment in early-stage devel-
opment, but over time can be a cost-effective and viable approach (Garg
et al., 2018). Some cereal crops, notably rice, have been genetically
modified to enhance their micronutrient content. Overexpression of rice
Nicotianamine synthase (OsNAS2) and soybean ferritin (SferH-1) resulted
in elevated iron (15 pg g 'Fe) and zinc (45.7 pg g Zn) in polished

grain, to deliver 30% Estimated Average Requirements (EAR) for both
minerals (Trijatmiko et al., 2016). Product development for high iron
and zinc in adapted rice genotypes is now underway with expected
release in 2022 in Bangladesh (Tohme and Beyer, 2014). Success in iron
biofortification of rice was translated to wheat to achieve a 52 ppm iron
compared to 30 ppm by expressing OsNAS2 under the control of maize
ubiquitin promoter (Ubil) (Singh et al., 2017). Recent study shows
increased mineral bioavailability in wheat products is possible by un-
derstanding the mechanisms that control the mineral deposition and
transport within the developing wheat grains (Balk et al., 2019).

Two major international programs are engaged in transgenic ap-
proaches to achieve biofortification of Nigerian staple crops. The African
Biofortified Sorghum (ABS) project (https://www.biosorghum.org/)
aims to develop transgenic sorghum with increased levels of lysine,
vitamin A, iron and zinc for subsequent introgression into high yielding
farmer-preferred varieties. With the aid of its technology partner Cor-
teva Agriscience, the ABS project has produced transgenic sorghum with
improved protein profile [lysine (30-120%), tryptophan (10-20%),
threonine (30-40%)], elevated levels of pro-vitamin A (5.7-21.0 pg/g
beta-carotene) and reduced phytate (35-65%). Bioavailability studies
also showed that increased iron (20-30%) and zinc (30-40%) absorp-
tion was achieved along with the reduced phytate levels. The Virus
Resistant Cassava for Africa (VIRCA Plus) project (https://www.dan
forthcenter.org/scientists-research/research-institutes/institute-for-
international-crop-improvement/crop-improvement-projects/virca-p
lus) brings together success from two previous projects, VIRCA (Taylor
et al., 2012) and BioCassava Plus (Sayre et al., 2011). Its goal is to
develop virus resistant, iron and zinc enhanced cassava varieties to
address micronutrient deficiency and improve the livelihood of con-
sumers in Nigeria.

With minimal genetic diversity for iron and zinc concentration
(6-10 pg/g DW Fe and 7-10 pg/g DW Zn respectively) (Chavez et al.,
2000) in known cassava germplasm, VIRCA Plus aims to reach nutri-
tionally significant levels for consumers by elevating Fe and Zn in
storage root tissues to 40-50 pg/g DW. Earlier efforts to improve the
mineral concentration of cassava tuberous roots met with limited suc-
cess. Fourteen gene constructs comprising seven different transgene
combinations were introduced into cassava. Strategies found to be
successful in cereals, such as upregulation of genes involved in long
distance transport (OsNAS2 and OsYSL), were not efficacious in cassava,
and in many cases proved to be toxic and/or caused developmental
problems in regenerated plants (Narayanan et al., 2019). Alternative
strategies were pursued to enhance mineral source sink dynamics in
cassava storage root tissues. Overexpression of FEA1, iron assimilatory
protein from Chlamydomonas reinhardtii accumulated 3 times higher iron
concentration in greenhouse-grown plants (lhemere et al., 2012), but
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was not functional under field conditions. Overexpression of zinc
transporters AtZIP1 and AtMTP1 in cassava elevated zinc concentration
in storage roots but greenhouse- and field-grown plants were compro-
mised for shoot development (Gaitan-Solis et al., 2015). Overexpression
of the Arabidopsis thaliana vacuolar iron transporter gene VIT1 in cassava
was more successful (Narayanan et al., 2015). When tested under field
conditions, AtVIT1 transgenic cassava plants accumulated 3-7 times
higher iron concentration (60 pg/g vs 9 pug/g DW) in storage roots
compared to non-transgenic controls, but as expected brought no in-
crease in zinc accumulation (Kennedy and Meyers, 2005). Co-expressing
the A. thaliana iron transporter IRT1 and ferritin FERI resulted in
elevation of both minerals to reach target levels in storage roots,
achieving up to 18 times higher iron (130 pg/g vs 7 pg/g DW) and 10
times higher zinc concentrations (103 pg/g vs 10 pg/g DW) than
non-transgenic controls under field conditions (Kennedy and Meyers,
2005).

The potential nutritional impact of cassava storage roots biofortified
by overexpressing VIT1 and IRT1+FER1 was assessed by calculating
their potential contribution to Estimated Average Requirement (EAR)
(Kennedy and Meyers, 2005) for iron and zinc. EAR is a method to
calculate the average daily nutrient intake estimated to meet re-
quirements of half the healthy individuals of a specific gender and life
stage group within a given population. EAR is determined by dividing
the physiological requirement of the nutrient for a particular group by
the fractional nutrient absorption. Non-modified cassava storage roots
provide only 5-8% and 13-14% EAR for iron and zinc respectively for
1-6-year-old children and non-lactating, non-pregnant West African
women (Taylor et al., 2016). Analysis of IRT1+FER1 biofortified storage
roots for iron and zinc retention and bioavailability after processing into
common West African foodstuffs determined that the modified tissues
could provide 40-50% EAR for iron and 60-70% EAR for zinc. This data
indicates that consumption of IRT1+FER1 biofortified cassava foodstuffs
has the potential to beneficially impact the health of consumers in West
Africa and elsewhere (Narayanan et al., 2019).

4.3. Requirements for deploying iron and zinc enhanced cassava

Biofortification for iron and zinc in cassava offers a powerful strategy
for combating the consequences of micronutrient deficiency in Nigeria
and elsewhere in sub-Saharan Africa. To be effective in delivering these
benefits, enhanced cassava planting materials must be developed and
delivered to at-risk populations. Review of existing literature and the
sub-national biofortification priority index identified the North-Central,
South-West, South-East and South-South regions as the major cassava
production and consumption areas (Herrington et al., 2018 (https://a
geconsearch.umn.edu/record/277092/?In=en). Multiple cassava culti-
vars with varying agronomic and culinary traits are grown across the
different regions and sub-regions within Nigeria. Effective bio-
fortification intervention requires identification of cassava varieties
relevant to food use in these regions. For example, enhancing iron and
zinc content in a cultivar grown primarily for beer or alcohol production
would fail to deliver the desired goals. A program for transgenic bio-
fortification in a vegetatively propagated crop such as cassava requires
a) selection of relevant farmer and breeder preferred cultivars for
modification b) development of genetic transformation capacity in the
target cultivars and production of transgenic cassava plants lines, c)
molecular characterization of the transgenic lines and assessment of
mineral accumulation and phenotype, d) a confined field testing pro-
gram in target region(s) to identify lead lines ) multilocational confined
field trials for collection of regulatory data and compilation of regula-
tory dossiers for evaluation by regulatory authorities, f) evaluation of
selected events for bio-accessibility and availability of iron and zinc in
cassava foods consumed within the target regions, 7) regulatory
approval and variety registration before release of biofortified planting
materials to farmers and breeders.

Success of these processes requires an enabling policy environment.
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Recent approval for Bt-cowpea indicates important progress in obtaining
approval for deployment of biotech crops to farmers in Nigeria https
://geneticliteracyproject.org/2020/06/02/landmark-approval-of-gmo
-bt-insect-resistant-cowpea-leads-nigeria-toward-sustainable-farming/).
Engagement with cassava farmers and farmer groups, processors and
marketers acquainted with the limitations associated with cassava pro-
duction and utilization, and with a basic understanding of the benefits of
transgenic technology is essential in achieving product acceptance and
adoption. National biosafety committees play an important role in reg-
ulatory decisions as well as collaborating with the government policies.
Additionally, there is a need for capacity building for effective
communication and program development on the importance of iron
and zinc enhanced cassava as a means of ameliorating the effect of
hidden hunger impacting countries such as Nigeria. There is also need to
create awareness about transgenic crops within farmers and consumers.
Recent studies of cultivating provitamin A GM cassava in Nigeria among
smallholder farmers showed three distinct groups including low, me-
dium and high opposition. It was estimated that only 25% of the sur-
veyed population were highly opposing to transgenic technology
(Oparinde et al., 2017). Knowledge sharing between the scientists,
regulators and policy makers can help in developing guidelines for
public. Golden rice a provitamin A biofortified rice is an appropriate
example for transgenic biofortified crop which has completed food
safety evaluation and regulatory approvals (Potrykus, 2010). Collabo-
ration and knowledge transfer from these different biofortified crops
will also help in achieving the product acceptance.

5. Concluding remarks

This review highlights mineral deficiencies in the diet associated
with geographical locations, the importance of the staple food crop
cassava within populations in Nigeria. A recent report describing genetic
modification of cassava storage roots for mineral accumulation indicates
the potential to enhance cassava foodstuffs to provide 40-50% EAR for
iron and 60-70% EAR for zinc within vulnerable populations. Con-
sumption of biofortified cassava foodstuffs has potential to beneficially
impact the health of consumers in West Africa. Iron and zinc bio-
fortification in cassava would have a significant impact on not only on
people’s health but also on their economy. Apart from the underlying
technology, factors such as regulatory policies and consumer acceptance
is required through outreach and education if biofortification is to reach
its maximum impact. For commercialization of biofortified crops, taste
studies (palatability), increasing awareness to the farmers and public via
consumer marketing, television, newspaper and workshops are neces-
sary. Moving forward, biofortified cassava developed through VIRCA
Plus and other development programs could collaborate with diverse
partners including regional organizations, food processing companies,
and local development banks. Collaborative efforts by public and private
sectors can support biofortification and ultimately promote cognitive
development of children towards building a stronger and self-sustaining
nation “Nigeria”.
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