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Abstract Child malnutrition is increasing in Africa. Protein deficiency is an
important cause since protein is essential for both growth and
maintenance of muscle mass. Sorghum is a major staple food in
Africa on account of its hardiness as a crop. However, sorghum
protein is very deficient in the indispensable amino acid lysine and
on cooking has poor protein digestibility. This results in sorghum
having a very low Protein Digestibility Corrected Amino Acid Score
(PDCAAS). The Africa Biofortified Sorghum project, a Grand Chal-
lenges in Global Heath project, is undertaking research to biofortify
sorghum in terms of protein and micronutrient quality using
genetic engineering. Lysine and protein digestibility have been
improved by suppression of synthesis of the kafirin storage pro-
teins. Transgenic biofortified sorghum has double the PDCAAS of
conventional sorghum. This improvement should enable a young
child to meet most of its protein and energy requirements from
biofortified sorghum porridge. This together with the improvement
in micronutrients could provide the basis of a sustainable and
broadly comprehensive solution to child malnutrition in many
African countries.

. INTRODUCTION

Globally, the incidence of childhood malnutrition is declining. De Onis et al.
(2004) reported on trends and prevalence for the years 1990-2005. His
group looked at underweight and stunting data using World Health Orga-
nization (WHO) developed methodology to plot and predict trends at
country levels. They found that stunting and underweight prevalences
declined from 34% to 27% and 27% to 22%, respectively. However, in
Africa the situation is not improving. The numbers of stunted and under-
weight children increased from 40 to 45 million and 25 to 31 million,
respectively. Africa and subregions have extensive protein-energy malnu-
trition (PEM) in children under 5 years of age (FAO, 2008a, 2009). Accord-
ing to FAO 2009 food security statistics (FAO, 2009), the percentage of these
children who are moderately and severely malnourished in the under-
weight category in Burkina Faso, Kenya, and South Africa, representing
countries from west, east, and southern Africa, are 32%, 25%, and 15%,
respectively. In the stunting category, the combined percents of children
who are moderately and severely malnourished are 36%, 50%, and 39%
and in the category of wasting, the combined percents of moderately and
severely malnourished children are 19%, 7%, and 7%, respectively. Beyond
growth retardation, under-nourished children are at risk for infectious
diseases, diarrhea, and diminished mental development.

De Onis et al. (2004) speculate that the lack of progress in Africa may be
due in part to the impact of the human immunodeficiency virus (HIV),



Sorghum Protein Biofortication for Africa 23

which causes the condition AIDS. In sub-Saharan Africa, an estimated
333,000 children below 5 years of age died in 1999 with HIV infection and
an estimated 11 million were orphaned because of AIDS. The United
Nations International Children’s Fund (UNICEF, 2009) reported that in
sub-Saharan Africa in 2007, the annual number of under-5 deaths was
4,480,000 and the life expectancy at birth was only 50 years. There are
many reasons for deaths in children under 5 years of age, shortened life
spans, stunting, and underweight, but major among them is an inadequate
diet including protein intake.

The major staple foods in Africa are cassava (105 million tons), maize
(48 million tons), yam (45 million tons), sorghum (26 million tons), plan-
tain (24 million tons), rice (21 million tons), wheat (19 million tons), millets
(18 million tons), sweet potato (12 million tons), and banana (12 million
tons) (FAOSTAT, 2007). Among these, sorghum occupies a unique posi-
tion on account of its hardiness as a crop, including low water usage,
drought-tolerance, and resistance to water-logging (Doggett, 1988).
Hence, it is a staple food of many of Africa’s most food-insecure people,
who live in the desert-margin, semiarid tropics, some 300 million people
(ICRISAT, 2009).

The Grand Challenges in Global Health are an initiative of the Bill and
Melinda Gates Foundation (BMGF). They were announced in 2003, hav-
ing been developed by a team of 20 scientists and public health experts
from 13 countries (Varmus et al., 2003). Fourteen Grand Challenges were
identified in seven areas. Grand Challenge 9 (GC 9) is to “Create a full
range of optimal bioavailable nutrients in a single staple plant species”
with the aim of improving nutrition to promote health. Today in 2010,
there are four GC 9 projects, all of which are supported by the BMGF.
They are concerned with biofortification of major staple foods in develop-
ing countries. Biofortification can be defined as a process to increase the
bioavailability and the concentration of nutrients in crops through both
conventional plant breeding (White and Broadley, 2005) and recombinant
DNA technology (genetic engineering) (Zimmermann and Hurrell, 2002).
Polleti et al. (2004) in a review of the progress made in the nutritional
fortification of cereals stated that effective biofortification of cereal staples
can reach the poor in rural areas, has low recurrent costs, is sustainable in
the long term, and in the case of genetic improvement, it only requires an
up-front investment.

The GC 9 projects are Micronutrient Improved Bananas (Grand
Challenges in Global Health, 2010), Biocassava Plus (2010), Golden Rice
(2010), and Biosorghum (2010). The Biosorghum project differs somewhat
from the other CG 9 projects in that it has aimed to improve the quality
and availability of the macronutrient protein as well as the quantity and
availability of micronutrients. As will be seen, protein is a uniquely
important issue in sorghum, compared to other cereals. The Biosorghum
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project is a consortium, the Africa Biofortified Sorghum (ABS) consortium,
of some 10 organizations in Africa and the United States (Biosorghum,
2010; Zhao, 2007). It is led by the Africa Harvest Biotechnology Founda-
tion International based in Nairobi, Kenya.

The specific aims of the Biosorghum project were to increase iron and
zinc availability by 50%, to increase provitamin A levels to up to
20 mg/kg, to increase lysine content by 80-100%, to increase tryptophan
and threonine by 20%, to concomitantly decrease leucine by 15%, and to
improve protein digestibility from its current to approx. 60-80% (Grand
Challenges in Global Health, 2010). These improvements in sorghum
nutrient content and availability are in comparison with current average
levels in sorghum.

This chapter sets out the role and importance of protein in human
health, human protein requirements, and the measurement of food pro-
tein quality. Specifically, focus is given to the need to improve sorghum
protein quality and the developments that have already taken place in
this area are reviewed. Lastly, the improvements in sorghum protein
quality achieved to date in the Biosorghum project are presented and on
the basis of these data, the potential of biofortified sorghum to improve
children’s nutritional status is evaluated.

Il. ROLE AND IMPORTANCE OF PROTEIN IN
HUMAN HEALTH

Protein is essential for life from the beginning of gestation through old age
(WHO/FAO/UNU Expert Consultation, 2007). Dietary protein recom-
mendations are based on the requirements for indispensable amino acids,
conditionally indispensable amino acids and nitrogen that is needed for
syntheses of dispensable amino acids, and other critical nonprotein nitro-
gen-containing molecules necessary to support growth, tissue repair, and
maintenance (Institute of Medicine of the National Academies, 2005). The
indispensable amino acids, up to nine, cannot be synthesized by humans
and therefore must be consumed in diets. With adequate precursors, the
dispensable amino acids and conditionally indispensable amino acids can
be synthesized by the human body. These latter amino acids are needed
from dietary sources during rapid growth or during physiological stress
when synthesis cannot keep up with demand. Table 2.1 shows the classi-
fication for amino acids by dispensability (Laidlaw and Kopple, 1987). Of
the indispensable amino acids, lysine is present in human muscle at the
highest level, at 9.78% (Wolfe and Chinkes, 2005), indicating its critical
nature both in amino acid metabolism and in diets. In cereal-based diets,
lysine is normally the most limiting indispensable amino acid, as cereals
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TABLE 2.1 Indispensable, dispensable, and conditionally indispensable amino acids in
the human diet

Conditionally Precursors of conditionally

Indispensable Dispensable indispensable indispensable
Histidine Alanine Arginine Glutamine/glutamic
acid/aspartic acid
Isoleucine Aspartic acid Cysteine Methionine, serine
Leucine Asparagine Glutamine Glutamic acid/ammonia
Lysine Glutamic acid Glycine Serine, choline
Methionine Serine Proline Glutamic acid
Phenylalanine Tyrosine Phenylalanine
Threonine
Tryptophan
Valine

Laidlaw and Kopple (1987).

have an average lysine content of 31 mg/g protein compared to 65 mg/g
in legumes and 85 mg/g in animal foods (Young et al., 1998).

A typical well-nourished 70-kg male contains about 11 kg of protein,
with a little less than half as skeletal muscle (43%) (Lentner, 1981). Struc-
tural tissues such as skin and blood each constitute about 15% of total
body protein. The metabolically active tissues such as liver and kidney
(only about 10% together) contain relatively little protein. Other organs
such as heart, brain, lungs, and bone account for the rest. These relative
amounts change with age. For example, infants have significantly less
muscle, proportionately, and more brain and visceral protein than adults.
Interestingly, almost 50% of the protein within humans is composed of
just four types: myosin, actin, collagen, and hemoglobin. Myosin and
actin are muscle proteins and collagen is a structural protein.

In the human body, protein and other nitrogen-containing compounds
are continuously broken down and contribute to an amino acid/nitrogen
pool from which precursors and amino acids are reused to synthesize
enzymes, hormones, lean tissue, immune function proteins, muscle mass,
bone matrix, and other essential compounds (Institute of Medicine of
the National Academies, 2005). Maintenance of the protein content of
certain tissues and organs, such as skin, brain, heart, liver, and kidneys,
is essential for survival. In chronic protein deficiency, lean tissue
and muscle mass are sacrificed to provide amino acid precursors for
synthesis of critical compounds, such as insulin and hemoglobin
(Hoffer, 1994).
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To compound the situation, when caloric intake is inadequate, amino
acids are oxidized and used to synthesize glucose as an energy source for
those tissues such as red blood cells that only use glucose (Guyton and
Hall, 1996). If fat stores are available, fat can be used for much of the
body’s energy demands. However, in stunted and wasted children and
adults suffering from inadequate dietary protein, calories, and other
nutrients, fat stores are limited and muscle mass is tapped for amino
acids to synthesize both essential protein molecules and glucose for
energy. Picou et al. (1966) pointed out that in induced malnutrition, the
proportion of body collagen can rise to 50% because of the substantial loss
of noncollagen proteins, presumably muscle.

A. Importance of muscle mass

Clinical signs of protein—calorie malnutrition such as marasmus, kwashi-
orkor, or marasmus—kwashiorkor and various degrees of wasting, stunt-
ing, or weight loss are indicators that malnutrition is affecting muscle
mass (Torun and Chew, 1994). While it is well recognized that muscle is
important in the performance of the activities of daily life, Wolfe (2006)
emphasizes the role of muscle in health and disease, pointing out that
altered muscle metabolism plays a key role in the genesis of many com-
mon pathologic conditions. Under normal circumstances, the demands
for amino acids in most organs and tissues do not vary significantly
from the fasted state to the fed state because little surplus protein is
accumulated in the body.

According to animal studies (Swick and Benevenga, 1977), a labile
protein reserve that can be gained or lost from the body for emergencies
or to account for the day-to-day variations in dietary protein intake is
contained in the liver and visceral tissues. Rapid starvation or dietary
protein depletion results in a loss of the reserve by as much as 40%, while
skeletal muscle drops much more slowly. Thus, protein breakdown
becomes the source of indispensable amino acids needed for synthesis
of critical proteins necessary for body functions (Reeds et al., 1994) and
provides amino acids as precursors for energy production.

Of the energy nutrients (protein, fat, and carbohydrate), only fat can be
stored by the body in unlimited amounts. Carbohydrate is stored in
limited amounts primarily in the form of glycogen in the liver and to a
lesser extent in muscle where it provides a ready supply of energy for
muscle movement (Guyton and Hall, 1996). Clearly, glycogen storage in
muscle is limited by the amount of total muscle mass. Amino acids will be
deaminated (nitrogen removed) and used as precursors to provide energy
in a caloric deficit, thus the need for adequate calories to spare protein.
In the course of normal events, amino acids are stored in muscle up to a
limited amount to replace the amino acids lost in the previous fasting
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state. Excess amino acids not needed for the body’s amino acid repletion
or energy demands are finally deaminated with the nitrogen from the
amino acid used to synthesize urea for urinary excretion. The remaining
carbon skeleton can be stored via synthesis of glycogen or fat.

Under normal situations and normal dietary intake, gains and losses of
amino acids from muscles are in equilibrium. However, during physio-
logical stress such as chronic hunger, pregnancy, burns, HIV/AIDS, can-
cer, starvation, and trauma, precursor amino acid demands are increased
to provide for synthesis of acute-phase proteins, immune function pro-
teins, and proteins needed for wound healing, etc. This results in rapid
depletion of the reserve, which accounts for only about 1% of total body
protein (Young et al., 1968). The protein lost during fasting is functional
body protein and therefore unlike fat or carbohydrate (glycogen) stores.
There is no evidence for a protein reserve that serves only as a store to meet
future amino acid/nitrogen needs. Kotler et al. (1998) reported a strong
association between the depletion of body cell mass (apparently reflecting
muscle loss) and the length of survival of seriously ill patients with AIDS.
Studies conducted in the Warsaw ghetto between February and July 1942
suggest that death from starvation with no complicating illness occurs
when muscle protein breakdown becomes inadequate to maintain the
necessary supply of precursor amino acids to make glucose (Winick,
1979). Extensive work by Keys et al. (1950) also concludes that the depletion
of muscle mass is the cause of death in human starvation.

The relationships of muscle mass to obesity, insulin resistance, and
bone health are further indications of how important it is to protect
muscle mass (Wolfe, 2006). For individuals in underresourced countries,
suffering from wasting-malnutrition with less than optimum muscle
mass and strength, bone modeling and remodeling are at risk, since
mechanical force (exerted by muscle mass and strength) on bone is essen-
tial for the processes that increase bone strength and bone mass. Changes
in bone mass and muscle strength track together over the life span
(Frost, 1997).

Szulc et al. (2005) reported that skeletal muscle mass was correlated
positively with bone mineral content and bone mineral density in the
Mediterranean Intensive Oxidant Study (MINOS). MINOS was a prospec-
tive study of osteoporosis and its determinants that showed that men with
the least skeletal mass also had increased risks of falls due to impaired
static and dynamic balance. The relative importance of muscle compared
with hormonal and other nutritional effects on bone health may be argued
in the MINOS study because factors such as dietary protein, insulin growth
factor, and testosterone also affect bone directly, but chronically low muscle
mass may provide a visible indicator of bone mass and bone density risk.
Osteopenia and osteoporosis are seen as problems in elderly people.
In countries with shortened life spans, bone health issues may go unnoticed.
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Short-term changes in diets suggest that the main loss of protein is
from the viscera (De Blaauw et al., 1996). However, in chronic illness,
skeletal muscle, which comprises over 40% of the protein mass of a
healthy individual, becomes the largest single contributor to protein loss
(Hansen et al., 2000). While several factors play a role in maintaining
muscle mass (exercise, hormones, and diet), clearly the importance of
adequate dietary protein intake cannot be debated. Not only health, but
activities of daily living, quality of life, and productivity are affected
(FAO, 2009; Winick, 1979).

B. Human protein requirements

Protein requirements, or more specifically amino acid and nitrogen needs,
vary depending on age, body size, gender, physiological states (including
pregnancy, illnesses, and fitness), and possibly environment. Research,
including nitrogen balance studies, and tracer isotope methodologies are
used to determine amino acid and protein requirements for various ages,
gender, gestation and lactation, and physiologic conditions (exercise,
burns, and illnesses) (Institute of Medicine of the National Academies,
2005). Official amino acid/protein requirements are made for healthy
persons of various ages, each trimester of pregnancy, and the initial and
latter periods of lactation. Nutrition (protein) security planning for popu-
lations requires that in addition to the needs for maintaining health,
consideration must be given to the prevalence and increased amino
acid/protein requirements of individuals with special needs such as
protein malnutrition (stunting and wasting) and illnesses.

In 2002, an expert consultation of international amino acid/protein
scientists was convened by the United Nations World Health Organization,
Food and Agriculture Organization, and University (WHO/FAO/UNU) to
evaluate studies to-date and make recommendations for human protein
intake (WHO/FAO/UNU Expert Consultation, 2007). That body had pre-
viously asked Rand et al. (2003) to prepare a meta-analysis of nitrogen
balance studies. The meta-analysis, consisting of 235 individual subjects
across 19 studies was used in the 2007 report, along with other research
to make these current WHO/FAO/UNU Expert Consultation (2007)
recommendations. The amino acid requirements for adults in the previous
FAO/WHO/UNU Expert Consultation Report in 1985 (FAO/WHO/UNU
Expert Consultation, 1985) had been taken directly from the 1973 FAO/
WHO report (FAO/WHO, 1973). However, since 1985 concern had arisen
regarding the previously derived values and that the values for adults were
too low (WHO/FAO/UNU Expert Consultation, 2007).

Table 2.2 shows the 2007 WHO/FAO/UNU adult indispensable
amino acid requirements compared to the 1985 FAO/WHO/UNU
requirements. It should be noted that the levels of intake for indispensable
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TABLE 2.2 Comparison of the 1985 FAO/WHO,/UNU and 2002 WHO/FAO/UNU
Expert Consultations” mean adult indispensable amino acid requirements without the
coefficient of variation added

2002 2002 1985 1985

(mg/kg body (mg/g (mg/kg body (mg/g
Amino Acid weight/day) protein®)  weight/day) protein)’
Histidine 10 15 8-12 15
Isoleucine 20 30 10 15
Leucine 39 59 14 21
Lysine 30 45 12 18
Methionine + cysteine 15 22 13 20
Methionine 10 16 — —
Cysteine 4 6 — —
Phenylalanine + tyrosine 25 38 14 21
Threonine 15 23 7 11
Tryptophan 4 6 3.5 5
Valine 26 39 10 15
Total indispensable amino 184 277 93.5 141

acids

* 1985, FAO/WHO/UNU Expert Consultation (1985), 2002, WHO/FAO/UNU Expert Consultation (2007).
¥ Mean nitrogen requirement of 105 mg nitrogen/kg per day (0.66 g protein/kg per day).
¢ Not given separately.

amino acids shown in the first column of the table do not take into account
the variability of individual requirements. If these are taken into account,
the safe levels of intake across populations for indispensable amino acids
are 24% higher than shown. The 24% calculation is based on the coeffi-
cient of variation of the requirements for protein of 12%. For example, in
Table 2.2 the mg indispensable amino acids/g protein is based on an
intake of 0.66 g protein/kg/day, but the recommended safe level of
protein for adults across genders and ages is currently 0.83 g/kg/day
(WHO/FAO/UNU Expert Consultation, 2007). This safe level protein
recommendation takes into account the 12% coefficient of variation so
as to cover 97.5% of the population and is based on a Protein Digestibility
Corrected Amino Acid Score (PDCAAS) of 1.0, the highest possible pro-
tein quality score since values over 1.0 are rounded down. The issue of
protein quality is discussed in detail later.

Concerning the major differences in recommendations, the increases
of 150% in mg/kg body weight/day adult requirement for lysine and
114% increase in requirement for threonine between the two report
recommendations are of particular significance. Cereal proteins are par-
ticularly deficient in these amino acids (Young et al., 1998) and as shown
earlier, cereals are the major dietary staple across Africa.
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TABLE 2.3 Amino acid scoring patterns mg/g protein requirements of infants, children,
adolescents and adults over 18 (genders combined)”

0.5 1-2 3-10 n-14  15-18 >18

Amino Acid year  years years years years years
Histidine 20 18 16 16 16 15
Isoleucine 32 31 31 30 30 30
Leucine 66 63 61 60 60 59
Lysine 57 52 48 48 47 45
Methionine + cysteine 28 26 24 23 23 22
Phenylalanine + tyrosine 52 46 41 41 40 38
Threonine 31 27 25 25 24 23
Tryptophan 8.5 7.4 6.6 6.5 6.3 6.0
Valine 43 42 40 40 40 39

* WHO/FAO/UNU Expert Consultation (2007).

Table 2.3 shows the amino acid scoring patterns based on the require-
ments for dietary indispensable amino acids for humans of different ages
as determined by the 2002 WHO/FAO/UNU Expert Consultation (2007).
Cysteine is paired with methionine since methionine can be used by the
body to synthesize cysteine. Phenylalanine is paired with tyrosine since
phenylalanine can be used by the body to make tyrosine. The progres-
sively higher requirement for better quality protein for youths, adoles-
cents, preadolescents, preschool children, and infants compared to adults,
on account of formers’ requirement for growth as well as maintenance put
them at particular nutritional risk. Hence, the appropriate amino acid
scoring pattern needs be used in evaluating protein quality and in the
determination of PDCAAS of food proteins for people of different ages.
When determining the protein adequacy of particular diets, the most
at-risk consuming that diet should be taken into account.

Special populations such as pregnant and lactating women, infants,
preschool children, and the elderly are at nutritional risk under the best of
circumstances, but their vulnerability increases when diseases such as
HIV/AIDS, or poverty, civil conflicts, and drought are superimposed.
During pregnancy and lactation, both protein and energy requirements
are increased. The additional safe intake for protein during pregnancy in
g/day increases from 1 g/day in the first trimester to 10 g/day in the
second trimester to 31 g/day in the third trimester. For example, a 50-kg
adult woman, in the third trimester, will require 72.5 g of good quality
protein per day (Institute of Medicine of the National Academies, 2005;
WHO/FAO/UNU Expert Consultation, 2007). Pregnant teens require
even more protein as they will have continued growth requirements
during gestation.
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lll. PROTEIN QUALITY AND ITS MEASUREMENT

Dietary protein adequacy (aside from the energy/protein relationship) is
a function of several protein-dependent factors: the protein content of the
food, the digestibility /bioavailability of the protein/amino acids within
the food, the quantity of indispensable amino acids within the protein,
and the relative ratio of the amino acid content to the requirements of the
person(s) or amino acid standard in question. The final protein quality
score is dependent on the lowest level of bioavailable indispensable
amino acid, the limiting amino acid.

Over the years, different methods have been used for the determination
of protein quality for humans and production animals, with the general
standard method being the Protein Efficiency Ratio (PER) (FAO/WHO
Expert Consultation, 1991). PER can be defined as weight gain of test
group/protein consumed by test group. However, according to the 1991
FAO/WHO Expert Consultation, a major criticism of the PER assay is its
inability to credit protein used for maintenance purposes. For example, a
protein source may not support growth and therefore have a PER of zero,
but yet it may be adequate for maintenance purposes. The Expert Consul-
tation proposed that PER therefore be replaced by an assay based on
measures of the digestibility (bioavailability) of the protein in a food and
the amino acid composition of its protein, the PDCAAS. PDCAAS predicts
the biological value (BV) of a food, the effectiveness with which absorbed
dietary nitrogen can be utilized (WHO/FAO/UNU Expert Consultation,
2007). In turn, PDCAAS takes into account human indispensable amino
acid requirements. The FAO/WHO Expert Consultation (1991) proposed
PDCAAS as a means of assessing protein quality of both dietary mixtures
and individual food proteins. Shortly afterwards, PDCAAS was adopted
by the United States Food and Drug Administration for its 1993 nutrition
labeling regulations (Henley and Kuster, 1994). PDCAAS was further
endorsed by the WHO/FAO/UNU Expert Consultation (2007) and in
South Africa, for example, has been adopted for food labeling legislation
(South African Department of Health, 2002).

PDCAAS is calculated as true protein digestibility (TD) x Amino Acid
Score (AAS) (WHO/FAO/UNU Expert Consultation, 2007).

I—(F— Fy) x 100
I

True protein (N) digestibility (%) =

where [ is the nitrogen intake, F is the fecal nitrogen loss on the test diet,
and Fy is the fecal nitrogen loss on a protein-free diet.

TD is determined by rat bioassay (AOAC International, 2000),
although as will be seen the rat may not be an appropriate model to
estimate the protein digestibility of sorghum in humans.
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AAS = mg of limiting amino acid in 1 g test protein/mg amino acid in
required pattern (WHO/FAO/UNU Expert Consultation, 2007).

As an example, Table 2.4 shows PDCAAS calculations for sorghum for
different age groups based on their indispensable amino acid require-
ments according to the WHO/FAO/UNU Expert Consultation (2007).
Since the AAS shows that lysine is the most limiting amino acid in
sorghum, in this case PDCAAS is based on lysine. A TD value of 74%
(Daniel et al., 1966; Hopkins, 1981) obtained from a child feeding inter-
vention study was applied. However, as will be seen below, this figure is
probably an overestimate for sorghum. Irrespective of this, the PDCAAS
measurement reveals that sorghum protein is highly inadequate for all
age groups, being less than one-third of the maximum value of 1.0 of
proteins such as casein and egg white (WHO/FAO/UNU Expert
Consultation, 2007). The value of the PDCAAS is that if the score is 1.0,
policy planners are assured that the mg amino acids per g protein in that
food meets 100% of the indispensable amino acid requirements for an age
group. Protein requirements are based on body mass among other factors,
so the absolute amount of protein required for adults will exceed that
required for children, even though the amino acid requirements per
kilogram body weight are greater for infants and children than for adults
(Table 2.3) and that is the rationale for different amino acid patterns for
PDCAAS values (Table 2.4). A thorough discussion of the relative require-
ments for growth versus maintenance for different ages is given in the
2002 WHO/FAO/UNU Expert Consultation (2007) report. Another
application of the PDCAAS calculation is that one can easily determine
how much of a food will be required in a day to meet the amino acid
requirements for an individual. For that calculation, the quantity of pro-
tein in a food must be considered.

IV. SORGHUM PROTEIN QUALITY

A. Protein content and composition

The average protein content of sorghum grain is about 11% and ranges
between 7% and 16% (Serna-Saldivar and Rooney, 1995). This percentage
is in the same range as other major cereals, including wheat, maize, rice,
barley, and pearl millet (Table 2.5). However, the protein quality of
sorghum is generally substantially inferior to them, with the lysine con-
tent of its protein being substantially lower, 35-90% of the other cereals
(Table 2.5). The lower lysine content occurs because the major proteins of
sorghum, the kafirin prolamin storage proteins, are essentially lysine-free
(reviewed by Belton et al., 2006). Additionally, in comparison with maize
whose zein prolamins are very similar, sorghum has a relatively smaller



TABLE 2.4 AAS and PDCAAS values for sorghum calculated using the 2002 WHO/FAO/UNU Expert Consultation recommended scoring

patterns for indispensable amino acids”

Age group Lysine scoring Threonine Tryptophan PDCAAS (based
reference pattern AAS® scoring pattern AAS scoring pattern AAS on lysine)*

0.5 year 57 0.35 31 1.00 8.5 1.29 0.26

1-2 years 52 0.38 27 1.15 7.4 1.49 0.28

4-18 years 48 0.42 25 1.24 6.5 1.69 0.31

>18 years 45 0.44 23 1.35 6.0 1.83 0.33

 WHO/FAO/UNU Expert Consultation (2007) mg/g protein requirement.

b Calculated from USDA (2009) National Nutrient Database for Standard Reference NDB No. 20067, where lysine is 20, threonine 31, and tryptophan 11 mg/g protein,

respectively.
¢ Based on a TD of 74% (Daniel et al., 1966; Hopkins, 1981).



TABLE 2.5 Protein content, protein digestibility, lysine and leucine contents and PDCAASs of normal and improved protein quality lines of sorghum,
compared to wheat, maize, barley, and pearl millet (data from several sources as indicated)

Sorghum Wheat Maize Rice
Sorghum cv. cv. BTX 436 (hard red  (corn (brown Barley
P890812 (parent of  Sorghum cv. Sorghum  Sorghum  winter) white) long grain) (pearled)
Sorghum cv. (parent of Sorghum cv. 04CS11249-  04CS11249- cv. P521 (UsDA (USDA USDA USDA (USDA Pearl
Macia® ABS032)° ABS032° 1XTX436)°  IxTX436° opaque®  20067)° 20072)°  (20314)° (20037  20006)°  millet?
Normal Normal High lysine, Normal High protein ~ High- Normal
high protein digestibility lysine
digestibility mutant Mutant
transgenic
biofortified
sorghum

Protein 10.6 (0.0) 11.9 (0.1) 12.8 (0.2) 12.1(0.1) 11.9 (0.0) 10.6 124 14.5 10.5 9.6 7.24 145
(g/100 g
flour)

Protein 59.8°(0.7)  47.4°(4.8)  73.7°(2.5) 36.4°(1.7) 51.9°(5.6) 63.2°f 74! 86 85" 89’ 90/ 74.8°
digestibility 56.7%¢ 59.0% (not (not (polished, (not
(wet-cooked 59.8% stated) stated) not stated stated)
values, 50.6% 8557 853 83.8%/
unless (yellow  (rice type
indicated maize) not
otherwise) stated)

(%) 72/

Lysine 0.19 (0.02)  0.25(0.01)  0.41 (0.01) 0.18 (0.02) 0.26 (0.02) 0.31 0.25 0.39 0.30 0.37 0.27 0.48
(g/100 g
flour)

Leucine 1.43(0.07)  1.63(0.02)  1.33(0.04) 1.77 (0.12) 1.50 (0.06) 1.29 1.64 0.98 1.29 0.80 0.50 1.77
(g/100 g
flour)

Lysine 179 (21)  21.0(05)  32.0(0.6) 149 (1.2) 21.8(18) 295 202 26.9 28.6 385 37.3 33.1
(mg/g

protein)



Leucine 134.9 (6.3) 137.0 (1.9) 104.0 (3.2) 131.1 (9.0) 126.0 (4.9) 122 132.3 67.6 1229 83.3 69.1 1221

(mg/g
protein)
AAS (based on 0.34 0.40 0.62 0.29 0.42 0.57 0.39 0.52 0.55 0.74 0.72 0.64
lysine)
PDCAAS* 0.21 0.19 0.45 0.10 0.22 0.36 0.29 0.44 0.47 0.66 0.65 0.48
0.32 0.23 0.44 0.47 0.62
0.23 0.53
0.20

“ Own data, unpublished. Means and standard deviations (in parentheses) of four independent replicate analyses.

¥ Guiragossian et al. (1978), except where indicated otherwise.

¢ USDA (2009) National Nutrient Database for Standard Reference, except where indicated otherwise.

? Serna-Saldivar and Rooney (1995), except where indicated otherwise.

¢ In vitro pepsin method.

 Mertz et al. (1984).

& Axtell et al. (1981).

" True digestibility (FAO/WHO Expert Consultation, 1991).

' Hopkins (1981).

/ South African Department of Health (2002).

¥ PDCAAS calculated as protein digestibility x AAS for 3-10-year old children (based on lysine) using the WHO/FAO/UNU Expert Consultation (2007), using lysine and protein digestibility
values in this table in order given.
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germ and hence a lower level of the lysine-rich germ proteins (Taylor and
Schiissler, 1986). Hence, the AAS for lysine in sorghum is only between
approximately 35% and 44% of the 2002 WHO/FAO/UNU Expert
Consultation (2007) recommendations for the various age groups.

Sorghum protein also appears to have low levels of the indispensable
amino acids threonine and tryptophan and high levels of leucine
(reviewed by Klopfenstein and Hoseney, 1995). However, as shown in
Table 2.4, contrary to earlier suggestions (Klopfenstein and Hoseney,
1995), threonine does not seem to be deficient in sorghum protein. In
sorghum, there is a low ratio of tryptophan relative to leucine. The leucine
content of sorghum protein, approximately 13 g/100 g, is approximately
twice the 2002 WHO/FAO/UNU Expert Consultation (2007) scoring
pattern. Tryptophan is believed to have a sparing effect on niacin and
the levels of leucine in some sorghum diets may impair this sparing effect
and result in the occurrence of pellagra (reviewed by Klopfenstein and
Hoseney, 1995). Evidence from rat feeding trials supports the pellagra risk
theory concerning sorghum diets (Salter et al., 1985). However, Young and
Fukagawa (1988) disputed this risk after analysis of data from several
studies.

B. Protein digestibility

A second and important issue with regard to sorghum protein quality is
that the digestibility of sorghum proteins is lower than that of maize
(Elmalik et al., 1986; reviewed by Duodu et al., 2003), despite the fact
that the proteins are very similar. Additionally, and of particular signifi-
cance, sorghum protein digestibility is substantially reduced after wet
cooking (Axtell et al., 1981; Taylor and Taylor, 2002), as occurs when
sorghum flour is for example made into porridge, the most common
form of sorghum foods in Africa. Duodu et al. (2003) showed that the
reduction of in vitro protein digestibility that occurs when sorghum is wet
cooked has been found by many workers to be substantially greater than
that which occurs when maize is wet cooked. As a consequence, sorghum
foods have much lower protein digestibility than maize, wheat, rice, and
pearl millet foods (Mertz et al., 1984).

Research over more than 20 years has provided compelling evidence
that, although the causes of the reduction in sorghum protein digestibility
are multifactorial (Duodu et al., 2003), the major cause is cross-linking of
the kafirin prolamin proteins due to disulfide bonding (Ezeogu et al., 2005;
Hamaker et al., 1987; Rom et al., 1992). Disulfide bonding seems to specif-
ically involve the cysteine-rich y- and B-kafirin species (Oria et al., 1995)
which are concentrated at the surface of the endosperm protein bodies,
the organelles of kafirin storage (Shull et al., 1992). The cross-linking
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appears to render the major kafirin species, o-kafirin, which is located in
the center of the protein bodies (i.e., beneath the y-kafirin), less accessible
to protein hydrolysis. Additionally, the kafirin proteins seem to undergo a
more severe change in secondary structure on cooking than zeins, from
a-helical to B-sheet conformation, which also seems to adversely affect
their digestibility (Emmambux and Taylor, 2009).

The poor protein digestibility of sorghum seems to relate directly to its
inferior human nutritional value, although not surprisingly in view of
ethical issues, there has been very limited controlled experimental
research in this area. Probably the clearest demonstration was the work
of MacLean et al. (1981). The authors fed children, average age of
17 months who were recovering from PEM, a wet-cooked whole grain
sorghum-based diet. Four varieties of sorghum were used, two normal
(21-22 mg lysine/g protein) and two high-lysine (29-30 mg lysine/g
protein). Because of poor weight gain (or weight loss) and inadequate
nitrogen retention, most of the children did not complete the 7-9 day
experimental diet sequence. The mean absorption and retention of nitro-
gen from 26 6-day sorghum dietary periods were 46% and 14% of intake,
compared with preceding casein mean control values of 81% and 49%. Of
particular relevance is the fact that there were no differences between the
high-lysine and normal-lysine sorghum diets. The authors also compared
these findings with other comparable data for wheat, rice, potato, and
maize diets where the absorption and retention of nitrogen ranged from
66% to 81% and 20% to 34%, respectively. Further, the children’s stool
weight and energy losses for the sorghum diets were 2.5-3 times those of
the casein diets and substantially higher than values from wheat, rice,
potato, and maize diets. Additionally, the work showed that with all the
sorghum diets, 3-h postprandial levels of plasma lysine did not increase
compared to fasting levels and declined compared to fasting levels at 4 h,
indicative of lysine deficiency. A later study (MacLean et al., 1983)
appeared to give contradictory results in that children fed a diet contain-
ing sorghum that had been decorticated (debranned) and processed by
extrusion cooking showed very much higher nitrogen absorption and
higher nitrogen retention than in the previous study. These findings
have to be seen in context. Subsequent work showed that extrusion
cooking (essentially a dry type of cooking), unlike wet cooking, does not
reduce protein digestibility (Hamaker et al., 1994) and confirms that
removal of the outer layers of the sorghum grain improves protein digest-
ibility (reviewed by Duodu et al., 2003). However, at-risk people consume
conventionally wet-cooked sorghum and often it is prepared from milled
whole grain (personal observations).

Further, the findings of MacLean et al. (1981) confirm earlier work.
Kurien et al. (1960) replaced rice in the diet of seven normal boys, aged
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10-11, with various proportions of sorghum and found that the apparent
protein digestibility of the diet fell from 75% to 69% to 64% to 55% as the
proportion of sorghum increased from 0-25% to 50-100%. Nicol and
Phillips (1978)fed adult Nigerian men diets based on sorghum, cassava,
and rice and compared them to egg protein. The true digestibility of the
sorghum diet was found to be lower than that of any of the others and its
BV was superior only to that of cassava. The evidence of these studies was
summed up by Millward (1999) in a review of the nutritional value of
plant-based diets in relation to human requirements, who stated ““digest-
ibility does seem to present a problem for many mixed plant-based diets
and some cereals (e.g., millet [apparently referring to finger millet (also
known as ragi) (Eleucine coracana)] and sorghum), and this may be a major
problem for children in the developing countries.”

Results from rat feeding experiments, however, have not always
agreed with the human studies. Axtell et al. (1981) using three of the
four same sorghum varieties as MacLean et al. (1981) found similarly
high protein digestibility (N consumed minus N in feces) with all gruels
made from all the sorghums, both normal and high lysine. Further, the
protein digestibility of the gruels was similar to that which had been
found earlier in their laboratory when rats were fed uncooked sorghum
flours. They proposed that the young rat is much more efficient at digest-
ing sorghum proteins than children and therefore is not a good model.
The findings of Axtell et al. (1981) are explained by a comprehensive
sorghum food rat feeding study by Bach Knudsen and coworkers (Bach
Knudsen and Munck, 1985; Bach Knudsen et al., 1988a,b; Eggum et al.,
1983). These authors fed rats diets comprising neutral, acidic, and alkaline
porridges made from non-tannin and polyphenol-rich (tannin) sorghums,
and the uncooked sorghum flours. With all the types of porridges, there
was a substantial decrease in TD and generally an increase in BV com-
pared to the uncooked flours, with a great increase with high-tannin
sorghum porridges. Further, with the high-tannin sorghum porridge
diets, there was a substantial reduction in net protein utilization (NPU)
but no effect with the non-tannin and low-tannin sorghum porridge diets.
The authors attributed the reduction in TD to the kafirin proteins being
rendered unavailable by cooking. They proposed that the higher BV was
due to the undigested kafirins serving as a nitrogen source for bacteria in
the rat hind gut. This, plus fermentation by the rat of resistant starch
formed during sorghum processing, was suggested as the reasons for the
difference in sorghum food feeding values between rats and people. The
authors further proposed that the reason that the effects of the nutritional
parameters were exacerbated in rats fed the high-tannin sorghum diets
was due to complexation between the tannins and kafirins, the net effect
being a change in nitrogen excretory routes from the urine to the feces.
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V. RESEARCH TO IMPROVE SORGHUM PROTEIN QUALITY

Research to improve sorghum protein quality has been ongoing since the
1970s, especially at Purdue University. Singh and Axtell (1973) identified
high lysine lines from Ethiopia. However, these have very poor functional
quality as the grains are shrunken. By chemical mutagenesis of normal
sorghum using diethyl sulfate, a high-lysine sorghum mutant called P721-
opaque was developed. This has up to 60% higher lysine content due to a
reduction in the relative amount of kafirins (Guiragossian et al., 1978).
However, as described, when both of these types of high-lysine sorghums
were used in human feeding trials, there was no difference in perfor-
mance between them and normal sorghums (MacLean ef al., 1981). As a
result of the evidence that low protein digestibility is the major cause of
sorghum’s poor nutritional performance, improved protein digestibility
types were sought. By crossing P721-opaque with normal sorghums, lines
were obtained that had substantially improved protein digestibility,
10-15% higher in uncooked flour and 25% higher in cooked flour
(Weaver et al., 1998). These lines also have somewhat elevated levels of
lysine. The improved protein digestibility appears to be due to change in
the shape of the kafirin protein bodies from spherical to invaginated
(Fig. 2.1) (Oria et al., 2000). This change in shape results in the y-kafirin
species being concentrated at the bottom of invaginations where they
should not interfere with the digestion of the a-kafirin. Tesso et al.
(2006) identified a novel sorghum mutant with both high protein digest-
ibility and high-lysine traits, and a relatively hard endosperm. This
mutant was an F6 generation of crosses between P721-opaque and hard
endosperm sorghum lines. It has some 44% higher lysine than normal

FIGURE 2.1 Transmission electron micrographs of protein bodies from (A) normal
sorghum and (B) high protein digestibility mutant sorghum. PB = kafirin protein body,
CW = cell wall.
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sorghum and 20% higher protein digestibility. Very unusually, the grains
had areas of densely packed starch granules without the usual endosperm
protein matrix between them. The denser structure seemed to be respon-
sible for the relative hardness of the grain.

Data on the in vivo effects of the high protein digestibility sorghum are
very limited, but what there is does not show any nutritional improve-
ment. Nyannor et al. (2007) investigated the effects of two different high
protein digestibility sorghum lines, and normal sorghum and maize-
based diets on pigs (sorghum or maize only in the diets) and broiler
chickens (sorghum or maize, plus soya in the diets). It was found with
the pigs that there was no difference in the apparent ileal or total tract
digestibility of dry matter, energy, or nitrogen among the diets. Further,
the estimated digestible energy did not differ among the diets. With the
chickens, there was no difference in ileal digestibility for any of the
nutrients among the different diets. Total tract nitrogen retention was
better with maize than with any of the sorghums, although one of the
high protein digestibility lines was better in this respect than the other
and normal sorghums. There was no difference in the apparent metabo-
lizable energy content among any of the sorghum diets but metabolizable
energy was lower than in the maize diet, except for the one high protein
digestibility line.

The findings of Nyannor et al. (2007) and those of MacLean et al. (1981)
are consistent, showing the need to develop sorghum lines that have both
substantially improved protein quality and digestibility. The ABS project
is employing recombinant DNA technology to improve both sorghum
lysine content and wet-cooked protein digestibility. These improvements
are being achieved by suppressing the synthesis of specific kafirin species
that are very low in lysine and that are responsible for poor protein
digestibility (i.e., suppression of the synthesis of various combinations
of a-, v-, and §-kafirins) using RNA interference (RNAi) technology (Jung,
2008), as has been demonstrated with the maize zein prolamins (reviewed
by Shewry, 2007). Additionally, where appropriate, the synthesis of
lysine-rich proteins, such as HT12, an analog of barley hordothionin, is
being expressed (Zhao et al., 2003) and the catabolism of lysine by the
enzyme lysine ketoreductase (LKR) is suppressed. Sorghum transforma-
tion is brought about using a “super-binary” Agrobacterium vector (Zhao
et al., 2003). Preliminary data indicate that the kafirin protein bodies in the
endosperm of early transgenic biofortified sorghum lines are irregular in
shape, that is similar to those of the high protein digestibility mutant
(Fig. 2.1). The irregular shape is presumably a reflection of suppression
of kafirin synthesis.

Table 2.5 compares the protein quality in terms of lysine, leucine,
protein digestibility, and PDCAAS of different types of sorghum, includ-
ing an early transgenic biofortified sorghum line and other major cereals:
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wheat, maize, rice, barley, and pearl millet. It should be noted that most of
the protein digestibility values were obtained using the in vitro pepsin
method developed by Chibber et al. (1980). As can be seen, the in vitro
protein digestibility values from the Purdue University group (Axtell
et al., 1981; Mertz et al., 1984) seem to be in good agreement with the
FAO/WHO Expert Consultation (1991) TD values, which came from
Hopkins (1981). The only exception is the sorghum value of 74%, which
in turn came from Daniel et al. (1966), which is rather higher. As stated
earlier, many factors affect sorghum protein digestibility, these include
exogenous factors such as grain organizational structure, polyphenols,
phytic acid, cell wall components, and starch (reviewed by Duodu et al.,
2003), which can vary among individual samples. In fact, in the discussion
following the conference reading of the Hopkins (1981) paper, reference
was made to the effect of various factors on protein digestibility and there
was some criticism of these factors not being taking into account
(Hopkins, 1981). In response, Hopkins stated with specific reference to
sorghum and millet “with some of the largely vegetarian diets in some of
the developing countries, it is a different story [i.e., different from the
situation with regard to USA diets] and protein digestibility is of con-
cern”. Of relevance to this, Hopkins (1981) reported data that the true
digestibility of sorghum diets of Indian children was 66%, similar to
values for finger millet (ragi), 65-68%.

MacLean et al. (1981) found nitrogen absorption in sorghum diets to be
46 + 17%, which is of the same order as the Purdue pepsin in vitro
digestibility values (Axtell et al., 1981; Mertz et al., 1984), and on this
basis, Axtell et al. (1981) stated that the pepsin in vitro method gave
similar values to those obtained in human studies. With regard to the
accuracy of our own sorghum protein digestibility data in Table 2.5, it is
important to note that our in vitro pepsin protein digestibility results seem
to be in close agreement with those of the Purdue group (Axtell et al., 1981;
Mertz et al., 1984). For example, Macia, a white tan-plant sorghum, had a
protein digestibility of 59.8%, the same as Dabar another white tan-plant
sorghum (Mertz et al., 1984).

Table 2.5 shows that the lysine content of transgenic biofortified sor-
ghum protein was 52-115% higher than that of normal sorghums, 47%
higher than the high protein digestibility mutant, and 8% higher than the
high-lysine mutant. In comparison with the other major cereals, the pro-
tein lysine content of transgenic biofortified sorghum was somewhat
higher than that of maize and wheat, similar to pearl millet (Pennisetum
glaucum), but lower than that of pearled barley and rice. Thus, the AAS,
based on protein lysine content, of transgenic biofortified sorghum was
some 50-100% higher than that of normal sorghum and high protein
digestibility sorghum, and slightly higher than that of the high-lysine
mutant, maize, and wheat, similar to that of pearl millet but lower than
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that of pearled barley and rice. The protein leucine content of transgenic
biofortified sorghum was some 20% lower than in normal sorghum, and
15-17% lower than in the high protein digestibility and high-lysine
mutants.

The wet-cooked in vitro protein digestibility of transgenic biofortified
sorghum was 23-102% higher than that of the normal sorghums and
8% and 42% higher, respectively, than the corresponding levels in the
high-lysine sorghum and high protein digestibility sorghum mutants.
Importantly, the wet-cooked protein digestibility of transgenic bioforti-
fied sorghum was raised to levels approaching those of the other major
cereals. In this regard, it is important to point out that this early version of
transgenic biofortified sorghum was in a low-tannin sorghum (Type
2 sorghum) background. The tannins in tannin sorghum reduce protein
digestibility, both in vitro (Chibber et al., 1980) and in vivo (Bach Knudsen
et al., 1988a), primarily through complexing with the proline-rich kafirins
(Butler et al., 1984; Taylor et al., 2007). This kafirin—tannin complexation is
indicated by the relatively low protein digestibility of the transgenic
biofortified sorghum parent cultivar P890812. Thus, it is probable that
the wet-cooked protein digestibility will be improved somewhat further
when the protein quality traits are in non-tannin sorghum lines. The effect
of improving both protein lysine content and protein digestibility on
PDCAAS is substantial. The PDCAAS of transgenic biofortified sorghum
for 1-2-year-old children is double that of normal sorghum and the high
protein digestibility sorghum, and 25-40% higher than the high-lysine
sorghum. Significantly, the PDCAAS of transgenic biofortified sorghum
is the same level as maize, wheat, and pearl millet.

VI. WILL PROTEIN BIOFORTIFICATION OF SORGHUM
MAKE A DIFFERENCE?

The limited research that has been carried out on the effects of protein and
lysine biofortication/fortication of cereal staples on the nutritional status
of children has yielded mixed results. Daniel et al. (1966) carried out a
short-term study where a sorghum-rich diet was fortified with lysine or
lysine plus threonine in the form of free amino acids (i.e., not in proteins)
and given to 11-12-year-old girls from a low income group in India.
Fortification with lysine resulted in a small increase in nitrogen retention,
BV, and NPU. Fortification with lysine plus threonine resulted in a much
larger improvement in these parameters. It is noteworthy that the nitro-
gen retention of the unfortified sorghum-rich diet was only 8.6% com-
pared to the referenced skim milk-rich diet of 32.9%. Supplementation
with lysine plus threonine increased nitrogen retention to 21.8%.
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King et al. (1963) fortified wheat bread with the indispensable amino
acid lysine and undertook a yearlong study with chronically undernour-
ished children in Haiti aged 6-18 years. The experimental design was
such that there were eight groups of children divided according to age
and sex. A significant improvement in corpuscular hemoglobin concen-
tration was observed for three of the eight groups receiving the lysine-
fortified bread compared to the unfortified bread group and a significant
increase in height was observed in two of the groups. However, com-
pared to a control group, there was only an increase in hemoglobin
concentration in two of the groups. Significantly, the authors suggested
that other limiting factors such as threonine and vitamin A and riboflavin
would need to be addressed if optimal growth and hemoglobin responses
were to be obtained. Subsequently, in the 1970s, three major, long-duration
studies were undertaken where cereal-rich diets (rice, wheat, and maize) of
people in developing countries were fortified with lysine and other vitamins
and minerals (reviewed by Pellett and Ghosh, 2004). None of the studies
reported any significant health benefits, and a task force investigating the
reasons found that there were serious flaws in the design, methods, or
analysis in the studies (Latham, 1988).

More recently, two large, long-term, double-blind studies were under-
taken by Scrimshaw and coworkers, in which families in Pakistan and
China were given wheat flour fortified with lysine (0.6 g/100 g and 0.3 g/
100 g, respectively) or control flour to make into bread-type products as
their major dietary staple (Hussain et al., 2004; Zhao et al., 2004). A range
of anthropometric measurements and blood tests were performed and the
results analyzed according to men, women, and children. In both studies,
the height and weight increases of the children in the lysine-fortified flour
group were significantly higher than in the control groups. In the Pakistan
study (Hussain et al., 2004), transferrin levels increased significantly in
men, women, and children receiving lysine-fortified flour and hemoglo-
bin increased in the women. In the China study (Zhao et al., 2004),
hemoglobin levels were not affected. However, perhaps of importance
with respect to HIV/AIDS, CD3 T cell levels increased significantly in
women and children receiving the lysine-fortified flour and the increases
in the three immunoglobulins IgG, IgA, and IgM were highly significant
(p < 0.01) in the children.

With respect to the mixed findings on fortification of cereals with free
lysine, attention was drawn by the 2002 WHO/FAO/UNU Expert
Consultation (2007) to the issue of Maillard reactions between amino
acids, especially lysine, and sugars that can occur during food processing.
Maillard reactions adversely affect the bioavailability of amino acids.
Lysine, as a free amino acid, is particularly susceptible to loss through
the Maillard reaction (Ajandouz and Puigserver, 1999).
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The work of MacLean ef al. (1981) where there was no difference in the
effects of high-lysine sorghum compared to normal sorghum has already
been described. The findings of this study contrast sharply with those of
Graham et al. (1990) on high-lysine maize. These authors worked with
young children in Peru, aged 13-29 months, who were recovering from
malnutrition. The children were fed a diet comprising solely a porridge of
Quality Protein Maize (QPM) for a period of up to 90 days. QPM is a high-
lysine mutant and also contains elevated levels of tryptophan and lower
levels of leucine. The lysine level in the QPM cultivars used was 38—
40 mg/g protein, that is, 20% higher than in current transgenic bioforti-
fied sorghum lines (Table 2.5). In the diets, QPM provided all the protein
and lipid and 90% of the energy, the remainder coming from sucrose. The
diet was also supplemented with a full complement of vitamins. The
responses of the children on the QPM diet were compared to those of
similar children receiving a modified cow’s milk formula (CMF). Signifi-
cantly, the weight gain and height growth were the same between the
QPM and CMF groups. The QPM showed a small reduction in serum
albumin levels and the plasma-free total essential amino acids and ratio of
these to total essential amino acids was lower in the QPM group. With
reference to this, the authors stated that the lower plasma albumin levels
were a characteristic of vegetable (plant) protein diets. Concerning the
dramatic difference in response of the children fed high-lysine maize in
this study to those receiving high-lysine sorghum in the study of MacLean
et al. (1981), this seems to be related to the fact that, when sorghum is wet
cooked, its protein digestibility is considerably reduced, whereas this is
not the case with maize, as described above. In this respect, it is relevant
that, in another study by Graham and coworkers involving feeding
recovering malnourished children QPM, it was found that the children
fed QPM had significantly higher nitrogen retention than children fed
normal maize (p < 0.01) (Graham et al., 1989). Hence, the fact that trans-
genic biofortified sorghum has improved protein digestibility as well as
increased lysine is probably critical to it making a difference to children’s
nutritional status.

A. Potential impact of biofortified sorghum

The potential impact of biofortified sorghum can be evaluated by taking
Burkina Faso as an example. Sorghum is the most important staple in
Burkina Faso, accounting for 40% of cereal production (FAOSTAT, 2007).
There are serious child nutrition and health problems in Burkina Faso.
According to statistics from the Ministry of Health, in 2007, the average
incidence of malnutrition for children under the age of 5 years was 10.9%,
with 1.4% of children being severely malnourished (Burkina Faso
Ministry of Health, 2008). With respect to malnutrition-related diseases
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in the children, 5200 cases of anemia and 591 cases of xerophthalmia were
reported and PEM accounted for 4% of the principal causes of hospital
admissions.

With respect to protein intake in Burkina Faso, in 20032005, sorghum
contributed 28%, pearl millet 19%, maize 13%, groundnuts 11%, pulses
9%, rice 4%, meat 6%, milk 2%, and wheat 1% (FAO, 2008b). The total
cereal contribution to protein intake is 65% with PDCAAS values ranging
from approximately 0.28 (sorghum) to 0.66 (rice) (Table 2.5), using the
2002 WHO/FAO/UNU Expert Consultation (2007) reference pattern for
1-2-year-old children. Only 8% (milk + meat) of the dietary protein
intake sources has a PDCAAS of 1.0 (FAO/WHO Expert Consultation,
1991), yet the protein recommendations are based on a PDCAAS of 1.0.
Thus, with respect to sorghum meeting 28% of a 2-year-old child’s
(median weight 12.3 kg; FAO/WHO/UNU Expert Consultation, 1985)
safe requirement of 0.97 g protein/kg body weight per day (WHO/FAO/
UNU Expert Consultation, 2007), that is 3.3 g protein, the child would
have to consume

100 100 _ 90g sorghum grain

3.3 x & X 0285

#USDA (2009) National Nutrient Database for Standard Reference protein
content of sorghum grain
® PDCAAS of normal sorghum (Table 2.5)

The solids content of the sorghum T9, the gel-like porridge, consumed
in Burkina Faso and other Sahel countries, is approximately 20%
(Scheuring et al., 1982). Thus, the child would have to consume some
475 g of T6 made from normal sorghum per day, a very large amount.
The situation would be even worse in the case where sorghum was the
sole cereal consumed, which is often the case in the period before harvest
where other foodstuffs have all been consumed, as sorghum’s PDCAAS is
only approximately half that of the other cereals (Table 2.5). Then the child
would have to consume approximately 1.1 kg of sorghum T6 per day,
equivalent to 9% of its body weight. The requirement in high cereal diets
for extremely high cereal intakes to satisfy children’s protein requirement
is in agreement with analysis by Millward (1999) of dietary data from
West Bengal, India, published by Pellett (1996). In the West Bengal diet,
cereals supplied 90% of protein. Millward showed that the AAS for all
preschool children was less than 1.0. He concluded that the children,
when weaned, would need either extra milk or pulses if the energy
density of the diet did not allow them to increase food intake sufficiently.
In this context, it should be noted that the PDCAAS of milk and pulses are
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much higher, 1.00 and 0.77 (chickpea) for 2-year-old children (WHO/
FAO/UNU Expert Consultation, 2007) than those of cereals (Table 2.5).

The key issue is thus that with transgenic biofortified sorghum, the
fact that PDCAAS is doubled means that half the amount of T6 or other
sorghum cereal food needs to be consumed by the children in order to
meet their safe protein intake. This is based on the assumption that the
diet sufficiently meets their energy requirements. On the basis of the
findings of Graham et al. (1990) where QPM porridge met all the protein
requirements and 90% of the energy requirements of children of this age,
it would seem to be the case.

As indicated above, dietary protein cannot be considered in isolation
from dietary micronutrients. Widespread micronutrient malnutrition is
acknowledged in Africa. The major global micronutrient deficiencies iden-
tified in a United States Institute of Medicine publication (Committee on
Micronutrient Deficiencies, 1998) were vitamin A, iron, iodine, and zinc. It
was pointed out that the high intake of phytate in grain-based diets affects
mineral status. Among the various options for addressing micronutrient
deficiencies, supplementation, fortification, and food-based approaches,
the food-based approach attempts to correct the underlying causes of
micronutrient deficiencies and is most effective where there is widespread
availability, variability, adequacy, and acceptability. Periodic micronutri-
ent supplementation programs have been successful but are not sustain-
able (Committee on Micronutrient Deficiencies, 1998). Tang et al. (2009)
demonstrated that the biofortified Golden Rice, which contains 1.6-35 pg
fB-carotene (provitamin A) per gram dry rice, is effectively converted to
vitamin A in humans. With respect to transgenic biofortified sorghum,
preliminary data from early generation lines show reduced levels of
phytate, indicating higher iron and zinc bioavailability and similar levels
of provitamin A to Golden Rice (Dr Zuo-Yu Zhao, research scientists,
Pioneer Hi-Bred International). As an indication of the potential of provi-
tamin A biofortification, Van Jaarsveld et al. (2005) found in a controlled
experiment that children consuming orange-fleshed sweet potato contain-
ing approximately 100 pg B-carotene per gram showed improved vitamin
A status compared to those consuming normal white-fleshed sweet
potato. Through consumption of the orange-fleshed sweet potato, there
was an increase from 78% to 87% in the percentage of children with normal
vitamin A status.

VIl. CONCLUSIONS

Biofortified sorghum, developed using recombinant DNA technology,
has substantially improved protein quality in terms of lysine content
and wet-cooked protein digestibility compared to normal sorghum.
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In terms of PDCAAS, it is similar to other major cereals. In addition, the
biofortified sorghum will have higher bioavailability of iron and zinc and
significant levels of provitamin A. Thus, cultivation and consumption of
biofortified sorghum, Biosorghum, could provide a sustainable and
broadly comprehensive solution to the protein and certain micronutrient
deficiencies suffered by young children in sub-Saharan African countries
that are dependent on cereals as their staple food.
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