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Redefining Bean Iron Biofortification:
A Review of the Evidence for Moving
to a High Fe Bioavailability Approach

Raymond P. Glahn* and Hannah Noh

Robert W. Holley Center for Agriculture and Health, United States Department of Agriculture, Agricultural Research Service,
Ithaca, NY, United States

Iron biofortification of the common bean (Phaseolus vulgaris) commenced in earnest
~18 years ago. Based on knowledge at the time, the biofortification approach for beans
was simply to breed for increased Fe concentration based on 3 major assumptions: (1)
The average bean Fe concentration is ~50 wg/g; (2) Higher Fe concentration results in
more bioavailable Fe delivered for absorption; (3) Breeding for high Fe concentration is
a trait that can be achieved through traditional breeding and is sustainable once a high
Fe bean sample is released to farmers. Current research indicates that the assumptions
of the high Fe breeding approach are not met in countries of East Africa, a major focus
area of bean Fe biofortification. Thus, there is a need to redefine bean Fe biofortification.
For assumption 1, recent research indicates that the average bean Fe concentration
in East Africa is 71png/g, thus about 20 wg/g higher than the assumed value. For
assumption 2, recent studies demonstrate that for beans higher Fe concentration does
not always equate to more Fe absorption. Finally, for assumption 3, studies show a
strong environment and genotype by environment effect on Fe concentration, thus
making it difficult to develop and sustain high Fe concentrations. This paper provides
an examination of the available evidence related to the above assumptions, and offers
an alternative approach utilizing tools that focus on Fe bioavailability to redefine Fe
biofortification of the common bean.
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INTRODUCTION

Iron (Fe) deficiency anemia (IDA) is a global health issue affecting two billion people worldwide,
especially women and children. The prevalence is highest in regions such as Africa, South Asia, and
Latin America. Sub-Saharan Africa comprises 23.9% of global anemia cases, and in East Africa ~3
in 4 children under 5 years old suffer from anemia (Ngesa and Mwambi, 2014; Pasricha, 2014).
In Rwanda, a country located in East Africa, 17% of women of child-bearing age and 38% of
children are affected by IDA (Donahue et al., 2017), with the overall prevalence having increased
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from 17 to 19% from 2010 to 2015. In women of reproductive
age, the prevalence was 18.9%, but this value varied depending
on factors such as physical environment, socioeconomic status,
and level of education (Habyarimana et al., 2018). South Asia
constitutes 37.5% of global anemia cases, affecting more than
40% of women of reproductive age in this region (Pasricha,
2014; Petry et al.,, 2016a). In Central America, the prevalence
of anemia reaches 33.9%; in South America 46.2%; and in the
Caribbean 42.9%, with highest national rates found in children
<11 months old (Hummel et al., 2020).

Biofortification is the nutritional enrichment of food crops
via agricultural practices and plant breeding for higher
micronutrient levels of Fe, Zn, and provitamin A. Since 2003,
substantial research efforts, with about $192 million of beans
produced, have been invested in Fe biofortification of the
common bean (Phaseolus vulgaris) to bring more of this essential
nutrient into the food system of targeted regions such as
East Africa, South Asia, and Latin America (PABRA, 2017).
In Africa, bean Fe biofortification has been proclaimed a
“nutrition success story” with organizations such as HarvestPlus
and Pan Africa Bean Research Alliance (PABRA) citing a
human efficacy trial (Haas et al., 2016). Numerous testimonials
and anecdotal evidence have also been published by these
organizations (HarvestPlus, 2019).

The current approach to biofortification for beans is simply
to breed for high Fe, a strategy that has been applied for ~18
years. This approach is based on three major assumptions: (1)
the mean bean Fe concentration in target marketplaces is 50—
55png/g; (2) a higher concentration of Fe in bean varieties
correlates to greater Fe absorption when consumed; and (3)
a high Fe concentration (target value of 94 ug/g) is a stable
trait that can be achieved through traditional breeding methods.
These assumptions were established based on analysis of a
highly diverse “core collection” of beans established at the
Center for Tropical Agriculture (CIAT) in Cali, Colombia
in ~2,000 (Beebe et al., 2000; Islam et al., 2002; Beebe,
2020).

This collection showed an average bean Fe concentration
of ~50-55g/g, and a range up to ~90Lg/g. Based on the
observations of this collection, nutritionists calculated that a
40-44 ng/g increase would be necessary to provide meaningful
nutritional benefit. This calculation factors in assumed values for
estimated daily average iron requirements, intake, retention, a 7%
estimated fractional bioavailability, and the observed potential
for Fe concentration increase through breeding. Given the above,
the breeding target for bean Fe biofortification was set to
90-94 ppm (Mulambu et al., 2017).

Over the past several years, a number of studies have
been published suggesting that the 3 primary assumptions
listed above are often not met (Tako et al, 2014; Cichy
et al., 2015; Finkelstein et al., 2019). Most recently, a survey
of marketplaces in East Africa demonstrated that multiple
varieties released as biofortified were no different in terms
of Fe concentration relative to common marketplace varieties
(Glahn et al., 2020). Therefore, in this paper assumptions of
the high Fe bean biofortification approach will be examined
in light of recent studies and various evidence that supports

and refutes such assumptions. In addition, evidence for a data
driven approach that measures the amount of deliverable Fe
from foods will be offered as the way forward to redefine bean
Fe biofortification.

EXAMINATION OF THE MAJOR
ASSUMPTIONS OF BEAN IRON
BIOFORTIFICATION VIA BREEDING FOR
HIGH FE

Assumption #1: The Average Bean Fe
Concentration Is ~50 .g/g

As stated previously, this mean Fe concentration of 50 g/g
originates from the CIAT core collection of beans assembled back
in 2000 (Beebe et al., 2000). This assumption also appears to have
been extended to all beans in the food systems of targeted regions,
even though the CIAT collection was likely assembled from seed
grown in or around Cali, Colombia. Evidence of such assumption
can be found in several publications (Haas et al., 2016; Andersson
et al., 2017; Boy et al., 2017; Mulambu et al., 2017; Finkelstein
et al., 2019; HarvestPlus, 2019).

A recent study (Glahn et al, 2020) indicates that the
average bean Fe concentration of 50g/g does not apply
to all regions. This study collected 76 marketplace samples
from multiple countries of East Africa. In this collection, 18
samples were varieties released as “biofortified” samples, and 58
were “non-biofortified.” The average Fe concentration of non-
biofortified varieties was 71 £ 9ug/g (mean £ SD) ranging
from 52 to 93pg/g. The average Fe concentration of the
biofortified varieties was 71+ 11pg/g with a range of 55-
94 ng/g, essentially identical to non-biofortified samples. In
addition to the marketplace samples, the investigators collected
154 genotypes from bean breeders that were known to be
representative of the marketplace of the region. These samples
were collected as that marketplace samples can sometimes
be mixtures of varieties within a color class. Within this
collection from breeders, the investigators had 35 biofortified
and 119 non-biofortified varieties. The Fe concentration of
the non-biofortified varieties was 66 £ 7pg/g (range of
51-90g/g) which was significantly different (P < 0.0001)
from the biofortified lines (73 £ 9pg/g, range of 60—
91pg/g). However, it is important to note that the Fe
concentration of the biofortified lines of the breeder collection
were not different from the non-biofortified marketplace
collection. A summary of these observations is shown in
Figures 1, 2.

The conclusions of this study are profound. First, it clearly
showed that the average Fe concentration of 50 jLg/g observed in
the CIAT core collection was not representative of the countries
of East Africa. Second, the biofortified varieties in this collection
were similar in Fe concentration to the non-biofortified lines,
indicating that the biofortified varieties were providing no
additional dietary Fe. These observations also suggest that the
organizations releasing the biofortified lines did not assess the
Fe concentration of the marketplace in East Africa, and thus
assumed that the 50 pg/g average Fe of the CIAT core collection
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FIGURE 1 | Iron concentrations of seed collected from marketplaces throughout countries of East Africa. Points with green circles indicate lines released as
“biofortified.” Dashed line indicates the target value for biofortified beans. Adapted from Glahn et al. (2020).
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FIGURE 2 | Iron concentrations of seed collected from bean breeders of East Africa. The breeders submitted samples that were deemed representative of varieties
present in marketplaces throughout countries of East Africa. Points with green circles indicate lines released as “biofortified.” Dashed line indicates the target value for
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similar for other regions (Andersson et al., 2017; Mulambu et al.,
2017).

In a review of the literature, others studies also suggest that
the 50 ug/g average cannot be applied globally. For example,
mean Fe concentrations of beans have been found to be 68 pug/g
in Central Africa (Blair et al., 2010) and 69 pg/g in Brazil and
Latin America (Pereira et al., 2014). Collections from within the
United States were observed to have Fe concentrations of 60—
70 wg/g (Cichy et al., 2015; McClean et al., 2017; Wiesinger et al.,
2018).

In summary, the above studies indicate that the
first assumption of the high Fe approach, ie, an
average bean Fe concentration of 50png/g, cannot
be applied globally, and certainly is not wvalid in

East Africa, one of the key regions of the world for
bean biofortification.

There appear to be no studies that specifically address
soil and environmental factors that influence Fe concentration
in beans as related to biofortification. Rather there are
a multitude of studies on Fe uptake and homeostasis in
plants demonstrating that Fe content can be influenced
by genotype, weather, soil nutrient composition, uptake by
the roots, translocation, and redistribution within the plant,
followed by remobilization and mineral loading into the
seeds (Kobayashi and Nishizawa, 2012; Dey et al, 2020). In
general, it appears safe to say that assessment of genotype by
environment and phenotype stability for seed Fe content across
different agro-ecologies has not been adequately examined in
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FIGURE 3 | Iron concentrations of genotypes grown in nine locations across three agro-ecological zones in Uganda, field season 2015 (squares) and 2016 (circles).
Adapted from Katuuramu et al. (2021). Dashed line indicates mean Fe concentration of all values.

common bean. Stability of this trait appears essential for this
assumption to be valid.

Assumption #2: Higher Fe Concentration
Results in More Bioavailable Fe Delivered

for Absorption

This assumption depends on fractional bioavailability of a high
Fe bean remaining sufficiently similar to that of a normal Fe
variety. Programs using the high Fe approach are assuming
that fractional Fe absorption is not decreased significantly when
Fe concentration is increased. However, higher levels of Fe
concentration have been associated with subsequently higher
levels of Fe uptake inhibitors, and the effects of such higher
levels of inhibitors have been demonstrated via comparison of
bean varieties from the same harvests in two major human trials,
with simultaneous studies conducted in vitro and in animals
(Tako et al., 2014, 2015; Haas et al., 2016; Finkelstein et al.,
2019). Measurement of seed coat polyphenol content and phytate
concentration indicated that these inhibitors partially negated the
benefit of higher Fe in one study (Tako et al., 2015; Haas et al,,
2016) and almost completely negated the benefit in the other
(Tako et al., 2014; Finkelstein et al., 2019). Another study exists
where in vitro assessment coupled with an animal feeding trial
compared a pair of carioca beans (Dias et al., 2018). In this study,
anormal Fe (64 ng/g) was compared to a high Fe (85 .g/g) bean
both alone and in the context of a Brazilian diet designed to
optimize Fe bioavailability from the bean. The results showed low
bioavailability from the beans alone, with no difference. However,
in the context of the diet, the high Fe bean appeared to deliver
slightly more Fe. This study coupled with the observations from
the parallel studies conducted with the human efficacy studies
mentioned above clearly show the importance of monitoring Fe

bioavailability from beans both alone and in the context of a diet
in a biofortification program. A protocol or plan to monitor Fe
bioavailability does not appear to be in place by any organization
or program producing high Fe beans. Such monitoring would
have to be conducted via an in vitro approach as in vivo
testing would be impractical due to cost and lack of throughput
capability (Glahn et al., 1998).

Current knowledge demonstrates that bioavailability of Fe in
beans is a function of 3 major factors: the seed coat polyphenolic
profile, phytic acid, and the cotyledon cell wall. In general,
phytic acid levels are consistently in high molar excess relative
to Fe, usually at a 10:1 (phytic acid: Fe) or higher ratio, thus
the inhibitory effect is near or at maximal. Similar to other
organic acids such as citrate, the relative molar excess of phytic
acid inhibits Fe uptake as it limits exchange of Fe with the
intestinal uptake transporter (Glahn et al., 2002). The cotyledon
cell wall is a major factor as 70-90% of the Fe in beans is
housed within the cotyledon cells, and the cell wall is not broken
down by cooking, mastication, or the digestive enzymes of the
intestinal tract (Glahn et al., 2016). Polyphenolic compounds
in the seed coat represent the third major factor that can
influence Fe bioavailability. For most market classes of beans,
the seed coat polyphenols are predominantly inhibitory in regard
to Fe bioavailability; although recent studies have shown that
varieties within the yellow bean market class exhibit seed coat
polyphenolic profiles that enhance Fe bioavailability (Wiesinger
etal., 2018, 2019).

Presoaking and cooking is an important factor to consider in
regards to Fe bioavailability from beans. For polyphenolic
compounds, the effects of cooking and presoaking on
polyphenol-Fe binding have not been thoroughly studied.
In vitro studies of Fe bioavailability indicate that presoaking
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and cooking has little effect on the polyphenolic effects on Fe
bioavailability (Glahn et al., 2017; Wiesinger et al., 2020, 2021).
For phytic acid, a study of Canadian pulse crops demonstrated
that soaking and cooking had no effect on reducing phytic acid
levels in beans (Shi et al., 2018). Cooking and soaking certainly
have an effect on other “anti-nutrients” in the common bean, but
aside from loss of Fe in cooking water these steps appear to have
minimal effect on the net inhibitory role of phytate and the net
inhibitory or promoting role of polyphenols on Fe bioavailability
(Wiesinger et al., 2018, 2019, 2020, 2021).

It is important to note that most estimates of bean Fe
bioavailability in biofortification have been done via extrinsic
isotopic labeling. Extrinsic isotopic labeling is a method of Fe
absorption measurement that has been used for over 50 years
and is generally preferred because intrinsic labeling is time-
consuming and expensive. With extrinsic labeling, the stable
isotopic extrinsic label, usually >’Fe or *3Fe is simply added to
the food in a known quantity, and extrinsic and intrinsic Fe are
assumed to mix and equilibrate fully during the gastric phase
of digestion. Both Fe sources are assumed to be absorbed by
the upper small intestine in similar ways (Szabo et al., 1975).
However, in a recent study on the extrinsic labeling of staple
food crops, including beans, maize, and lentils, measurement
of Fe solubility of the extrinsic label often did not match with
the intrinsic Fe (Glahn et al., 2015). These observations clearly
indicate that equilibration of the extrinsic with the intrinsic did
not occur (Jin et al., 2008; Glahn et al., 2015). Therefore, the
current bioavailability estimates that have guided the high Fe
approach may be flawed as equilibration of extrinsic labels used
in the guiding absorption studies was not assessed (Petry et al.,
2012, 2014; Haas et al., 2016).

In summary, monitoring of Fe bioavailability from biofortified
bean varieties has not been done in any distribution program.
There appears to be only a few studies where bean Fe
bioavailability was measured, and those were conducted via
extrinsic labeling with no effort to determine if the equilibration
assumption of extrinsic labeling was met. Moreover, analysis of
extrinsic labeling in multiple staple food crops, including beans,
indicates that equilibration of the extrinsic label with intrinsic
Fe is often not achieved. Thus, there is little to no evidence
that supports the assumption that higher bean Fe concentration
equates to more Fe absorption. In fact, studies of this assumption
demonstrate that bean Fe bioavailability is the primary factor that
equates to enhanced Fe delivery.

Assumption #3: Breeding for High Fe
Concentration Is a Trait That Can Be
Achieved Through Traditional Breeding and
Is Sustainable Once a High Fe Bean
Sample Is Released to Farmers

As stated previously, The target value of 90-94 jLg/g was selected
based on the premise that the average bean Fe concentration
is 50-55.g/g, and that the 40 ug/g differential of biofortified
vs. “normal” was calculated to be necessary to have nutritional

benefit, with a fractional Fe bioavailability of the bean estimated
at 7% (Mulambu et al., 2017; Beebe, 2020). While sufficient

variability has been discovered in bean Fe concentration
indicating that high Fe can be a trait to select for, recent
studies also indicate a strong environment (E) and genotype by
environment (G x E) influence on Fe concentration. It is also
important to note that this target value for high Fe concentration
appears to be at the high end of the range of Fe concentrations
observed for beans.

To illustrate the E and GxE effect on Fe concentration,
consider the results illustrated in Figure 3. In this study, Fe
concentration of 10 bean varieties grown across 2 consecutive
growing seasons in 9 different agroecologies in Uganda is
summarized (Katuuramu et al., 2021). The results clearly show
high variability across location for any given variety, ~30-
40 pg/g. In addition, relevant to the discussion of the previous
assumption of an average bean Fe concentration assumption
of 50 ug/g, the results also indicate a much higher average of
60-75 jLg/g. These results clearly indicate that Fe concentration
is not a stable trait across multiple locations over a relatively
small area such as Uganda. Moreover, the 30-40 pg/g range for
these varieties suggests that Fe concentration is not a stable
trait. Also, the observed average Fe concentration of 65 jLg/g for
all values would mean that a high Fe target value of 105 pg/g
would be necessary to meet the assumptions of the high Fe
biofortification approach. As shown in Figures 1, 2, values above
90 |vg/g are uncommon.

Iron bioavailability measurements from this GxE study
indicate that Fe bioavailability is a highly heritable trait
(Figure 4). In addition, Fe concentration and Fe bioavailability
were not correlated (Figure 5), with a yellow bean Manteca and
white bean varieties consistently delivering more Fe regardless
of concentration. These observations suggest that the high
Fe bioavailability trait may already be established in certain
market classes.

In summary, the study by Katuuramu et al. (2021), appears
to be the only published study demonstrating the GxE effect on
bean Fe concentration. Most importantly this study is a 2 year “on
farm” trial thus demonstrating the variance in Fe concentration
that can occur once varieties are released to farmers. At present,
the authors of this paper are aware of one other data set,
currently under analysis, that investigates the GxE effect on
bean Fe concentration that has been developed to examine this
assumption as related to bean Fe biofortification. Thus, there
appears to be very little evidence that the high Fe concentration
can be a sustainable trait across a region of any defined size.
This assumption is critical to the high Fe approach, as without
tulfillment, the strategy fails.

IRON DELIVERY: AN ALTERNATIVE
APPROACH TO IRON BIOFORTIFICATION
OF BEANS

In general, the high Fe approach to bean Fe biofortification
relies on the belief that infusion of sufficient additional Fe into
the diet from beans will result in more Fe absorbed and thus
alleviation of Fe deficiency. Indeed, if all of the assumptions
of this approach are met, then it would be reasonable to
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FIGURE 4 | Iron bioavailability of genotypes grown in nine locations across three agro-ecological zones in Uganda, field season 2015 (squares) and 2016 (circles).

expect such effect to occur. However, as discussed previously,
there is a multitude of evidence to indicate that the key
assumptions of the high Fe approach are not met for bean Fe
biofortification. Therefore, if beans are to be utilized as a vehicle
to deliver more absorbable Fe into a diet, an alternative approach
is needed.

Multiple studies now indicate that shifting to a strategy that
focuses on “iron delivery” may be the best approach to improve
the nutritional quality of Fe from beans. This approach utilizes
knowledge of factors that affect Fe bioavailability and utilizing
models that can measure and monitor Fe bioavailability at
relatively low cost with high throughput of samples. Examples of
such factors include disruption of the cotyledon cell wall in order
to release intracellular Fe, reduction of phytic acid via activation
of endogenous phytase via soaking prior to consumption,
consideration of the influence of other components in the
diet or in meals eaten with beans, and traits such as seed
coat polyphenolic profiles that enhance Fe uptake rather than
inhibit. It is important to remember that Fe is micronutrient,
existing in relatively small quantity as compared to proteins,
carbohydrates, fiber, organic acids, and phytochemicals. As a
cation, it is easily complexed and exchanges with the components
of a meal depending on pH and strength and nature of the
bond to a compound. This dynamic interaction of Fe with food
components means that assessment of Fe bioavailability within
an individual food and within a meal must be a key feature of a
crop biofortification program.

The immediate tools that are available for an “iron delivery”
approach are the Caco-2 cell bioassay for Fe bioavailability
coupled with a poultry feeding model to identify, confirm,
and monitor nutritional gains (Tako et al, 2016; Wiesinger
et al., 2018, 2019; Glahn et al., 2020). These models have been
thoroughly validated relative to human studies and represent an

approach that is data-driven and cost-effective. Studies have also
shown that the Caco-2 cell bioassay can be semi-quantitative in
predicting the amount of Fe that could be taken up from a given
food or meal (Yun et al., 2004).

Consider the following accomplishments in knowledge of
Fe nutrition from beans, developed with the use of the Caco-
2 cell bioassay alone, and in conjunction with animal feeding
trials. First, the Caco-2 cell bioassay has been instrumental
in defining the influence of seed coat polyphenols on Fe
bioavailability. Initial studies demonstrated that the seed coat
polyphenols play a strong role in bean Fe bioavailability by
comparing white vs. red beans (Lung’aho and Glahn, 2010; Tako
and Glahn, 2010). Subsequently, this approach dispelled the
traditional belief that all seed coat polyphenols are inhibitors
of Fe uptake. In recent years a series of experiments using
the Caco-2 cell bioassay demonstrated that not all seed coat
polyphenols are inhibitors, and some are clearly promoters of Fe
bioavailability (Hart et al., 2015, 2017, 2020). In related work,
studies of the yellow bean market class with the Caco-2 cell
bioassay demonstrated that the relatively high Fe bioavailability
found in certain varieties was due at least in part to the
preponderance of Fe uptake promoting polyphenols relative
to inhibitory polyphenols (Wiesinger et al, 2018, 2019). In
similar work, the slow darkening trait of pinto beans was
identified by the Caco-2 cell bioassay as a strong factor to
promote Fe bioavailability, presumably due to polyphenolic
profile, i.e., a preponderance of Fe uptake promoters relative
to inhibitory compounds (Wiesinger et al, 2021). This was
a significant discovery as slow darkening pinto varieties are
already widely grown in the upper Midwest region of the
US and are highly favored by growers and consumers; thus,
the Caco-2 bioassay identified a popular trait with enhanced
nutritional value.
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Application of the Caco-2 cell bioassay demonstrated that the
fast-cooking trait is also linked to improved Fe bioavailability
(Wiesinger et al., 2016). Moreover, the fast cooking trait appears
to be at least partially due to the preponderance of seed
coat polyphenols that promote Fe bioavailability, as well as
factors such as thinner cotyledon cell walls. Studies of the
fast-cooking trait with the Caco-2 cell bioassay also lead to
the observation that the cotyledon cell wall is a major barrier
to Fe uptake from beans and other legumes (Glahn et al,
2016). Subsequent work demonstrating rupture of the cotyledon
cell walls through processing techniques exposed the untapped
resource of intracellular Fe in beans thus allowing for food
science opportunities to generate products with enhanced Fe
delivery (Wiesinger et al., 2020).

The strategy of enhancing Fe bioavailability via post-harvest
processing to reduce PA or inhibitory polyphenols is a research
area that shows promise to enhance Fe bioavailability. Multiple
studies provide evidence that soaking, and method of cooking
can alter these factors and enhance or reduce Fe delivery
(Nakitto et al., 2015; Feitosa et al., 2018; Hummel et al., 2020).
Also, reduction of phytate via transgenic expression of phytase
shows promise in crops such as maize, wheat and peas but
has not been published in the common bean (Drakakaki et al.,
2005; Abid et al,, 2017; Chouchene et al., 2018). These phytate
reduction approaches have not been properly explored in the
common bean via an established model such as the Caco-
2 bioassay, but certainly could be easily addressed. Similar
studies in lentils using the Caco-2 cell bioassay show promise
as reduced phytate and enhanced Fe bioavailability can be
achieved depending on location of harvest and post-harvest
processing (DellaValle et al., 2013; DellaValle and Glahn, 2014).
However, although reduction in phytate via bean genotype,
or via phytase treatment has been shown to increase Fe
absorption in humans, the results must be interpreted with
caution (Petry et al,, 2013, 2014). In these studies, extrinsic
isotopic labeling was the method for measuring Fe absorption,
and this approach is potentially flawed due to possible incomplete
equilibration of the extrinsic label with intrinsic Fe of the
beans (Glahn et al., 2015, 2017). In addition, low phytate beans
have been shown to cause adverse gastrointestinal symptoms
(Petry et al.,, 2016b); however, it should be noted that these
studies on phytate reduction in beans could yield different
results depending on the color class of beans. For example,
low phytate white beans could yield high Fe bioavailability,
as there would be no seed coat polyphenols to inhibit Fe
bioavailability in the absence of phytate. Conversely, reduction
of phytate in black beans or red beans could have no benefit
as the seed coat polyphenols tend to be highly inhibitory of
Fe bioavailability and thus the polyphenols would negate the
benefit of lower phytate (Glahn et al., 2017). Such possibilities
further justify an approach using a screening tool such as
the Caco-2 cell bioassay to define these potential effects on
Fe bioavailability.

The Caco-2 cell bioassay fills a key role in studies of Fe
nutrition due to its low cost and high throughput capability.
As it is now thoroughly validated relative to human studies it
can address research objectives of Fe nutrition, such as those
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FIGURE 5 | Scatter plots illustrating the relationship between cooked seed
iron and iron bioavailability of the ten genotypes grown in nine locations across
three agro-ecological zones in Uganda. Each value represents the mean of
two field replicates per genotype from each location for field season 2015 and
2016 (n = 179). Adapted from Katuuramu et al. (2021).

mentioned previously, that would be impractical and cost-
prohibitive to address via other models, especially human studies.
Used appropriately, it has the potential to act as a monitoring
tool of Fe delivery from foods such as beans and other staple
food crops, with capability to provide a quantitative estimate of
Fe uptake from foods (Yun et al., 2004). The Caco-2 cell bioassay
has been shown to have the capability to assess components
of a diet or meal plan, identifying foods consumed with beans
with beans that can influence Fe bioavailability from bean Fe
(Glahn et al.,, 2017; Dias et al., 2018). Such application can be
particularly useful in planning for human efficacy trials of bean
varieties targeted for a specific region or food system. Moreover,
when coupled with the poultry model of Fe nutrition it can
further refine conditions and objectives for human trials, thus
enabling added confidence in success of costly human studies.

SUMMARY

This paper presents the perspective that the current high Fe
approach to bean Fe biofortification may not be effective at
alleviating iron deficiency anemia as the major assumptions
of this approach are not being met. The most profound
evidence for this perspective is exemplified in a recent study
of beans from countries of East Africa, where varieties released
s “biofortified” were found to be no different than non-
biofortified lines present in the marketplace (Glahn et al., 2020).
Moreover, a recent “on farm” study in Uganda demonstrates
the difficulty of consistently producing beans high in Fe that
can deliver more bioavailable Fe (Katuuramu et al, 2021).
Indeed, in this region it appears that the high rates of iron
deficiency anemia have evolved and persisted in the presence of
bean varieties that are substantially higher (~20 pg/g) than the
assumed average Fe concentration of non-biofortified beans. This
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observation suggests a broad programmatic lack of assessment
of the bean varieties present in the East Africa food system
prior to or since the initiation of the high Fe approach ~18
years ago. Similar programs for bean Fe biofortification are in
place in regions such as Central and South America, however
a similar assessment has not yet been done or published of
these regions.

The perspective of this paper also advocates for a redefinition
of bean Fe biofortification. In contrast to what was known
18 years ago, when the high Fe approach was initiated,
a body of work now exists to show that a strong focus
on factors and traits that promote Fe bioavailability and
enable delivery of absorbable Fe. This approach should be
data driven and not based on assumptions, utilizing in vitro
tools, animal trials and other analytical techniques to facilitate
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