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Bananas and plantains (Musa spp.) are a staple food for millions of impoverished people and as such are
an important source of vitamins and micronutrients. To evaluate the potential of Musa spp. to meet die-
tary micronutrients requirements, we have screened 171 different genotypes for fruit provitamin A
carotenoids (pVACs) contents, and a subset of 47 genotypes for macro- and micro-mineral (iron and zinc)
contents using standardised sampling and analytical protocols. The results indicate that there is substan-
tial variability in mean fruit pulp pVACs contents between cultivars, and that cultivars with a high fruit
pVACs content are widely distributed across the different genome groups but only at a low frequency. The
introduction of such high pVACs cultivars has much potential for improving the vitamin A nutritional sta-
tus of Musa-dependent populations at modest and realistic fruit-consumption levels. In contrast, fruit
pulp mineral micronutrient contents (iron and zinc), were low and showed limited inter-cultivar variabil-
ity, even for genotypes grown under widely-differing environments and soil types. Results are discussed
within the framework of the development of strategies to improve the nutritional health and alleviation
of micronutrient deficiencies within Musa-consuming population groups.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Humans need a wide selection of essential nutrients for normal
growth and development. If these are not met, not only do popula-
tion mortality and morbidity rates increase, but the capacity of
individuals to develop and to work normally is also affected. Re-
cent reports from WHO/World bank indicate that micronutrient
deficiencies still afflict alarmingly high proportions of the world’s
population and that literally billions of people in developing coun-
tries are affected. To address these issues, the Consultative Group
on International Agricultural Research (CGIAR) formed ‘Harvest-
Plus’, an initiative coordinated by the International Centre for Trop-
ical Agriculture (CIAT) and the International Food Policy Research
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Institute (IFPRI) (<http://www.harvestplus.org/>) that ‘‘seeks to re-
duce the effects of micronutrient malnutrition (especially vitamin
A, iron and zinc deficiencies) by harnessing plant breeding to de-
velop staple food crops that are rich in micronutrients”. The scale
of the problem though is enormous. Vitamin A (vit A, retinol) defi-
ciency is recognised to be a public health problem in 118 countries,
with close to 20 million pregnant women being vit A-deficient. In
addition an estimated 100–140 million pre-school children are vit
A-deficient, of which 250,000–500,000 become blind every year
and 50% die within 12 months of becoming blind. Iron (Fe) defi-
ciency is the most common micronutrient deficiency in the world,
affecting up to 1/3rd of the world’s population and the WHO esti-
mates that most pre-school children and pregnant women in
developing countries are Fe-deficient (Genc, Humphries, Lyons, &
Graham, 2005; Welch & Graham, 1999, 2004). The lack of a stand-
ardised procedure to measure Zinc (Zn) deficiency prevents reli-
able estimates of the number of Zn-deficient people being made,
but around 20.5% of the world’s population is thought to be at risk
(Wuehler, Peerson, & Brown, 2005).

Reducing these vitamin and mineral deficiencies is an essential
part of the overall effort to fight hunger and malnutrition. Two op-
tions to increase intakes are to provide doses of micronutrients in
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the form of pills, capsules or syrups (supplementation), or to add
micronutrients to processed foods (food fortification). However
diversifying the diet and increasing the micronutrient content of
staple crops grown in developing countries are generally regarded
as more sustainable approaches. Increasing crop micronutrients
contents can be realised through the exploitation of existing micro-
nutrient-rich germplasm or through breeding crops for increased
micronutrients levels (biofortification). Traditionally, crop-breed-
ing programs have focused primarily on traits such as yield and
disease resistance as it is technically difficult and expensive to
screen progeny for enhanced micro-nutrients contents. Nonethe-
less, with the increase in the world’s population, biofortified crops
are increasingly seen as a low-cost, sustainable way to reach peo-
ple with poor access to health-care systems and/or formal markets.

With an annual production of around 100Mt, bananas and plan-
tains (Musa spp.) are the world’s fourth most important food crop.
The fruits are not only consumed raw, but are also processed in a
wide range of manners and at all stages of ripening and develop-
ment. As such they provide a starchy staple across some of the
poorest parts of the world, including Africa and Asia, and in some
regions consumption may be as high as 400 kg per person per year
(<http://faostat.fao.org/>). This dependence of millions of poor on
bananas, plantains and their derived food products means that
they are an important source of dietary minerals and vitamins.
Therefore, the introduction or promotion of micronutrient-rich
cultivars can have significant long-term beneficial impacts on the
incidence of the micronutrient deficiencies and health of the
inhabitants of these regions.

Most dietary vit A is obtained from plants as so-called provita-
min A carotenoids (pVACs) which are broken down in the body to
yield vit A (Fraser & Bramley, 2004; Yeum & Russell, 2002). Natu-
rally orange-coloured foods are often an indication of a high
carotenoids content and orange-fleshed banana and plantain fruits
have been shown to contain high levels of pVACs (Davey, Keule-
mans, & Swennen, 2006; Englberger et al., 2003). However despite
these results, there has been no systematic survey of the degree of
genetic diversity for either fruit pVACs or for mineral macro- and
micronutrients contents within the Musa germplasm pool.

In order to assess the degree of diversity in Musa fruit pVACs
and mineral micronutrients contents, we have screened fruit of ba-
nana and plantain cultivars obtained from all the major genome
groups using standardised sampling, analytical and growing condi-
tions (Davey et al., 2006, 2007). The aim of this work was thus to
establish ‘baseline’ or ‘reference’ values for the mean fruit micro-
nutrient (pVACs, Fe and Zn) contents of a wide range of individual
Musa genotypes and to provide an idea of the potential of new and
existing Musa cultivars to contribute to an improved nutritional in-
take of populations in regions where this crop is an important
staple.
Table 1
Overview of the sample collection sites and cultivation environments.

Country Organisation Site

Cameroon CARBAP (Centre Africain
Régional de Recherches sur
Bananiers et Plantains)

CARBAP, Njombé

Uganda Bioversity International,
Kampala

Kawanda Agricultural Research Instit

Hawai’i USA Pacific Consulting Services,
Haiku

National Tropical Botanical Gardens
University of Hawai’i Extension Agric
Ko’olau Forest Reserve
Maui Nui Botanical Gardens
Alex Bode’s Collection

Philippines Davao National Crop
Research and Development
Centre

Banana Genebank, at the Bureau of P

Cambodia Bioversity International Home Gardens, Kien Syay district,
2. Materials and methods

2.1. Cultivars and cultivation conditions

Fruit samples were obtained from germplasm collections main-
tained by CARBAP (Centre Africain Régional de Recherches sur
Bananiers et Plantains) at Njombé in Cameroon, from individual
registered farms in Eastern Uganda, from collections on the islands
of Maui and Haiku, USA, and from the Banana Genebank, Davao
City, Philippines. Two Cambodian cultivars were collected from
home gardens, in the Kien Svay district, Kandal Province in Cambo-
dia and fruit of the commercial ‘Cavendish’ banana were purchased
from a local Belgian supermarket. All fruits were healthy and
undamaged. Details of the collection sites and environmental con-
ditions are summarised in Table 1.

2.2. Fruit sampling

Standardised sampling protocols to account for all the variabil-
ity in pVACs contents present within the fruit of any one bunch
were used. This involved collecting fruit from the middle of hands
situated at the top (proximal), middle and bottom (distal) end of
each bunch, and where possible from bunches harvested at the
same time (Davey et al., 2007). The fruit maturity stage was esti-
mated according to the peel colour essentially as described by Dad-
zie & Orchard, 1997 (Dadzie & Orchard, 1997). According to this
scale, stage 1 is unripe/immature, stage 3 starting to ripen, stage
5 ripe, stage 7 fully ripe and stage 9 overripe. Unless noted other-
wise, fruit were harvested at the immature green stage (stage 1).
An overview of the collection site, genome group, the number of
fruits, maturity stage and other important descriptors for each
individual cultivar is given in Supplementary table 1.

2.3. Fruit transport

All fruits obtained from CARBAP were sliced and frozen imme-
diately after harvest and lyophilised before shipping to the labora-
tory in Leuven (Belgium) in sealed, polyethylene bags in the dark.
All other fruits were transported fresh in padded boxes with free
air circulation, and as far as possible, maintained at temperatures
of around ±8 �C.

2.4. Processing of fresh fruit

Upon arrival, fresh fruits were immediately weighed, sliced
lengthwise and photographed next to a standardised colour chart
(chart B) (IPGRI-INIBAP/CIRAD, 1996), and then sliced again later-
ally into quarters. Samples of the peel and the flesh pulp were sep-
arately snap frozen in liquid nitrogen for lyophilisation (Labconco,
Province Longitude Latitude Altitude

Littoral 4 35’ N 9 39’ E 80 m

ute Lewengo 0 25’ N 13 32’ E 1190 m

Hana, Island of Maui 21 N 156 W 400 m
ultural Station Kona, Island of Maui 21 N 156 W 400 m

Island of Maui 21 N 156 W 330 m
Island of Maui 21 N 156 W 0 m
Haiku, Island of Maui 21 N 156 W 100 m

lant Industry, Bagao Oshiro 7 N 125.5 E 114 m

Kandal province 4� 28’ N 111� 57’ E 15 m

http://faostat.fao.org/
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FreeZone 4.5l, Model 77510, Beun De Ronde, Belgium). Diagonally
opposite quarters of lyophilised fruit pulp/peel tissues were pooled
and homogenised to a fine powder by grinding in liquid nitrogen in
a pestle and mortar (Davey et al., 2007). The pooled powders were
then stored in sealed Falcon tubes at �20 �C in the dark.

2.5. Micronutrients analysis

Provitamin A carotenoids analysis: Carotenoids were extracted
on ice from lyophilised powders under reduced light, using cooled
THF:MeOH (1:1, v/v) containing 0.1% BHT (w/v), essentially as pre-
viously described (Davey et al., 2006). All chromatographic analy-
ses were carried out on a Waters Alliance, 2690 Separations
System, fitted with a thermostatted autosampler, a pulse damp-
ener, a 996 UV–vis photodiode array detector and a column heater
(Waters, Mass, USA). Detection was carried out in the range 300–
600 nm, at a frequency of 2 Hz and a spectral resolution of 2 nm.
The system was controlled, and data collected and integrated using
the Millenium 4.0 software packet. Individual carotenoids species
were resolved by either C18 RP-HPLC using a 150 � 4.6 mm, Waters
ODS-2 3 lm particle size column (Millipore, Brussels, Belgium),
essentially as according to (Davey et al., 2006, 2007), or a
150 � 4.6 mm, 3 lm, C30 RP-HPLC column (YMC Europe, Gmbh,
Germany), essentially as according to (Howe & Tanumihardjo,
2006). In the latter case, individual carotenoid species are resolved
using a gradient of tert-butyl methyl ether in methanol, containing
0.1% triethylamine as modifier and 0.25% BHT as stabiliser. Peak
quantitation was carried out at 450 nm and individual carotenoid
species identified on the basis of their characteristic absorption
spectra and their retention times relative to known standards
(Azevedo-Meleiro & Rodriguez-Amaya, 2004; Howe & Tan-
umihardjo, 2006; Schierle, Pietsch, Ceresa, Fizet, & Waysek,
2004). b-apo8’-carotenal, at a final concentration of 0.004 lg/ml
was used as internal standard. Concentrations of all-trans a-caro-
tene (t-AC), were calculated using molar absorption coefficients
calculated from the all-trans b-carotene (t-BC) standard curve at
450 nm using a compensation factor of 0.925 to correct final
absorption values, as previously described (Davey et al., 2006).
Quantitatively, the other most important carotenoid species pres-
ent in Musa fruit pulp was lutein, and whilst lutein has no vit A
activity, it still has important health properties (Calvo, 2005). Lu-
tein concentrations were calculated using a standard curve con-
structed with genuine commercial standards (Sigma–Aldrich,
Belgium), in extraction buffer.

Total carotenoids contents in the same extracts were deter-
mined at 450 nm by microtitre plate spectrophotometry using a
quartz 96-well microtitre plate, and UV–vis microtitre plate spec-
trophotometer with appropriate software (Davey et al., 2006). Con-
centrations were calculated by the external standards techniques
using standard curves of freshly-prepared 0.1–10 lg/ml t-BC (Sig-
ma–Aldrich, Belgium), in extraction solvent (Davey et al., 2006;
Schierle et al., 2004). All extracts were analysed in triplicate and
analyses took place within 12 h of extraction.

Analysis of mineral micronutrients contents: Mineral contents
were analysed by Inductively Coupled Plasma-Optical Emission
Spectroscopy (ICP-OES). The majority of analyses took place in
the laboratories of Waite Analytical Services, at the University of
Adelaide in Australia, using �500 mg aliquots of powdered, lyoph-
ilised material. Analyses were carried out on a Spectro CIROS Ra-
dial Inductively Coupled Plasma Optical Emission Spectrometer
(ICPOES), using proprietary protocols involving digestion of sam-
ples with HNO3/H2O2 in 50 ml polypropylene tubes, and dilution
of extracts to 25 ml prior to analysis. A small number of samples
were also analysed at the Laboratory of Soil and Water Manage-
ment, KU Leuven. Here 100 mg lyophilised, powdered samples
were digested overnight in 60–70% ultrapure nitric acid, with heat-
ing to 140 �C. After evaporation of extracts just to dryness, samples
were reconstituted in 5 ml of nanopure water for analysis using a
Perkin–Elmer Optima 3300 DV, ICP-OES. In both cases analyses
were calibrated using NIST (National Institute of Standards and
Technology) standards (8436 Durum wheat, 1576a and 1573),
and/or materials obtained from the ‘‘Wageningen International
Plant Exchange Programme”.

2.6. Vitamin A and retinol activity equivalents

Individual pVACs compounds have different vit A activities, due
to differences in their chemical structures. The vit A activity of t-BC
has been determined to be approximately 50% of that of vit A (ret-
inol) itself, meaning that one retinol equivalent (RE) is equivalent
to 2 lg of t-BC. However, more recent data actually suggests that
6 lg of dietary t-BC is required to have the same effectiveness as
1 lg of purified t-BC. Therefore, an overall conversion factor of
12:1 is used to calculate the vit A activity or ‘retinol activity equiv-
alent’ (RAE) of ingested t-BC (Yeum & Russell, 2002). Other pVACs
such as t-AC, and b-cryptoxanthin have only one half of the biolog-
ical activity of t-BC, meaning that it is necessary to ingest 24 lg of
t-AC or b-cryptoxanthin to achieve one RAE (Fraser & Bramley,
2004; Trumbo, Yates, Schlicker-Renfro, & Suitor, 2003). The relative
vit A activities of 13-cis-b-carotene and 9-cis-b-carotene have been
estimated as 53% and 38% of t-BC, respectively (Schieber & Carle,
2005). The conversion factors for other possible isomers of t-BC
and t-AC are not known, therefore for all these compounds (if pres-
ent) we utilised a conversion factor of 24:1, per lg of ingested
carotenoid. On the basis of these conversion factors, it is possible
to calculate RAEs and thus the net vit A nutritional value of the
fruit from each cultivar.
3. Results and discussion

The carotenoids and pVACs contents of fruit pulp obtained from
171 cultivars representing all the major genome groups in Musa
were analysed. However fruit mineral micronutrients contents
were only determined for a subset of 47 cultivars because initial
results indicated that as previously reported, very little variation
was present (Davey et al., 2007).

3.1. Variations in Musa fruit pVACs contents

3.1.1. Population fruit total pVACs contents
The mean total carotenoids content (determined spectrophoto-

metrically), the total pVACs content (determined by HPLC) and the
mean lutein content (HPLC) per genotype for all fruit from all sam-
ples analysed are summarised in Supplementary table 2. Total
pVACs contents were calculated as the sum of the concentrations
of t-AC, t-BC and cis-carotenoids (c-BC) following HPLC analysis
and are based on at least duplicate extractions per fruit sample. Re-
sults provide the mean values and variations for all analyses car-
ried out on fruit of that genotype and therefore also provide an
estimate of the variability in carotenoids contents within that
genotype.

As shown in Supplementary table 2, the fruit mean total pVACs
content per genotype was 30.5 nmol/gdw (1636 lg/100 gdw), but
values ranged from 0 (undetectable) to 211 nmol/gdw
(11,337 lg/gdw). The overall mean variation in pVACs contents
per genotype was +/�4.9 pmol/gdw, corresponding to an average
variation of +/�20.5% per cultivar. This relatively high value indi-
cates the degree of biological variability present between individ-
ual fruits and plants of each cultivar (Davey et al., 2007), but
since the majority of genotypes analysed had low pVACs contents,
the mean percentage variation is proportionally higher in these
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varieties. The inter-cultivar degree of variability in mean fruit
pVACs contents reported here is substantially higher than has pre-
viously been reported for Musa or indeed for many other plant spe-
cies. Importantly, these results indicate that there is a sufficiently
large degree of genetic variation within the Musa germplasm pool
to potentially be able to breed for this trait (Hulshof, Kosmeijer-
Schuil, West, 2000; Morris et al., 2004; Ortiz-Monasterio et al.,
2007).

The values for the fruit pulp total carotenoids contents as deter-
mined by spectrophotometry at 450 nm, generally agreed well
with the HPLC-derived values. This is to be expected as Musa fruit
pulp carotenoids consist primarily of pVACs with only small
amounts of other carotenoid compounds (Davey et al., 2006). Devi-
ations between the HPLC and spectrophotometric measurements
mostly occurred in those cultivars with low pVACs contents, when
the influence of other non-pVAC carotenoids such as lutein be-
comes proportionally larger (Supplementary table 2).

3.2. Impact of genome group

The mean fruit pulp pVACs content of cultivars per genome
group is summarised in Fig. 1. It can be seen that in general the
few tetraploid cultivars analysed, the plantains (AAB), and a collec-
tion of cultivars classified as ‘miscellaneous’ (genome groups only
represented by a single cultivar), or classified as ‘unknown’ gen-
omes (cultivars whose genome group is uncharacterised), tended
to have the highest mean pVACs contents.

Clearly these mean values can only provide a broad indication
of the possible importance of genome composition, and should
be interpreted with caution as the numbers of genotypes analysed
within each genome group varies widely and the cultivars may not
be entirely ‘representative’ of that group. Nonetheless, Fig. 1 con-
firms field reports that plantains always have an orange fruit pulp
colour and that this is generally associated with higher carotenoids
content. More importantly however, the results indicate that over-
all there do not appear to be clear divisions between the genome
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Fig. 1. Mean total carotenoids, total pVACs and total all-trans b-carotene equivalents
analysed. Total carotenoids determined by spectrophotometry, total pVACs and BCE’s by
only one variety. ‘Tetraploids’ represents a collection of 3 (different) tetraploid varieties
classes, and that the genetic basis for high fruit pVACs contents
is widely distributed within the Musa germplasm pool.

3.3. Musa pVACs profiles

The vit A nutritional value of banana and plantain fruits de-
pends not only on the concentration of pVACs, but also on the rel-
ative proportions of the individual pVAC compounds present. In
Musa fruit pulp, over 90% of the total pVACs invariably consisted
of t-AC and t-BC alone, the remaining <10% of the peaks comprising
cis-carotenoids – mainly 13-cis t-BC and probably also 13-cis t-AC
as determined on the basis of their characteristic Vis-absorption
profiles and relative retention times (Davey et al., 2006; van Jaars-
veld, Marais, Harmse, Nestel, & Rodriguez-Amaya, 2006). The only
other carotenoid species consistently detected in fruit pulp ex-
tracts were small amounts of lutein and a few unidentified minor
compounds (Davey et al., 2006). This is quite different to the situ-
ation in crops such as maize in which the pVACs represent only
around 10–20% of the total carotenoids content (Ortiz-Monasterio
et al., 2007) or in wheat where the major carotenoids are lutein and
zeaxanthin (Leenhardt et al., 2006).

High t-BC contents are a preferred trait as t-BC is the pVAC with
the highest vit A nutritional value. Across the sample group ana-
lysed here, the proportion of t-BC varied between 0 and 100% of
the total pVACs content, with an average of 44.4%. However only
3 genotypes (2%) out of 171 had pVACs profile in which the content
of t-BC was greater than 80% and none of these genotypes with a
high percentage t-BC also had high total pVACs contents. This con-
trasts with the results reported by Englberger et al. from the anal-
ysis of some rare Micronesian cultivars where the cultivars with
the highest pVACs contents consistently also had high proportions
(75–100%) of t-BC (Englberger et al., 2003, 2006). This is possibly a
characteristic of the unusual Fe’i-type cultivars of the Australimusa
(rather than the majority of Eumusa) section found in Micronesia.
Due to their limited distribution and unusual growth characteris-
tics though, only one Fe’i-type cultivar, ‘Aata’, was available for
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analysis here, outlining the need for further investigation of this
group in the future (Fig. 2).

Since t-AC has only 50% of the vit A activity of t-BC, the relative
proportions of t-AC and t-BC affect the overall vit A nutritional va-
lue of the fruit. Here we show that the mean proportions of t-AC
and t-BC per cultivar display a statistically normal distribution
across the sample group. In other crops, the accumulation of t-AC
and t-BC has been shown to be regulated by the relative activities
of lycopene b-cyclase and lycopene e-cyclase (Botella-Pavia &
Rodriguez-Concepcion, 2006). Interestingly, analyses of individual
fruit from any one genotype shows that the percentage proportions
of individual pVACs are not only stable, but also are characteristic
for that genotype (Fig. 3). If these percentage proportions are also
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stable across environments, then this means that there is a poten-
tially simple conversion of total carotenoids values (e.g. derived
from spectrophotometric measurements) to t-BC equivalents
(BCEs), once HPLC analyses for that cultivar have been carried out.

3.4. High pVACs cultivars

The distribution of mean fruit pVACs contents per genotype
across the sample group clearly shows that fruit pVACs
concentrations are non-normally distributed, with most cultivars
(64%) having a total pVACs content of less than 20 pmol/gdw
(1074 lg/100 gdw) (Fig. 4). In fact, the number of cultivars having
pVACs contents higher than 20 pmol/gdw decreases exponentially,
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and only 25% of the cultivars had values higher than 40 pmol/gdw
(2148 lg/100 gdw) whilst the cultivars with the top 10% highest
pVACs contents, cover a range from 100 to 220 pmol/gdw.

Results from other crop species indicate that carotenoids and
pVACS contents are quantitative traits, determined by the activity
of multiple gene products (Santos & Simon, 2002, 2006). The re-
sults presented here support this and would further suggest that
the combination of alleles responsible for high fruit pVACs con-
tents is not widely distributed within the Musa germplasm pool.
This may be due to either preferential selection by farmers for
traits such as disease resistance or white flesh (and thus low
pVACs), or due to the cosegregation of high pVACs alleles with al-
leles contributing to undesirable characteristics such as poor or
abnormal agronomic performance (Gold, Kiggundu, Abera, &
Karamura, 2002a, 2002b). For example, constitutive overexpres-
sion of the phytoene synthase cDNA in transgenic tomatoes leads
to an accumulation of carotenoids, but the diversion of flux within
the isoprenoid pathway also results in a 30-fold reduction in gib-
berellin A1 and a dwarf-plant phenotype (Fray et al., 1995). A sim-
ilar diversion of flux into fruit pVACs contents might also be
expected to impact on the cultivar’s growth characteristics, leading
for example to poor suckering and slower cycling. Whilst this still
remains to be demonstrated, Englberger and co-workers reported
that the Fe’i cultivar ‘Utin lap’ which has the highest pVACs con-
tents measured to date grows very slowly (Englberger et al.,
2006). Most plantains, which are characterised by orange flesh
and a higher fruits carotenoids content also have long intervals be-
tween cycles due to a slow sucker growth related to a shortage in
gibberellins (Swennen & Wilson, 1983).

In this study, the cultivars with the highest fruit pVACs contents
were ‘Bantol Red’ (unknown), ‘Pusit’ (unknown), ‘Iholena Lele’
(AAB), ‘Henderneyargh’ (AAS), ‘Katimor’ (AAB) and ‘Chek Porng
Mean’ (unknown), with values of 211–164 pmol total pVACs/
gdw, or BCEs of 2800–1500 lg t-BCE/100 gfw. However, it is note-
worthy that for all these cultivars, the fruits were analysed at rip-
ening stages 6 or 7, whereas the majority of samples in the study
were harvested and lyophilised at maturity stage 1 (Table 1). It is
known that in certain Musa cultivars, orange pulp colour increases
during ripening, and for example Englberger et al. reported that
differences in the carotenoids content of the ‘Karat’ could have
been partially due to differences in ripening (Englberger et al.,
2003). Our own work suggests that the impact of ripening is culti-
var-specific, with pVACs contents remaining essentially unaltered,
increasing or even slightly decreasing depending on the genotype
(Davey et al. - unpublished data). In addition fruit ripeness could
influence the efficiencies of carotenoids extraction due to pulp
softening and the breakdown of cellular structure in ripe fruit.
Amongst the cultivars analysed at maturity stage 1, the cultivars
with the highest pVACs and BCE contents were ‘Paput Wung’
(AA), ‘Batard’ (AAB), ‘Topala’ (AA) and ‘Sepi’ (ABB), with values of
116–97 nmol/gdw or 1750–850 lg BCE’s per 100 gfw.

The highest measured BCE values of 2808 lg BCE/100 gfw is
some 24-fold higher than that of the commercial ‘Cavendish’-type
cultivars typically found in the Northern hemisphere (116 lg/100 gfw).
However these values are still significantly lower than the BCE’s
reported by Englberger et al. for the Micronesian Fe’i cultivars ‘Utin
Iap’ and ‘Utinwas’ (BCE’s of 8,508 and 8100 lg/100 gfw, respec-
tively), and for the Pacific plantain (AAB) cultivar ‘Mangat and
Seipahn’, with a BCE content of 6503 lg/100 gfw (Englberger
et al., 2006). Again, the Pacific plantains are quite distinct from
the other plantains measured here, having probably having origi-
nated in Papua New Guinea/Melanesia, rather than in Asia or the
Malay Archipelago (Lebot, Aradhya, Manshardt, & Meilleur, 1993).

3.5. Musa vit A nutritional value

Ultimately, our interest in these results lies in the potential con-
tribution that Musa fruit can make to alleviating dietary vit A defi-
ciencies in the regions where they are cultivated and consumed.
The US Recommended Daily Allowance (RDA) for vit A is the daily
dietary intake required to meet the nutrient needs of 97–98% of
healthy individuals in a specific age/sex/physiological group. For
children up to the age of 8 years this has been set at 400 retinal activ-
ity equivalents (RAEs)/day, whilst 700 RAE is required for non-preg-
nant adult females (Food & I. o. M., 2001b). Within the HarvestPlus
program, micronutrient target levels are based on the ‘population-
weighted Estimated Average Requirements’ (EAR) for that nutrient.
The EAR is an approximation of the median of the distribution of



812 M.W. Davey et al. / Food Chemistry 115 (2009) 806–813
nutrient requirements for individuals of the target population and
as such provides the most valid, single-point comparison for the
estimates of the probable contribution of a food to the overall nutri-
ent needs of a population (Tarasuk, 2006). The EARs for vit A have
been set at 250 lg RAE/day for children, whilst for all other mem-
bers of the population the EAR is 500 lg RAE/day. In addition, since
it is unlikely that Musa fruits will be the sole source of vit A in the
diet, target levels for crop biofortification are calculated based on
the biofortified crop providing 50% of the EAR.

From the values presented in Supplementary table 2, and know-
ing the proportions of t-AC, t-BC and c-BC, we can calculate the
contribution to the daily vit A RDAs and EARs for children and
adults made per unit of fresh fruit. From these values, we can see
that as little as 100 gfw of pulp from the cultivars with the highest
pVACs contents is sufficient to provide �95% of the EAR for chil-
dren and 47% of the EAR for adults, indicating that there are al-
ready existing, edible and commercial Musa cultivars with
sufficiently high pVACs contents to immediately have a noticeable
impact on population vit A health status at modest and realistic
consumption levels.

3.6. Variations in Musa fruit mineral elements contents

3.6.1. Mean fruit mineral micro- and macro-nutrient compositions
The mean fruit pulp concentrations of 10 different mineral

macro-and micro-nutrients per cultivar are summarised in Supple-
mentary table 3, and an overview of the accuracy and precision of
the methodology used in Supplementary table 4. Here, only the re-
sults relating to iron (Fe) and zinc (Zn) contents as the two most
important mineral micronutrients associated with dietary defi-
ciencies will be discussed in any detail.

For the 47 cultivars analysed, Fe values ranged from 6.5 to
19.5 lg/gdw (ppm) with an average of 9.7 lg/gdw This represents
a 3.0-fold range of variation and falls within the ranges reported for
some other crops (White & Broadley, 2005). Values for fruit pulp Zn
contents range from 3.9 to 11.4 lg/gdw, representing a range of
variability of 2.9-fold, values which are again very similar to previ-
ously reported results obtained for Hawai’ian-grown Musa culti-
vars of 1.9–10.4 lg/gdw, as well as for cultivars obtained from
Cameroon (Davey et al., 2007; Wall, 2006). Whilst the degree of
variability is slightly greater than that measured in previous work
(Davey et al., 2007), the degree of variation in fruit micronutrient
contents is still small considering that fruit samples were obtained
from very different locations (Table 1) with very different soil
types. In the absence of leaf mineral analyses for the same samples
this indicates a lack of genetic diversity in the mechanisms of Fe
and Zn uptake, sequestration and transport (Frossard, Bucher,
Machler, Mozafar, & Hurrell, 2000; Schmidt, 2003). However, since
the soil composition also impacts on plant tissue mineral contents,
these results could also suggest that cultivation and mineral-fertil-
isation conditions are more or less optimal for these cultivars. This
does not detract from the fact that certain cultivars are still able to
accumulate up to 3-fold higher levels of Fe and Zn in their fruit un-
der the same ’optimal’ growth conditions.

The distribution of fruit Fe and Zn contents within the 47 geno-
types of the sample group, is statistically ‘normally’ distributed
(data not shown) which is similar to the results observed in other
angiosperm species as a whole (White & Broadley, 2005). In accor-
dance with the overall low degree of variation, there are very little
differences in mean Fe/Zn contents across the Musa genome groups
(data not shown).

3.7. Fe/Zn nutritional values

The US RDAs for Fe are based on the prevention of Fe deficiency
and maintenance of adequate Fe stores in individuals eating a
mixed diet. The Fe RDA ranges up to 18 mg/day for pregnant adult
females, with the RDA for all age groups of men and postmeno-
pausal women being set at 8 mg/day. The Zn RDA is around
3 mg/day for infants, increasing up to 8 mg/day for males and
11 mg/day for adult females (Food & I. o. M., 2001a; White &
Broadley, 2005). The EARs for Fe have been set at 8 mg/day and
for Zn at 3 mg/day. Within the group of Musa cultivars analysed
here, the highest fruit Fe concentrations were found in the cultivars
‘Manameg Red’, ‘Grande Naine’ and ‘Chek Porng Mean’, with values
of 12.7–19.5 lg/gdw. For fruit Zn contents ‘Ebang’ (AAB), ‘Grande
Naine’ and again ‘Chek Porng Mean’ had the highest values, ranging
from 9.9–11.4 lg/gdw. However, even if these minerals were fully
bioavailable to the consumer, it is clear that considerable quanti-
ties of fruit would have to be consumed to meet the RDA values
for these micronutrients. In fact, bioavailability for Fe is estimated
to be only in the region of 10% of the ingested values, whilst that of
Zn is in the region of 40%, meaning that Musa by itself is unlikely to
be able to contribute significantly to the daily Fe and Zn require-
ments of the population at normal consumption levels.
4. Conclusions

With vit A, Fe and Zn deficiencies collectively affecting an esti-
mated 50% of the world’s population, the challenge of current
nutritional health policies is to achieve a sustainable increase in
dietary intakes of these micronutrients in the afflicted areas. Food
fortification and supplementation are two approaches that have
been used (West, 2000), but they have generally proved difficult
to implement, particularly in developing countries. For these rea-
sons, breeding for crops with enhanced nutritional content (biofor-
tification) or the introduction of non-indigenous cultivars with
high micronutrients contents, are now thought to be the most
promising strategies. The success of these approaches however de-
pends on the existence of a sufficient degree of genetic variation
for the target traits in the available germplasm pool.

Despite the economic and social importance of bananas and
plantains there has been no systematic survey of the micronutri-
ents contents of Musa fruit to date. The results presented here
demonstrate that within the Musa germplasm pool, there is sub-
stantial genetic diversity in fruit vit A nutritional contents. This
diversity can be exploited to identify cultivars potentially suitable
for direct introduction in afflicted regions, and/or for use in breed-
ing programmes to increase the vit A contents of this important
staple. However in the latter case, the high sterility of most banana
and plantain varieties means that breeding for increased vit A con-
tent is likely to be a lengthy process (Swennen & Vuylsteke, 1993;
Tenkouano & Swennen, 2004). However, before the widespread
introduction of new, non-indigenous species can take place, agro-
nomic trials will have to be carried out as results with plantain
breeding have indicated that there exists an inverse relationship
between the intensity of orange colouring of fruits (linked to
pVACs content) and suckering growth (Swennen, unpublished
data). In other words yellow-white fleshed hybrids produced good
suckers with short cycling times, whilst orange-fleshed hybrids
produced small suckers and had large intervals between cycles. It
remains to be seen whether these two traits can be uncoupled
from each other, or whether breeding for fruits with a high pVACs
content automatically has an adverse effect on the agronomical
performance of the cultivar. Worldwide there are well over a thou-
sand banana cultivars or varieties recognised which indicates that
more germplasm screening is likely to identify new and novel
sources of vit A-rich cultivars. However, in contrast to other crops
(Frossard et al., 2000; White & Broadley, 2005), the degree of geno-
typic variation in Musa fruit Fe/Zn contents is clearly limited and
combined with the inherently low Fe/Zn concentrations in fruits,
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our results suggest that there is little potential for Fe/Zn biofortif-
ication in Musa spp. via a classical breeding approach unless new,
additional sources of micromineral- (Fe/Zn) accumulating germ-
plasm can be identified.
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