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Bananas (Musa spp.) are a target crop for provitamin A carotenoids (pVACs) biofortification programs
aiming at reducing the negative impact on health caused by vitamin A deficiency in vulnerable popu-
lations. However, studies to understand the effect of ripening methods and stages and the genotype on
carotenoid content and bioaccessibility in the banana germplasm are scarce. This study evaluated caro-
tenoid content and bioaccessibility in 27 different banana accessions at three maturation stages and two
ripening methods (natural ripening and ethylene ripening). Across most accessions, total carotenoid
content (TCC) increased from unripe to ripe fruit; only two accessions showed a marginal decrease. The
ripening method affected carotenoid accumulation; 18 accessions had lower TCC when naturally ripened
compared with the ethylene ripening group, while nine accessions showed higher TCC when ripened
with exogenous ethylene, suggesting that treating bananas with exogenous ethylene might directly affect
TCC accumulation, but the response is accession dependent. Additionally, carotenoid bioaccessibility
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varied across genotypes and was correlated with the amount of soluble starch and resistant starch. These
findings highlight the importance of ripening methods and genotypes in maximizing banana carotenoid
content and bioaccessibility, which could contribute to improving pVACs delivery in biofortification
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1 Introduction

Carotenoids are pigments synthesized by plants and microor-
ganisms, commonly found in green, orange, and yellow plant
tissues. These pigments have important functions in human
health, and since humans cannot synthesize carotenoids, they
must ingest them from food or via supplementation. While
there are around 700 carotenoid forms in nature, only 40 of
them can be metabolized by humans, and six of those can be
detected in blood plasma: a-carotene, f-carotene, lutein, lyco-
pene, p-cryptoxanthin, and zeaxanthin.
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In humans, some carotenoids exert an important function
as provitamin A precursors; others may exert antioxidant
effects in cells, while others, like lutein and zeaxanthin, have
been linked to ocular development and health as they accumu-
late in macular pigments in the eye."

In addition, some carotenoids can influence cellular signal
pathways and induce detoxifying enzymes and gene
expression.” Of the many species of carotenoids present in the
diet, only a small subset, including o- and p -cryptoxanthin as
well as a- and p-carotene can be metabolized by beta-carotene
oxygenase (BCO1) to retinal, the active form of vitamin A*.
These pigments are called provitamin A carotenoids (pVAC)
and are considered the most important for the human diet.>®

Vitamin A is essential for human health since it supports
systemic biological functions such as vision, immunity
response, growth, and development.” Vitamin A has also been
associated with a reduced risk of cardiovascular disease, dia-
betes, and several forms of cancer.®° Individuals with vitamin
A deficiency (VAD) are typically more susceptible to infections
than those with adequate vitamin A levels."® VAD is the leading
cause of blindness in children worldwide;'" it may also cause
fatal diseases from severe infections and has been linked to
HIV transmission from mother to baby."' VAD has become a
public health problem in more than half of all countries,
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especially in Africa and South-East Asia.'”> To reduce VAD in
developing countries, breeders, farmers, and plant and food
scientists have been and are still working on vitamin A biofor-
tification in staple crops.'®'?

Among staple crops in developing countries, banana has
been explored as a target crop for carotenoid biofortification
as some banana accessions are a rich source of carotenoids.'*
Many cultures from Latin America, the Caribbean, Southeast
Asia, Polynesia, and Africa have selected banana landraces and
local varieties best adapted to their needs, making it a staple
in their diets.’® Indeed, eighty-seven percent of the bananas
grown worldwide are local varieties and landraces adapted in
the communities where they are produced.'® Through the
research done on carotenoid biofortification programs in
bananas, carotenoid content, profile, and genes involved in
their biosynthesis have been extensively studied.®'” The most
abundant carotenoids in bananas are a-carotene, f-carotene,
lutein, p-cryptoxanthin, and zeaxanthin. Also, previous studies
have demonstrated that carotenoid accumulation in banana
varieties is genotype dependent'®'® and varies across banana
germplasm.®

Besides the effect of the genotype on carotenoid content
and profile, other factors should be considered when breeding
for vitamin A biofortification in bananas. For instance, post-
harvest treatment plays an important role in the banana
supply chain. Indeed, bananas are climacteric fruits, and to
avoid spoilage and increase marketability, commercial
bananas are harvested unripe. They remain as such until they
reach their distribution center, where they are treated with
exogenous ethylene to promote ripening.”® Several studies
have covered the effect of this controlled ripening system on
sugars, starch, soluble solids, chlorophylls, and some market
quality traits (texture, flavor, color), but little is known about
the effect of the controlled ripening treatment on pVAC
content, profile, when compared to fruit ripening on the
plant.>'~>*

In addition to the post-harvest treatment, it is essential to
understand what fraction of the carotenoids accumulated in
the fruit is, in fact, bioavailable after ingestion. The potential
for carotenoids from plant-based foods to have an effect on the
human body is contingent on their release from the matrix
into the digestive tract and their availability for absorption.
This characteristic is commonly referred to as bioaccessibil-
ity.>> In contrast, bioavailability is defined as the amount of
bioaccessible nutrient (or bioactive) that reaches the tissues
and participates in metabolic.>® The amount of bioaccessible
carotenoids from a particular food product can be correlated
to the amount of carotenoid that becomes bioavailable;*”
however, the actual accessibility may be a trait that is indepen-
dent of content and related more to the digestibility of the
food matrix. These factors are crucial in determining the
amount of pVAC intake from a particular food product like
bananas.>®

As previously found in other crops, the genotype and, in
some cases, specific chemical components (e.g., fiber content)
can directly affect bioaccessibility and/or bioavailability.3293!
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However, studies on pVAC bioaccessibility in bananas have
focused only on the effect of cooking processes, and yet, no
study has evaluated the variation in bioaccessibility across
multiple genotypes of banana.*** Based on this information
and as reported in the literature, there is a knowledge gap in
understanding bioaccessibility and bioavailability in the
context of biofortification programs.*—3>

Considerations about the bioavailability and bioaccessibil-
ity of pVAC in relation to genotypes and post-harvest treat-
ments are essential to establish goals for banana vitamin A
biofortification programs.® Working toward these research
goals, this study aimed to characterize 27 edible banana acces-
sions to evaluate the impact of the genotype, ripening stages,
and treatment (using natural and controlled ripening treat-
ments) on carotenoid content and bioaccessibility, establish-
ing their potential nutritional value.

2 Materials and methods
2.1 Plant materials and sample collection

Twenty-seven banana accessions or genotypes, which included
cultivars and landraces, were collected from the Dole Food
Company’s banana collection in Rio Frio, Costa Rica (10°18’
29.9"” North and 83°52'59, 6") (Table A.1}). The 27 accessions
were all edible banana types. They represented the three major
banana market types, including the dessert banana, cooking
banana, and plantain banana. Besides the market category,
accessions were also selected to represent different pulp colors
(white, yellow, and orange), flavors and tastes, ploidy levels
(2%, 3x, 4x), and other plant characteristics (e.g., resistance to
diseases).

Banana samples were collected at multiple ripening stages
(from unripe to fully ripe) and ripened under natural or con-
trolled conditions. The ripening scale developed by Soltani
(2011) was modified to identify the appropriate stages for
sampling (Fig. 1B) and to account for the difference in color
and texture across all accessions included in this study. The
Soltani scale that ranges from 1-7 ripening stages was simpli-
fied into three stages, A = unripe (deep to light green, Soltani
scale 1-2), B = semi-ripe (break in color and texture, Soltani
scale 3-5), and C = fully ripe (no green color visible, Soltani
scale 6-7). Samples at stage B were only collected from fruit
ripened in controlled conditions. In contrast, samples at stage
C were collected from bananas ripened in controlled con-
ditions (Ccc) and fully ripe naturally on the plant (Cnc). Fruits
were collected from three biological replicates for each acces-
sion, totaling 324 samples.

For ripening under controlled conditions, unripe green
banana fruits (A) were harvested and stored in a ripening
chamber at 14.5 °C at 85-90% relative humidity. The tempera-
ture was raised to 17 °C for 24 h to initiate the ripening
process. Then ethylene was applied by employing a catalytic
generator with 1 L of technical grade ethylene at 95% for 24 h.
Following the ethylene treatment, the room was ventilated for
20-30 minutes, and the fruit was held at 17 °C for two days, at
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Fig. 1 Banana’s market type and ripening stages. (A) Banana's market type: (i) Dessert banana, Bri Bri, (ii) Cooking banana, Bluggoe, (iii) Plantains,
Tindok, (iv) Cavendish Banana. (B) Standard banana ripening scale of Cavendish banana: (i) unripe = stage A, (ii) semi-ripe = stage B, (iii) fully ripened

in controlled conditions = stage Ccc; (iv) fully ripened naturally on the plant = stage Cnc.

15.5 °C for one day, and finally at 14.5 °C for one day or two
days, depending on the ripening stage. Semi-ripe bananas (B)
were sampled during this treatment by visually inspecting the
ripening stage. Fully ripe bananas (C) were collected at the end
of the ripening treatment when all fruits were visually
inspected to ensure they were meeting the classification cri-
teria for stage C. The banana fruits were evaluated visually and
collected from the plants at the fully ripened stage (Ccn) for
natural ripening.

2.2 Sample preparation

Banana fruits from each biological replicate were peeled, and
the pulp was sliced and immediately frozen in liquid nitrogen
to avoid oxidation. Frozen samples were stored at —80 °C for
approximately 12 h and then Ilyophilized for five days
(Labconco Freezone 2.5L Freeze Dry System). The lyophilizer
was light-sealed to avoid phytochemical oxidation and degra-
dation, and each sample was placed into Mylar bags. Dried
samples were stored in light-protected Falcon tubes at —80 °C
until processed. The complete set of accessions (N = 27) col-
lected from all the conditions was used for carotenoid content
analysis, and a subset of accessions (N = 11) collected at the
ripening stage (Ccn and Ccc) was used for bioaccessibility and
starch content analysis, as described below.

2.3 Carotenoid extraction

All samples were processed under yellow lights to minimize
the potential for photodegradation of carotenoids. An aliquot
of 50 mg of lyophilized banana powder was dispersed in 1 ml
of chilled methanol to create a slurry, and 100 pL of f-apo-8'-
carotenal (10 pg mL™') was spiked into the slurry as an
internal standard. Samples were sonicated for 5 minutes, then
placed on ice for 10 minutes, before extraction with 5 ml of

This journal is © The Royal Society of Chemistry 2024

acetone: petroleum ether (0.1% BHT) (1:3). A total of 3
sequential extracts were combined and dried under nitrogen
gas, re-solubilized in 300 pL of ethyl acetate: methanol (1 : 4),
filtered using a 0.45 pm cellulose acetate filter in preparation
for analysis by liquid chromatography (LC) with photodiode
array detection (LC-PDA).>!

2.4 Carotenoid analysis

Carotenoid analysis was performed by LC-PDA using a Waters
Alliance 2695 Liquid Chromatography system (Waters, Milford,
MA, USA) equipped with a model 2998 Photo Diode Array
Detector (Milford, MA, USA). Carotenoids separation was per-
formed using a YMC C30 column (3 pm 150 mm x 2 mm) ther-
mostated at 35 °C and a gradient elution method, 17-minute
run consisting of: (1) 95% solvent A (methanol: ammonium
acetate, adjusted to pH 4.6, 98:2) and 5% solvent B (ethyl
acetate) for three minutes; (2) 85% solvent A and 15% solvent
B for five minutes; (3) 20% solvent A and 80% solvent B for
one minute; (4) 100% solvent B for four minutes; and (5) 95%
solvent A and 5% solvent B. The flow rate was 0.37 mL min™’,
with an injection volume of 10 pl. External standards of refer-
ence materials were run daily, which ensured inter-day consist-
ency of the LC measurements. All compounds of interest,
including the main banana carotenoids lutein, f-carotene,
a-carotene, 13-cis-a-carotene, and 13-cis-f-carotene, were quan-
tified at 450 nm. All carotenoids were quantified using cali-
bration curves developed for each standard in the concen-
tration range of 0.01-7.5 pM.*"

2.5 Carotenoid bioaccessibility

Ten banana accessions with a total carotenoid content >1mg
per 100 g of dry weight representing the fully ripened fruit
samples (natural and controlled conditions), plus Cavendish
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(Landrace Ecuadorian Dwarf - Super Green), were selected to
evaluate carotenoid bioaccessibility. This analysis was per-
formed wusing a three-phase, high-throughput digestion
method adapted from Hayes et al. (2020)*" that uses a Tecan
Freedom EVO liquid handling robot (Tecan Group Ltd,
Minnedorf, Switzerland) to automate all the liquid handling
steps during the protocol.

Briefly, 150 mg of lyophilized banana fruits were dispersed
in 5 mL of boiling water, and 5% (w/w) canola oil was added to
facilitate micellization of carotenoids and the digestion
process.

The digestion consisted of three phases: (1) the oral phase,
where the banana solution was incubated for 10 min at 37 °C,
120 rpm with a-amylase (10 units per mg); (2) the gastric
phase where the oral phase solution was incubated 60 min at
37 °C, 120 rpm with of 0.6 mL of pepsin (final concentration
of 0.4 g L") and adjusted to pH 2.5 + 0.1; (3) the intestinal
phase, where the gastric phase solution was incubated for
120 min at 37 °C, 120 rpm with 0.6 mL of pancreatin-lipase
solution (final concentration of 0.8 g L™" for both pancreatin
and lipase) and 0.9 mL of bile solution (final concentration of
1.8 g L") and adjusted to pH 7.0 + 0.1.

After digestion, an aliquot of the final digesta was trans-
ferred and stored at —80 °C, and a second aliquot of digesta
was centrifuged (Beckman Coulter, Allegra X-30R Centrifuge,
Indianapolis, IN, USA) at 4255¢ for 60 min. The supernatant
was collected and filtered through a 0.2 pm cellulose acetate
filter to isolate the fraction containing the micellarized caro-
tenoids (aqueous fraction). As described above, 1 mL of
aqueous and digesta fraction was used for carotenoid extrac-
tion and analysis (section 2.3-2.4). Extraction recovery of
aqueous and digesta was 97% =+ 3.05%, as determined by
using trans-p-apo-8'-carotenal spiked into samples.

2.6 Starch analyses

Starch content was evaluated on the 11 accessions used for
carotenoid bioaccessibility to assess the possible impact of
starch on carotenoid bioaccessibility analysis. Megazyme’s
K-RSTAR 05/19 kit was used for measuring starch (McClearly
et al., 2019; Englyst et al., 1992). Approximately 100 mg of lyo-
philized banana powder was dispersed in a 4 mL solution of
sodium maleate (100 mM) with pancreatic a-amylase (10 mg
mL ") and amyloglucosidase (AMG) (3U mL™") and incubated
for 16 h at 37 °C with continuous lateral shaking. The reaction
was stopped by adding an equal volume of 100% ethanol, and
the resistant starch was recovered by centrifugation at 1800g
for 10 minutes. The pellet was washed twice by adding 8 mL of
50% ethanol. All the supernatants from this step were col-
lected and diluted to 100 mL with sodium maleate buffer
(100 mM) to measure soluble starch.

The pellet was dissolved in 2 mL of KOH solution (2M) by
continuously stirring in a cold room at 3 °C for 20 min.
Afterward, it was neutralized with 8 mL of NaOAc buffer (1.2
M) at room temperature. The resistant starch was quantitat-
ively hydrolyzed to p-glucose with 0.1 mL of AMG (1:3300 U
mL™") at 50 °C for 30 min. Both resistant and soluble starch
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were measured as p-glucose by the reaction of glucose oxidase/
peroxidase reagent (GOPOD) in a microplate reader at
510 nM.*>*

2.7 Data analyses

The data used for statistical analysis included three biological
replicates for each accession, ripening stage, and ripening
treatment. The results are presented as the mean + standard
error.

Total carotenoid content (TCC) was calculated as the sum
of individual lutein, p-carotene, a-carotene, 13-cis-a-carotene,
and 13-cis-f-carotene as determined by LC analysis. Relative
bioaccessibility was calculated as the ratio of a particular caro-
tenoid or total carotenoids from the aqueous phase to their
concentration in the crude digesta. Absolute bioaccessibility
was calculated as the relative bioaccessibility expressed as a
percentage multiplied by total carotenoid content and
expressed as mg per 100 g. All carotenoid concentration data
were calculated per 100 g of banana (dry weight, DW.)

Formula:

TCC(Total carotenoid content)mg per 100 g DW =
lutein(mg per 100 g DW) + p-carotene(mg per 100 g DW)
+ a-carotene(mg per 100 g DW) + 13-cis-a-carotene(mg per 100 g DW)
+ 13-cis-p-carotene(mg per 100 g DW)

The recommended dietary allowances for Vitamin A were
estimated as Retinol Equivalence (RAE). For the purposes of
this study, we utilized a conversion of one mg of RAE, which is
equivalent to 12 mg of f-carotene and 24 mg for all other
dietary pVAC (a-carotene and p-cryptoxanthin) (FNB, 2001).

All statistical analyses were performed using the software R
Studio,®”*®* and results were plotted using the package
ggplot2.*® Means were compared using a one-way analysis of
variance (ANOVA) to determine the significant difference (a <
0.05) among accessions and ripening stages. In contrast, a
paired ¢-test was used to determine any significant difference
between ripening methods (a < 0.05).

3 Results

3.1 Carotenoid content

Individual carotenoid species, lutein, p-carotene, a-carotene,
13-cis-a-carotene, and 13-cis-p-carotene were measured and
detected in all 27 banana accessions, three ripening stages
(A, B, C), and two ripening methods, fully ripened under con-
trolled conditions (Ccc) and fully ripened naturally on the
plant (Cen) (Fig. 1).

Total carotenoid content (TCC), measured as the sum of
the individual carotenoids detected here, ranged from
0.018-1.497 mg per 100 g in unripe banana (Stage A) (Table
A.2 and Fig. A.1t) and 0.042-2.68 mg per 100 g in semi-ripe
banana (stage B) (Table A.3 and Fig. A.1f). TCC varied from
0.201 to 5.29 mg per 100 g in samples ripened under con-
trolled conditions (Stage Ccc) (Table A.4 and Fig. A.1}), and

This journal is © The Royal Society of Chemistry 2024
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from 0.241 to 2.542 mg per 100 g in samples ripened on the
plant (Stage Ccn) (Table A.5 and Fig. A.1}). The accessions
with the highest TCC were Tindok and Kru, collected at stage
Ccc. These samples had 2 to 7-fold higher carotenoid content
than Cavendish (Fig. A.11). Based on the TCC and pVAC aggre-
gate average; there were no significant differences among the
ripening methods or stages, where carotenoid content was
accession-dependent (ANOVA p < 0.05) (Fig. 2).

In most of the accessions (N = 26), TCC from unripe (stage
A) to fully ripe fruits (stage Ccc) increased (Fig. 3). Tindok, the
accession with the highest TCC in all conditions, had a 3.5-
fold (3.79 mg per 100 g) increase in TCC from stage A to Ccc.
In accessions such as Bungai, P. Awak, P. Keilyn, Selangor, and
Bluggoe, TCC showed low variance during the maturation
process. A similar trend was observed for the comparison with
stage Ccn where P. Keilyn showed a slight decrease, and the
remaining 26 accessions showed an increase in TCC (Fig. 3
and Table A.61). Comparison of naturally ripened vs. ripened
under controlled conditions indicated that TCC was lower in
controlled conditions for 18 accessions and higher for nine
accessions. The differences in TCC content between the Ccc
and Ccn stages ranged from a decrease in Tindok (2.75 +
0.24 mg per 100 g) to an increase in KKB (0.7 + 0.15 mg per
100 g) (Fig. 4 and Table A.67).

Across all conditions, carotenoid profiles were significantly
different among the 27 accessions (ANOVA p < 0.005). The
average carotenoid profile was 22% lutein, 30% o-carotene,
and 48% f-carotene, which indicates that about 78% of caro-
tenoids are pVAC (Tables A.2-A.5 and Fig. A.1f). Accessions
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with a high content of f-carotene had lower lutein content and
vice versa (Fig. A.11). However, no significant correlation was
observed between TCC and carotenoid composition. When
comparing accessions at all ripening stages and methods, the
average a-carotenoid and lutein content were not significantly
different (ANOVA, p < 0.05). Similar results were obtained for
the average f-carotenoid content between stages A, B, and Ccc.
In contrast, the average p-carotene content was significantly
higher in the samples fully ripened under controlled con-
ditions (Stage Ccc) than in the samples fully ripened on the
plant (Stage Ccn) (paired t-test, p < 0.05) (Fig. A.17).

The 27 accessions were further divided by market type
(cooking, dessert, and plantains), and the effects of natural or
controlled ripening over carotenoid accumulation were exam-
ined. For fully ripe bananas (Ccc and Ccn), the plantain
market type had the highest average TCC (2.44 + 0.40 mg per
100 g at stage Ccc), followed by dessert bananas (0.75 +
0.09 mg per 100 g at stage Ccn); the cooking market type
bananas had the lowest average amount of TCC (0.45 =
0.07 mg per 100 g at stage Ccn). Overall, plantains at stage C
(Ccc and Ccn) samples had a significantly higher TCC (ANOVA
p <0.05) than the rest of the accessions (Fig. A.27}).

3.2 Carotenoid bioaccessibility

3.2.1 Relative bioaccessibility. Relative bioaccessibility of
TCC varied from 7.8% in Latex Rojo at stage Ccn to 43.02% in
Tindok at stage Ccn. For pVAC, the value ranged from 8.85% in
Latex Rojo at stage Ccn to 34.67% in Tindok at stage Ccn
(Table 1).
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(A) Average total carotenoid content (TCC) and pro-vitamin A (pVAC) content (mg per 100 g) in 27 banana accessions by ripening stages: A,

B, and Ccc. (B) Average total carotenoid content (TCC) and pro-vitamin A (pVAC) content (mg per 100 g) in 27 banana accessions by ripening
methods: fully ripened in controlled conditions (Ccc) and fully ripened naturally on the plant (Cnc).
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Lutein had the highest average relative bioaccessibility
(23.50%z= 1.55), followed by a-carotene (18.60%= 1.63) and
fB-carotene (16.40%:= 1.48). Analysis of variance showed signifi-
cant differences between accessions and a significant inter-
action between accessions and ripening stages (p < 0.05).

The ripening method had a significant effect on relative
bioaccessibility (paired ¢-test, p < 0.05). Banana samples at
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stage Ccn had a slightly lower average relative bioaccessibility
(18% = 1.80) than the corresponding samples ripened with
exogenous ethylene (stage Ccc, 21% + 1.32) (Table 1).

When accessions were divided by carotenoid content,
banana accessions with the highest content (Tindok, Pitogo,
Hua moa, Bri Bri, and Kru) at stage Ccc had a significantly
higher relative bioaccessibility than the corresponding

This journal is © The Royal Society of Chemistry 2024
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Table 1 Relative bioaccessibility, bioaccessible content, and Vitamin A recommended percent daily value (%DV) for 11 banana accessions at ripen-
ing stages Ccc (fully ripened in controlled conditions) and Ccn (fully ripened on the plant)

Relative Bioaccessible Bioaccessible
Ripening Accession bioaccessibility content content %DV Standard %DV Single
Stage Name (%) (mg per 100g D.W.) (RAE mg per 100g D.W.) portion” portion”
Cce Baby Khai 18.98 = 4.50 be 0.27 +0.10 abc 0.082 + 0.010 4 2
Bri Bri 34.68 + 0.45 a 0.57 +£0.17 ab 0.110 + 0.028 4 2
Cavendish 29.79 £ 3.91 ab 0.04 + 0.02 be 0.034 + 0.004 1 1
Hua Moa 15.89 £ 1.63 [¢ 0.56 + 0.09 abc 0.167 + 0.004 7 18
KKB 25.35 +3.61 abc 0.22 + 0.02 abc 0.087 + 0.002 3 3
Kru 20.75+3.14 be 0.77 £ 0.05 a 0.191 + 0.022 6 5
Latex Rojo 21.44 £ 1.37 abc 0.27 £ 0.01 abc 0.074 £ 0.007 3 2
Pitogo 18.37 £ 1.26 be 0.46 + 0.06 abc 0.172 + 0.025 8 3
Prata 18.04 = 1.47 be 0.24 + 0.02 be 0.065 + 0.001 2 1
Red Macabu 13.14 = 2.60 [¢ 0.14 + 0.03 [¢ 0.045 + 0.005 2 2
Tindok 25.53 £9.33 c 0.56 + 0.11 a 0.347 £ 0.013 17 54
Cen Baby Khai 17.57 £2.77 a 0.25 +0.01 be 0.099 + 0.015 4 5
Bri Bri 32.96 + 6.76 ab 0.62 + 0.08 a 0.129 + 0.008 5 4
Cavendish 32.69 +7.21 a 0.03 +0.01 [¢ 0.018 + 0.001 1 1
Hua Moa 9.89 + 6.06 b 0.32 + 0.09 ¢ 0.071 + 0.002 3 11
KKB 13.07 £ 0.65 ab 0.22 +0.13 be 0.138 + 0.004 4 9
Kru 16.21 = 1.65 ab 0.27 +0.01 b 0.119 + 0.007 3 4
Latex Rojo 7.82 +1.26 b 0.21 + 0.04 [¢ 0.072 + 0.009 3 3
Pitogo 16.96 + 1.56 ab 0.11 + 0.02 be 0.103 + 0.007 5 2
Prata 18.04 = 1.47 ab 0.16 + 0.04 be 0.048 + 0.005 2 1
Red Macabu 10.53 £2.13 b 0.29 +0.18 be 0.089 + 0.022 3 6
Tindok 43.02 +1.59 b 0.23 £ 0.03 be 0.163 + 0.013 8 29

*Letters next to the numbers indicate Tukey’s HSD (Honest Significant Difference) grouping. ¢ Percent daily values (%DV) were based on FDA rec-
ommended DV for Vitamin A (0.9 mg RAE) on a standard portion of a medium banana (Cavendish, 126 g) for a 2000 calories diet, assuming that
all the bioaccessible carotenoid content is bioavailable.®. ? Percent daily values (%DV) were based on FDA-recommended DV for Vitamin A
(0.9 mg RAE) on a single portion (1 banana) for a 2000-calorie diet, assuming that all the bioaccessible carotenoid content is bioavailable.*°.

samples at stage Ccn (paired T-test p < 0.05). In contrast, for
the accessions with the lowest TCC (KBB, Prata, Latex Rojo,
Baby Khay, and Red Macabu), ripening conditions did not
have a significant effect on relative bioaccessibility (paired
T-test p = 0.14) (Table 1).

3.2.2 Bioaccessible content. Cavendish had the lowest total
carotenoid bioaccessible content (Ccn was 0.03 + 0.01 mg per
100 g, and Ccc was 0.04 + 0.02 mg per 100 g). In comparison,
Bri Bri (Ccn was 0.62 + 0.81 mg per 100 g) and Kru (Ccc was
0.77 £ 0.05 mg per 100 g) had the highest total carotenoid
bioaccessible content (Fig. 5 and Table 1).

Bioaccessible content measured as RAE ranged from 0.018
+ 0.01 mg per 100 g for Cavendish at stage Ccn to 0.347 *
0.0.013 mg per 100 g for Tindok at stage Ccc. Total bioaccessi-
ble carotenoid content differed among accessions (ANOVA, p <
0.05), and the ripening treatment and the accession inter-
action were significant (ANOVA, p < 0.005). p-carotene bioacces-
sible content (ANOVA, P < 0.05) also differed, ranging from
0.043 + 0.0.028 mg per 100 g in Cavendish (stage Ccc) to 0.248
+0.0.013 mg per 100 g in Bri Bri (stage Ccc) (Table 1).

When individual carotenoids were compared across ripening
conditions (stages Ccc and Ccn), accessions showed significant
differences in bioaccessible content for a-carotene and
B-carotene (paired t-test, p < 0.05) but not for lutein (Fig. 5).

The ripening method significantly affected the carotenoid
bioaccessible content. Accessions ripened with exogenous
ethylene (stage Ccc) had a significantly higher carotenoid
bioaccessible content than accessions ripened on the plant

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Bioaccessible carotenoid content and composition for 11
banana accessions evaluated at the fully ripened stage in controlled
conditions (Ccc) and naturally on the plant (Cnc). Letters on the right
side of each graph represent Tukey's honestly significant difference
(HSD) grouping.

(stage Ccn) (paired t-test p < 0.05) (Table 1). As observed for
the relative bioaccessibility data, there were differences in
bioaccessible content when accessions with the highest and
the lowest total carotenoid content were compared by the
ripening method (stages Ccc and Ccn). Indeed, considering
the five accessions with the highest carotenoid content
(Tindok, Pitogo, Hua moa, Bri Bri, and Kru), the Ccn samples
had a significantly lower carotenoid bioaccessible content
than the Ccc samples (paired T-test p < 0.05). For the acces-
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sions with the lowest carotenoid content (KBB, Prata, Latex
Rojo, Baby Khai, Red Macabu, and Cavendish), the carotenoid
bioaccessible content of the samples ripened in the two con-
ditions (Ccc vs. Ccn) was not significantly different (paired
T-test p = 0.23) (Table 1).

3.3 Starch content

Dietary fiber and starch play crucial roles in the bioaccessibil-
ity and bioavailability of nutrients within the human body.
Both components contribute to the overall digestion and
absorption processes, affecting the release and utilization of
various nutrients (Palafox-Carlos & Gonzalez-Aguilar, 2011).

Total starch, resistant starch, and soluble starch content
were evaluated to assess their effect on carotenoid bioaccessi-
bility. Red Macabu had the lowest total starch content (Ccc =
28.24 + 1.8 gper 100 g; Cen = 19.53 + 0.81 g per 100 g), and
Baby Khai had the highest starch content (Ccc = 49.51 + 6.54 g
per 100 g; Ccn = 39.18 + 2.34 g per 100 g). In Cavendish, the
total starch content was 38.11 + 0.78 g per 100 g at stage Ccc
and 31.63 +2.16 g per 100 g at stage Ccn (Fig. A.37).

Resistant starch, a main fiber component in banana, rep-
resented about 25% of the starch content in all banana
samples evaluated; Its value ranged from 0.49 g per 100 g (2%
of total starch) at stage Ccn in Latex Rojo to 14.09 g per 100 g
(44% of total starch) at stage Ccc in Pitogo. The resistant
starch content in Cavendish was 13.56 + 0.36 g per 100 g at
stage Ccc and 5.49 + 0.79 g per 100 g at stage Cen (25% of total
starch) (Fig. 6 and Fig. A.37).

When analyzed by starch type (total, soluble, and resistant
starch), accessions showed significant differences across ripen-
ing conditions (stages Ccc and Ccn) for total and resistant
starch (ANOVA, p < 0.05), with an average decrease of 3.73 g
per 100 g of resistant starch, and 4.96 g per 100 g of total
starch in natural ripening (Ccn). No significant differences
were observed for soluble starch (Fig. 6).

Resistant starch content has a significantly positive corre-
lation with total bioaccessible carotenoid content (R* = 0.20,
p < 0.05) and bioaccessible B-carotene content (R* = 0.25,
P <0.05). No other significant correlations were found between
starch content and relative bioaccessibility.

4 Discussion

4.1 Carotenoid content is affected by ripening stages and
ripening method

Fruit ripening is defined by four significant physiological
changes: color (due to the loss of chlorophyll and the gain of
carotenoids and anthocyanins); texture (softening of the cell
wall); flavor (an increase in sugars and/or accompanied by
decreased organic acids); and smell (production of volatile
compounds).*" These physiological changes and the con-
ditions under this process can directly or indirectly affect caro-
tenoid content and profile.>*’

Across all comparisons between green fruit (stage A) vs.
ripened fruit (Ccn and Ccc) for most of the accessions, an
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increase of TCC from unripe (stage A) to fully ripe fruits (stage
Ccc and Ccn) was observed, and in only two accessions, TCC
marginally decreased. With few exceptions, genotypes with
lower TCC also had the slightest TCC increase from the unripe
to the ripe stage. These results agree with previous banana
studies,’® as is the case with other fruit that does not stay
green when ripe. The reduction of chlorophyll and the increase
in carotenoids during ripening is an important physiological
process coordinated by a network of genes that activate caro-
tenoid accumulation.*?

When comparing ripening methods (Ccc and Cen), 18 acces-
sions had lower TCC in the Ccn than in the Ccc samples. In
contrast, TCC was higher in the Ccn samples than in the Ccc
samples in nine accessions, suggesting that treating bananas
with exogenous ethylene might directly affect TCC accumu-
lation. Previous studies have indicated that the application of
exogenous ethylene directly affects metabolite accumulation in
bananas including sugars, vitamin C, organic acids, volatile
compounds, and minerals.***® Two studies evaluated the effect
of exogenous ethylene on carotenoids. Hakim (2012)*” con-
cluded that bananas, tomatoes, and pineapple treated with
ethephon (exogenous ethylene) had lowered carotenoid content
when compared with the non-treated group. Similarly,
Maduwanthi (2021)*° found bananas treated with ethephon
and acetylene had significantly lower levels of total carotenoids
in peel and flesh when compared to the non-treated groups.
The two studies used analogous maturation conditions to the
ones used in this study; however, those studies used only one
type of banana, and neither study reported which cultivar or
accession was used for the experiments.

In contrast with these observations in banana, previous
studies in tomatoes have found that postharvest ripened fruits
accumulated more carotenoids than those ripened on the
plant.*® One of the keyways ethylene influences carotenoid
accumulation in climacteric fruits is by upregulating the
expression of genes encoding enzymes involved in carotenoid
biosynthesis, such as phytoene synthase, {-carotene desatur-
ase, and p-carotene hydroxylase, which are responsible for the
initial steps in carotenoid synthesis.® This upregulation of
gene expression can enhance the production of carotenoids in
plant tissues. Thus, the application of exogenous ethylene has
the potential to accelerate the carotenoid biosynthesis natu-
rally occurring during maturation.>

At the same time, Rodrigo & Zacarias (2007)*° also observed
that fruit protected against UVB radiation on the field showed
a higher p-carotene accumulation, suggesting a particular sen-
sitivity of lycopene p-cyclase to UV-B radiation. Becatti et al
(2009)** reported that TCC and carotenoid profiles in tomatoes
were controlled by ethylene concentration (endogenous and
exogenous) and UV-B radiation. The latter influenced caroten-
oid metabolism either in an ethylene-dependent or -indepen-
dent way, acting antagonistically.

Overall, compared with previous studies on banana, our
study evaluated a relatively large sample of banana accessions
and indicated that while ethylene treatment has a significant
effect on TCC accumulation, this effect is genotype-dependent,

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Starch content for 11 banana accessions evaluated at fully ripe stage under two ripening conditions, fully ripe in controlled conditions (Ccc)
and fully ripe naturally on the plant (Cnc). (A) Resistant starch, (B) Soluble starch, (C) Total starch. Bars highlighted (*) indicate groups that showed

significant differences (paired T-test p < 0.05).

which has been previously suggested as a plausible mecha-
nism to explain the influence of ethylene in the carotenoid
pathway in other climacteric crops like apricots,* and
tomatoes.>”

4.2 Carotenoid bioaccessibility varies across genotypes and
ripening conditions

Bioaccessibility, which measures the amount of carotenoids
released from the food matrix into the gut lumen by normal
digestion, directly affects the amount of those components
available for absorption and, by extension, their bioavailability
and potential health benefits. Carotenoid bioaccessibility is a
predictor of bioavailability in humans,* and as an in vitro

This journal is © The Royal Society of Chemistry 2024

technique, by virtue, has a lower cost and higher throughput
to measure, it is a valuable model for studying broad variation
in bioavailable nutrients and phytochemicals in plant
matrices. Bioaccessibility and bioavailability of pVAC in biofor-
tified food have been extensively reviewed for many
crops.**>*>® However, despite the multiple efforts on caroten-
oid biofortification in banana, only one study evaluated caro-
tenoid bioaccessibility in banana and focused on the effect of
cooking recipes® and not on the effect of the genotypes.*®
Most of the carotenoid studies in banana focused on character-
izing carotenoid content, profile, and genetics, but no study
evaluated the variation of carotenoid bioaccessibility in fresh
fruits from different genotypes and the effect of the ripening
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method. Recent studies in other crops, like spinach®! and
cassava,”’ demonstrated that variation in carotenoid bioacces-
sibility exists across genotypes.

Here, we measured the bioaccessibility of 11 banana acces-
sions at the fully ripened stage and two ripening methods (Ccc
and Ccn), in which its carotenoid content was higher than
1 mg per 100 g DW. The relative bioaccessibility of TCC varied
among accessions. Interestingly, no correlation between TCC
and relative bioaccessibility was found, suggesting that the
release of carotenoids from the food matrix is genotype-depen-
dent and unrelated to the carotenoid content. Overall, the
range of relative carotenoid bioaccessibility ranged from 6% to
34%, which is within previously reported ranges in banana
(boiled banana, 10-41%)>" and in other crops like spinach.*
Lutein had the highest relative bioaccessibility, which might
be due to its high concentration relative to other caroten-
o0ids®® and that its physical deposition within the food matrix
is different from other carotenoids, which have been pre-
viously assumed to exert a significant influence on the
bioavailability.*®

The ripening method was found to have a significant effect
on relative bioaccessibility and bioaccessible content. Bananas
ripened on the plant (stage Ccn) had a lower average relative
bioaccessibility and bioaccessible TCC than the corresponding
samples ripened with exogenous ethylene. Note that the four
accessions (Tindok, Pitogo, Hua Mao, and Kru) with the
highest carotenoid bioaccessibility were the same, with the
highest increase in TCC in the controlled condition. The
higher accumulation of TCC in these accessions under con-
trolled conditions likely explains the higher absolute caroten-
oid bioaccessibility.

According to the FDA (2017)*° and their guidelines for a
healthy diet, an average adult must consume at least 0.9 mg
RAE of Vitamin A per day (Daily Value, DV). In their calcu-
lations, one portion of banana (based on a Cavendish banana
with an average weight of 126 g) contributes 2% of the DV for
this vitamin. However, it is not specified if such an amount is
calculated using bioaccessible content. Based on bioaccessible
TCC, our study found that one portion of Cavendish banana,
one of the most consumed worldwide, has 1% of DV at stage
C, regardless of the ripening method. In contrast, pvVACs in the
same size portion of Tindok has 17% DV at stage Ccc and 8%
DV at stage Ccn. Leafy greens are considered one of the main
dietary sources of p-carotene with a content that ranges from
0.46 to 6.4 mg per 100 g of fresh weight, while in fruit like
orange, cherry, peach, apple, and pear, p-carotene ranges from
0.010-0.17 mg per 100 g fresh weight.’” In comparison, in
Tindok, p-carotene content ranges from 0.42 to 1 mg per 100 g
of fresh weight, and in Cavendish, it ranges from 0.07 to
0.09 mg per 100 g of fresh weight (Tables A.4 and A.5%). These
results highlight that depending on the genotype, B-carotene
content can reach value that approach those on the lower end
of leafy green. Considering the high intake of banana and fre-
quency of consumption these levels could represent an impor-
tant path to enhance provitamin A intake from fruit and
vegetables.®%°!
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At the same time, one whole, Tindok banana (average
weight 326 g) could provide up to 54% of vitamin A DV, which
could make a difference in countries where banana is a staple
fruit and vegetables and fruits with high pVAC content are
hard to find or expensive to buy.

For Tindok, Pitogo, Kru, and Hua Moa, which have the
highest TCC at stage Ccc, the Percent Daily Value (%DV) for a
standard portion was lower in the samples ripened on the tree
(Cen) when compared to those ripened with exogenous ethyl-
ene (Ccc). For the remaining accessions, the %DV for a stan-
dard portion was the same or slightly different (>1% differ-
ence) for both maturation methods. The data suggest that this
trait is also accession-dependent.

Relative bioaccessibility has been inversely correlated
with the fiber content of food.®> High pectin concentration
and other dietary fibers such as cellulose, guar, and algi-
nate significantly reduce carotenoid micellization by
increasing intestinal content viscosity.’> Furthermore,
dietary fiber and resistant starch can influence the bioac-
cessibility of nutrients by forming complexes with them
during digestion.®> These complexes can protect nutrients
from degradation by digestive enzymes and promote their
release for absorption in the small intestine.®* This mecha-
nism has been observed with lipophilic compounds such
as carotenoids, where dietary fiber and resistant starch may
improve their solubility and transport across the intestinal
membrane.®’

For this reason, our study measured the amount of resistant
starch and soluble starch content and their effect on caroten-
oid bioaccessibility. On average, resistant starch represented
about 25% of the starch content in all banana accessions.
While resistant starch showed significant differences accord-
ing to maturation stage (Ccc and Ccn), soluble starch did not;
both types of starch are accession dependent. Resistant starch
content was significantly correlated with total bioaccessible
carotenoid content (R* = 0.20, p < 0.05) (Fig. A.41) and bioac-
cessible p-carotene content (R* = 0.25, p < 0.05). Resistant
starch acts as a substrate for colonic fermentation, where it
undergoes microbial breakdown, producing short-chain fatty
acids (SCFAs).°® These SCFAs create an environment in the
colon that promotes the absorption and utilization of caro-
tenoids. SCFAs increase the solubility of carotenoids and
enhance their transport across the intestinal epithelium,
facilitating their uptake into the bloodstream.®”>*® Our find-
ings align with several studies, suggesting an intrinsic corre-
lation between resistant starch and bioaccessible carotenoid
content.®®”"*

Studies on starch content and composition in bananas have
found that the starch content, on average, is approximately
65% of the total dry weight, while resistant starch may vary
from 37.2% to 79.2%. These studies suggest that starch
content and composition are accession-dependent.””>”7* A
study by Vatanasuchart et al. (2012)”® on 11 banana cultivars
grown in Thailand showed that the RS content observed in the
common cultivars ranges between 52.2-61.4%, and values for
indigenous cultivars are between 50.7-68.1%, most of them

This journal is © The Royal Society of Chemistry 2024
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being resistant starch type II which has less impact on caroten-
oids bioaccessibility in comparison to soluble fiber. Our
sample’s composition and type of resistant starch might
explain our results.

5 Conclusions

Our study is the first study to compare the carotenoid and
starch content with carotenoid bioaccessibility at multiple
ripeness stages and ripening methods in a relatively large set
of banana accessions. Our data shows that carotenoid, starch
content, and carotenoid bioaccessibility vary across acces-
sions. Our study revealed that the application of exogenous
ethylene during the ripening process influences carotenoid
and starch accumulation in banana. This, in turn, has pro-
found implications for bioaccessibility across various banana
genotypes, thereby changing the Vitamin A intake. This is
essential knowledge for successfully translating any banana
biofortification effort to the public. This study concludes that
the genotype, ripening methods (natural vs. exogenous ethyl-
ene application), and carotenoid bioaccessible content
should be variables that need to be considered when setting a
nutrition goal for vitamin A biofortification in banana breed-
ing programs.
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