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Abstract

The goal of this work was to evaluate changes in dietary fiber measured by the traditional
enzymatic-gravimetric method (AOAC 991.43) and the more recently accepted modified
enzymatic-gravimetric method (AOAC 2011.25), mono- and disaccharides, and starch as a
function of assessed ripeness in a controlled study of a single lot of bananas and in bananas
at the same assessed stages of ripeness from bananas purchased in retail stores, from dif-
ferent suppliers. Sugars, starch, and dietary fiber were analyzed in bananas from a single
lot, at different stages of ripeness, and in retail samples at the same assessed stages of
ripeness. Mean fiber measured by the traditional enzymatic-gravimetric method (EG) was
~2 9/100g and not affected by ripeness. Mean fiber assessed with the recently modified
method (MEG) was ~18 g/100g in unripe fruit and decreased to 4-5 g/100g in ripe and

~2 9/100g in overripe bananas. Slightly ripe and ripe bananas differed by ~1.1 g/100g in the
controlled single-lot study but not among retail samples. There was a large increase in fruc-
tose, glucose and total sugar going from unripe to ripe with no differences between ripe and
overripe. Aside from stage of ripeness, the carbohydrate composition in retail bananas is
likely affected by differences in cultivar and post-harvest handling. Results from this study
demonstrate the importance of measuring dietary fiber using the mEG approach, developing
more comprehensive and sensitive carbohydrate analytical protocols and food composition
data, and recognizing the impact of different stages of maturity and ripeness on carbohy-
drate intake estimated from food composition data.

Introduction

Bananas are one of the most widely consumed fruits according to recent estimates [1,2] and
rank fourth after rice, wheat and corn among the world’s most economically important food
crops [3]. The fruit is a dietary staple for hundreds of millions of people across Asian, African
and American tropics and are an economic source of nutritious calories (Heslop-Harrison &
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Schwarzacher, 2007) [5]. In the past century, the medical and health communities have
defended the nutritional value of the banana when its digestibility was in question [4]. There
are over a thousand domesticated Musa cultivars characterized by significant genetic diversity,
with challenges to banana production from virulent diseases, abiotic stresses, and demands for
sustainability, quality, transport, and yield [5]. Accordingly, understanding factors that impact
nutrient profiles is important as new technologies are employed to solidify the position of the
banana as a staple food and cash crop. The most commonly consumed cultivar in the U.S. is
Musa acuminate, which includes the Cavendish, distinguished by the plant height and familiar
features of the fruits [6].

Carbohydrates are major components of the banana fruit and comprise approximately 20%
of the fruit on an as-consumed basis [[7], NDB# 009040], equivalent to ~80% of the dry weight.
The primary carbohydrates are starch, sugars (fructose, glucose, sucrose), and non-starch poly-
saccharides (for example, pectin, cellulose, hemicellulose) that are part of “dietary fiber” [8].
Currently, the U.S. Food and Drug Administration (FDA) defines dietary fiber as the “nondi-
gestible soluble and insoluble carbohydrates (with 3 or more monomeric units), and lignin that
are intrinsic and intact in plants; isolated or synthetic non-digestible carbohydrates (with 3 or
more monomeric units) determined by FDA to have physiological effects that are beneficial to
human health.” [9]. This definition codifies what can be considered dietary fiber declared on
food labels and includes components not measured by some methods. It also expands an earlier
definition of dietary fiber to include “resistant starch,” that is, starch that is inaccessible to diges-
tive enzymes due to native structure or retrogradation [10]. The starch content of bananas
(Musa acuminata, “Cavendish”) has been reported to change from approximately 21 g/100g in
unripe fruit to approximately 1 g/100g in fully ripe fruit [11]. During ripening there is a decrease
in enzyme-resistant starch [12] and an increase in water-soluble pectin [13].

Food composition databases report average nutrient concentrations in foods, primarily for
the purpose of estimating dietary intake. When these databases are compiled entries may or
may not include the distinction of variables such as ripeness or maturity of fruits and vegetables.
For example, the USDA Standard Reference database (SR Legacy, [7]) reports data for “bananas,
raw”, with no distinction among bananas of different ripeness. A primary change during
banana ripening is the breakdown of starch, including some types of resistant starch. However,
this change in resistant starch content is not captured by traditional EG measurements. It is
therefore reasonable to expect that the dietary fiber content and composition as measured by
the newer mEG method would be influenced by the degree of ripening in bananas. Whereas
controlled ripening or field research studies have reported on the fiber, starch and sugars in rip-
ening bananas, there is also a need to understand whether any differences associated with differ-
ent ripeness persist in a nutritionally significant amount, after all variables between production
and point of sale as a “banana” in the retail market become involved.

The goal of this work was to evaluate changes in dietary fiber measured by the traditional
enzymatic-gravimetric method [14] and the more recently accepted modified enzymatic-
gravimetric method [15,16], mono- and disaccharides, and starch as a function of assessed
ripeness. We report a controlled experiment of a single lot of unripe bananas assayed while
unripe and at stages through overripe, as well as a study of bananas purchased from several
retail stores, coming from different suppliers, at the same assessed levels of ripeness.

Materials and methods
Study design

For the ripening study, the carbohydrate content and composition of bananas (Cavendish)
from a single lot of unripe bananas was evaluated at the unripe, slightly ripe, ripe, and overripe
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stages. Sugars (fructose, glucose, sucrose, maltose), starch, and dietary fiber were measured by
the traditional enzymatic-gravimetric (EG) method (AOAC 991.43) and the newer modified
EG (“McCleary”) method (AOAC 2011.25). Medium sized bananas were selected for this com-
parison. The effect of size was assessed at the unripe and ripe stages by additionally preparing
samples of “extra-large” size bananas. Ripeness and size were defined according to specific and
consistent criteria. Three samples, each comprising three to five bananas, were prepared for
each ripeness/size. The inclusion of multiple bananas was intended to mitigate any variation in
the precision of assessed ripeness, and also to provide enough material for analysis of different
components. Additionally, samples of medium size ripe bananas were dehydrated and ana-
lyzed to gain preliminary data on the effect of dehydration on the dietary fiber content.

For the retail study, bananas (Cavendish) were sampled from different local retail markets,
without regard to supplier or size, at the slightly ripe, ripe, and overripe stages. Since the goal
of this study was to evaluate bananas as purchased and consumed and unripe bananas are not
generally presented in retail markets, they were not sampled. Ripeness was assessed according
to the same criteria used in the controlled ripening study. These samples were either purchased
at the targeted degree of ripeness, or in some cases of slightly ripe or ripe samples some of the
bananas were also allowed to ripen and also analyzed at a later stage of ripeness. Thus, the mar-
ketplace sampling involved unknown and uncontrolled variables such as producer, country of
origin, supply chain, post-harvest handling, ripeness at point of purchase, fruit size. The results
from the retail study were then compared to see if the conclusions relating carbohydrate com-
position and ripeness in the controlled experiment were evident among the marketplace
samples.

Sample procurement and preparation

For the ripening study, three cases of unripe bananas (Cavendish, stage 1 or 2 ripeness), each
containing approximately ~18 kg (40 Ib.) and comprising approximately 100 bananas, from
the same brand, supplier, and lot were ordered in mid-July 2019 through a local retail outlet
(Blacksburg, VA). After separating the individual bananas from each hand, they were segre-
gated by size as previously defined and positioned in a single layer over a ~1.8 m” (~3.0 m x 0.6
m) countertop with adequate air flow over and around each banana. After removing samples
of unripe bananas to be prepared (as described below), the remaining bananas were allowed to
ripen at ambient conditions; room temperature was controlled (19-22°C), however, (relative)
humidity was uncontrolled (53-77%). At each targeted stage of ripeness, three samples each
comprising three (for medium-size samples) or five (for extra-large samples) bananas were
prepared for analysis (except the two medium-sized ripe bananas samples that were to be
dehydrated, which each contained 7-12 bananas).

Once the ripeness and sizes of the individual unpeeled bananas had been assessed (as
described below), they were peeled, one at a time, and size measurements of the peeled fruits
were quickly taken. The fruit was then cut with a stainless steel paring knife into ~1-cm thick
slices, immediately frozen in liquid nitrogen, and homogenized in liquid nitrogen using a 6-L
Robot Coupe Blixer food processor (Robot Coupe USA. Jackson, MS) as described elsewhere
[17], with subsamples (10-15 g each) for analysis of sugars, starch, dietary fiber, and moisture
dispensed among 60-mL glass jars with Teflon™ lined lids (Qorpak. Clinton, PA) and immedi-
ately frozen at -60°C. The dehydrated samples were prepared by cutting each fruit into ~1 cm
slices, then dehydrating in a single layer using a food dehydrator (Nesco Professional Food
Jerky Dehydrator, Model# FD-75PR. Metalware Corp., Two Rivers, WI), run for 17 hours at
57°C, to approximately 25% of the original mass. The dried bananas were transferred to an
aluminum foil-lined cookie sheet in a single layer, covered with cheesecloth, and allowed to sit
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at ambient conditions (the same as described for ripening) for 24 hours, and were then
homogenized as described for the undried bananas.

For the retail study, slightly ripe, ripe, or overripe bananas were sampled directly from local
retail outlets (Blacksburg, VA), during the first two weeks of December 2019, from multiple
brands and countries of origin. A total of six samples at each stage of ripeness were prepared,
with ripeness assessed in the same manner as in the ripening study (see next section and Fig
1). Each sample comprised 1300-1500 g unpeeled weight. In some cases, a larger amount of
slightly ripe or ripe bananas was purchased, with a portion of the sample allowed to ripen (as
described above, except relative humidity was 27-50%) to yield a sample at a subsequent stage
of ripeness. Banana size was not a criterion for the retail study, and each prepared sample
included 5-12 bananas (~750-1200 g peeled weight).

Determination of ripeness and size

The level of ripeness and size were assessed as summarized in Fig 1, and were consistent with
USDA market inspection criteria [18] of stage 2 for “unripe”, 4-5 for “slightly ripe”, 6-7 for
“ripe”, and 7+ for “overripe”. Measurements and visual and sensory evaluation were per-
formed as follows. Peel color was matched to a standard color card deck (Aerospace Material
Specification Standard 595A Color Fan Deck. AMS-STD-595) and documented by photo-
graphing the bananas with the matching color card(s) in frame, under standardized lighting.
Sensory evaluation was performed by at least two persons who had the same independent
assessment of a given fruit. Aroma was assessed by smelling the actual bananas (unpeeled)
included in each prepared sample. Taste was done by destructive assessment of a banana(s)
that was representative of the ripeness of the fruits being included in the prepared sample.
Flesh firmness was measured using a manual penetrometer with +0.1 kg/cm? precision (Fruit
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Fig 1. Criteria for assessed ripeness of bananas.

https://doi.org/10.1371/journal.pone.0253366.9001
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Hardness Tester, Venus Instruments, VISYIQIModel# GY-3), just before the peeled banana
was sliced and homogenized (below), by inserting the 8-mm probe to a depth of 10 mm at
each of three places on the fruit (~2.5 cm distal from stem end, midpoint, and ~3.5 cm from
the tip).

Banana size was defined by length measurement of the unpeeled banana along the outer
curve from tip to base of stem, measured with a flexible measuring tape, with “medium” being
21.6-23.5 cm (8.5-9.25 in.) and “extra-large” 28.6-30.5 cm (11.25-12.0 in.). The weight of
each banana, unpeeled and peeled, was measured to the nearest 0.1 g, with the “nub” at the
base of the banana and any fibrous phloem bundles being removed and included in the peel
weight. For ripe bananas, if a peeled fruit had significantly bruised flesh it was excluded and
replaced with another banana. Overripe, slightly ripe, and unripe banana flesh was used as is.

Analytical methods

The sugar, starch, dietary fiber, protein, total fat, and ash assays were performed at certified
commercial laboratories using standard methods of analysis. Dietary fiber was determined by
two standard enzymatic-gravimetric methods, the traditional EG method (AOAC 991.43) [14]
and the more recently developed enzymatic-gravimetric-liquid chromatography approach
(AOAC2011.25) [16] (mEG), without freeze-drying samples. The frozen (-60°C) subsamples,
batched with control samples (see Quality Control), were shipped on dry ice via overnight
delivery to the analytical laboratories (Eurofins Food Integrity & Innovation, Madison WI for
mEG fiber and Merieux NutriSciences U.S., Crete IL for starch, sugars, EG fiber, and proxi-
mates other than moisture), and stored frozen until analyzed. Dietary fiber was determined by
two standard enzymatic-gravimetric methods, the traditional EG method (AOAC 991.43) [14]
and the more recently developed enzymatic-gravimetric-liquid chromatography approach
(AOAC2011.25) [16] (mEG), without freeze-drying samples. Sugars (mono-and disaccha-
rides: fructose, glucose, sucrose, maltose) were assayed by liquid chromatography after water
extraction of the homogenized samples (AOAC 980.13) [19]. Starch was measured by the
enzymatic method, involving incubation of the autoclaved sample with amyloglucosidase and
spectrophotometric measurement of released glucose (AOAC 979.10) [20], with glucose deter-
mined by glucose oxidase assay (Sigma Diagnostics Glucose Procedure No. 510. Sigma-
Aldrich, St. Louis, MO). Protein was determined as Kjeldahl nitrogen*6.25 [21], ash by incin-
eration [22], and total fat by acid hydrolysis [23]. Moisture was measured by vacuum drying
2-gram portions of the prepared samples at 65-70°C at 84.7 kPa to a constant weight (AOAC
934.01 using 65-70°C procedure) [24].

Quality control

The banana samples were batched with control and/or commercially available certified refer-
ence materials for each nutrient analysis. The control materials (CC) had established tolerance
limits based on ongoing use in USDA food composition studies [25]. A mixed starchy vegeta-
ble composite (“Starchy Vegetable II CC”) (canned spinach, potatoes without skin (drained),
vegetarian vegetable soup without noodles, fat-free refried beans; baby food sweet potatoes
and corn blend, and non-iodized salt) was analyzed for sugars and starch. A mixed vegetable
homogenate (“Fiber Vegetable CC”) (canned chickpeas, raw orange-flesh sweet potatoes with-
out skin, ripe bananas (peeled), baked russet potatoes without skin, raw kale leaves, and raw
white onions without skin) was analyzed for fiber. Reference materials (RM) were procured
from the National Institute of Standards and Technology (NIST) (Gaithersburg, MD) and
included SRM®) 3233 Breakfast Cereal for sugars and dietary fiber and NIST SRM®) 2383a
Baby Food for sugars.
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Results for the CC and RM were evaluated relative to the expected tolerance limits for the
CCs and the range from the certificate of analysis as well as the z-score for the assayed mean,
calculated according to Engman et al. [26]. Additionally, select samples were analyzed in dupli-
cate in each analytical batch to assess precision, using the HorRat ratio for the assayed relative
standard deviation divided by the expected standard deviation [27]. Samples at the different
stages of ripeness were also distributed evenly among analytical batches, to avoid conflating
any systematic run to run analytical variability to samples.

Data analysis

Means, standard deviations, percent relative standard deviation (RSD) and other calculations
were done using Microsoft Excel (Microsoft Corp., Redmond, WA). Analysis of variance
(ANOVA) and Tukey’s test with 95% confidence interval were used for means comparisons
[28] using XLSTAT [29]. For comparison of nutrient concentrations in the dried and undried
bananas, the assayed moisture content was used to calculate nutrient concentrations on a dry
mass basis. To test for analytical differences between the ripening study samples and the retail
samples, which were assayed several months apart, the mean values for control samples ana-
lyzed with samples at each time point and with 2 or more replicates at each time point were
compared to test for statistical significance. These data included mEG in NIST SRM®) 3233
and mEG, starch, and sugars in the Starchy Vegetable II CC.

Results
Quality control

Results for the commercially available reference materials and established in-house control
composites support the accuracy of the data (Table 1). Data for the control samples assayed
with each batch of samples (Fig 2) illustrate the overall uncertainty across the separation in
time of the analyses performed for the ripening study and retail study banana samples and
multiple analytical batches for each component. HorRat values ranged from 2.3-7.6. Although
higher than the expected ratio of < |3.0|, the HorRat for fiber components and for sugars with
concentration < 1 g/100g were considered reasonable for the multi-step gravimetric assay and
for the magnitude of variability that would be nutritionally meaningful. This contribution of
potential analytical variability can be taken into account when considering the significance of
differences between samples/treatments. Based on these data, analytical uncertainty between
the analytical batches does not indicate differences that would bias comparisons among sam-
ples and ripeness as a result of analytical variability.

Carbohydrate content and composition of bananas at different ripeness

Ripening study. Fig 3 illustrates the fiber, starch, and sugar concentrations in the single
lot of bananas assayed at the four levels of ripeness. Although there was a statistically signifi-
cant difference (p<0.0001) in the moisture content between ripe and unripe bananas, the larg-
est difference was 5.5 g/100g, between overripe (80.3 g/100g) and unripe (74.8 g/100g) and was
not enough to meaningfully impact nutrient concentrations on a fresh weight basis. Therefore,
component concentrations are presented on a fresh weight basis, being most relevant to fresh
bananas consumed.

Dietary fiber measured by the EG method did not differ by ripeness. However, dietary
fiber measured by the mEG method decreased going from unripe to overripe bananas, with
a very large difference (14.0 g/100g) between unripe and slightly ripe and smaller changes
(1.1-2.3 g/100g) among slightly ripe, ripe, and overripe. Starch followed a similar pattern, with
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Table 1. Summary of results for commercial reference materials and control materials analyzed with samples from ripening study and retail study samples.

Certificate of analysis® Assayed
Component Material Target + Uncertainty Mean Range %RSD HorRat Z-score”
Total Dietary Fiber, EG
Fiber Vegetable CC n/a 2.38 0.45 13.4 7.6
NIST SRM®) 3233 Breakfast Cereal 7.8 - 10.2 8.11 0.62 3.8 2.6 -6.9
Total Dietary Fiber, mEG
Fiber Vegetable CC n/a 3.33 0.24 3.9 2.3
NIST SRM®) 3233 Breakfast Cereal 9.2 - 14.6 11.8 2.00 5.0 3.6 -0.8
High Molecular Weight Dietary Fiber (mEG)
NIST SRM®) 3233 Breakfast Cereal 1.1 - 4.1 9.21 1.32 4.5 3.1 0.1
Low Molecular Weight Soluble Dietary Fiber (mEG)
NIST SRM®) 3233 Breakfast Cereal 1.8 - 4.2 2.60 0.73 11.2 6.5 -10.4
Starch
Starchy Vegetable II CC n/a 6.03 1.63 11.7 7.7
Fructose
NIST SRM®) 3233 Breakfast Cereal 0.42 - 1.2 0.68 0.08 5.5 2.6 -8.1
Starchy Vegetable II CC n/a 0.29 0.05 7.4 3.1
NIST SRM®) 2383a Baby Food |  3.87 - 4.05 4.51 * * 4.3
Glucose
NIST SRM®) 3233 Breakfast Cereal |  0.68 - 14 0.92 0.14 6.4 3.1 -5.9
Starchy Vegetable II CC n/a 0.33 0.06 8.1 34
NIST SRM®) 2383a Baby Food |  3.69 3.91 4.05 * * 2.0
Sucrose
NIST SRM®) 3233 Breakfast Cereal | 12.67 - 14.17 13.17 2.01 7.5 5.5 -1.4
Starchy Vegetable II CC n/a 0.80 0.19 10.1 4.9
NIST SRM®) 2383a Baby Food 3.45 3.69 3.40 * * -1.4

*n = 1, so no HorRat or range could be calculated.

*For commercial reference materials, reference range from certificates of analysis [30,31].

“HorRat” is the ratio of the assayed relative standard deviation (RSD) to the expected standard deviation based on analyte concentration [27]. EG = enzymatic-

gravimetric method (AOAC 991.43) [14]; mEG = modified enzymatic-gravimetric method, with high molecular weight dietary fiber comprising insoluble dietary fiber

and soluble dietary fiber precipitate and low molecular weight soluble dietary fiber (AOAC 2011.25) [16]. (see Materials and Methods for description of control
materials). Assayed maltose was <0.5 g/100g in NIST SRM®) 3233 Breakfast Cereal (reference mean + uncertainty = 0.37-0.55 g/100g [30]).

https://doi.org/10.1371/journal.pone.0253366.t001

a difference of 9.3 g/100g between unripe and slightly ripe and 1.4-3.0 g/100g among the
slightly ripe, ripe, and overripe fruit. Within each ripeness stage, the content of glucose and
fructose were similar, and there was no difference in content among slightly ripe, ripe, and over-
ripe bananas, but a 5.0 g/100g difference compared to the unripe fruit. Sucrose was <1 g/100g
in unripe fruit, increased to 2.5 g/100g in slightly ripe/ripe bananas, but in overripe fruit
dropped to the same level as in unripe. Maltose was <0.5 g/100g in all samples.

The composition of the undried and dehydrated ripe bananas were compared on a dry
weight basis. Total EG fiber, starch, fructose, glucose, and sucrose contents were unaffected by
drying, but mEG total fiber was higher in dehydrated bananas (14.2 g/100g dry weight) com-
pared to the undried bananas (11.6 g/100g dry weight). This analysis was done as an explor-
atory comparison, but illustrates the possible higher dietary fiber content of dehydrated
bananas, presumably from creation of RS3 enzyme-resistant starch [32]. Formation of resistant
starch can be affected by the drying method and conditions [32-34], so the dietary fiber con-
tent and carbohydrate composition bananas might vary depending on the production process.
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Fig 2. Results for control materials (CC) analyzed with banana samples from the ripening study (blue) and the retail study (red). EG = enzymatic-
gravimetric method (AOAC 991.43) [14]; mEG = modified enzymatic-gravimetric method [16]; HMWDF = high molecular weight dietary fiber (insoluble
dietary fiber and soluble dietary fiber precipitate) and LMWSDF = low molecular weight soluble dietary fiber (AOAC 2011.25) [16]. Circle (o) = Fiber
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(target + uncertainty, g/100g) for NIST SRM®) 3233 [30]: EG total fiber, 7.8-10.2; mEG total fiber, 9.2-14.6; HMWDF, 6.4-12.0; LMWSDF, 1.8-4.2; fructose,
0.42-1.20; glucose, 0.68-1.40; sucrose, 12.67-14.17; maltose 0.37-0.55. Assayed maltose was <0.15 g/100g in all banana samples.

https://doi.org/10.1371/journal.pone.0253366.9g002

Retail study. Unlike in the ripening study, these samples represented different producers,
supply chains, lots, post-harvest handling, ripeness at point of purchase, and size. As in the rip-
ening study, there was a small but statistically significant difference (p<0.001) in the moisture
content between overripe (78.6 g/100g) and slightly ripe and ripe bananas (75.4 g/100g), but
the difference of 3.2 g/100g was not enough to meaningfully impact nutrient concentrations
on a fresh weight/as-consumed basis and was similar to the moisture content at each ripeness
stage in the ripening study (Fig 3). Table 2 summarizes the mean dietary fiber, starch, and sug-
ars concentrations in bananas of each ripeness. Fig 4 illustrates the results for the individual
samples relative to the mean values. Maltose was <0.5 g/100g in all samples.

For all components except EG fiber, there was wide variability in the concentrations among
different samples at the same ripeness. As in the ripening study, there were no differences among
ripeness in the dietary fiber measured by the EG method. In contrast to the controlled ripening
study, there was no difference in mEG dietary fiber between slightly ripe and ripe bananas. Also,
the difference in mean mEG dietary fiber between slightly ripe/ripe and overripe was ~1 g/100g
greater. As in the ripening study, starch decreased going from slightly ripe to ripe and ripe to over-
ripe, but the differences were about 1 g/100g larger. The mean concentrations of glucose and fruc-
tose at each ripeness stage (~6 g/100g each) and differences among stages of ripeness were similar
to those in the ripening study. The mean sucrose content of the retail banana samples did not dif-
fer between slightly ripe and ripe bananas and the content in overripe bananas was lower, as seen
the ripening study, but the absolute sucrose contents were higher, by ~ 1-1.5 g/100g.

Some differences in composition due to size and other criteria that were controlled in the
ripening study, but not in selection of retail samples, may have contributed to overall variabil-
ity among retail samples. For example, in the ripening study, in which the ripe and unripe
medium and extra-large size bananas were analyzed, a small but statistically significant
(p<0.05) difference was found between sizes for some components. These components and
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concentrations in g/100g fresh weight were, for medium and extra-large, respectively: EG total
fiber (1.23, 0.88) and moisture (76.42, 77.41) in ripe bananas; mEG fiber (17.9, 16.0), fructose
(1.49, 1.69), glucose (1.55, 1.75), and moisture (74.78, 75.88) in unripe bananas. Obviously
other variables among samples contribute to the larger variability seen among retail samples at

the same assessed ripeness.

Discussion

Carbohydrate content and composition

Carbohydrates comprise approximately 70-80% of the dry mass of the unripe banana, consist-
ing of starch (primarily) and non-starch polysaccharides (NSP) (for example, hemicellulose,
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Fig 3. Changes in content of sugars, starch, and dietary fiber in a single lot of bananas assayed at different stages of ripeness. Values shown are the
mean + standard deviation for three samples of each ripeness, each consisting of a homogenate of three to five bananas, with ripeness assessed according to the
criteria in Fig 1.

https:/doi.org/10.1371/journal.pone.0253366.g003
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Table 2. Mean and range for dietary fiber, sugars, starch, and proximate composition of retail samples of bananas of different ripeness (unripe bananas were not

analyzed in retail samples).

Component (g/100g) Slightly Ripe Ripe Overripe
CARBOHYDRATES:
Total dietary fiber, EG
Mean 1.64% 1.774 1.75%
Range 1.15-1.86 1.05-2.20 1.14-2.33
n 5 5 5
Total dietary fiber, nEG
Mean 499 3.69* 1.93°
Range 3.84-6.32 2.66-5.12 1.55-2.44
n 5 5 5
Starch
Mean 4.50% 2.528 0.48¢
Range 3.39-5.18 1.55-5.40 0.30-0.86
n 7 7 6
Sucrose
Mean 3.33%8 4.56° 1.884C
Range 1.84-5.25 1.15-9.40 0.53-4.31
n 7 7 7
Fructose
Mean 6.08* 6.23% 6.72%
Range 5.26-6.72 3.33-9.43 5.73-7.38
n 7 7 7
Glucose
Mean 6.03* 533" 6.96"
Range 5.18-6.78 <0.2-9.49 6.12-7.84
n 7 7 7
Total sugars (glucose, fructose, sucrose)
Mean 15.0% 1714 16.7%
Range 12.9-16.6 14.4-19.4 14.2-19.6
n 7 7 7
PROXIMATES:
Moisture
Mean 75.574 75.27% 78.58°
Range 74.97-77.02 72.15-76.92 75.87-80.56
n 7 7 7
Ash
Mean 0.74* 0.66° 0.67°
Range 0.69-0.81 0.65-0.70 0.62-0.78
n 6 6 6
Crude fat
Mean 0.37* 0.22% 0.22%
Range 0.10-0.72 <0.5-0.62 0.10-0.38
n 6 6 6
Nitrogen
Mean 0.12% 0.12% 0.12%
Range 0.11-0.13 0.11-0.13 0.10-0.15
(Continued)
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Table 2. (Continued)

Component (g/100g) Slightly Ripe Ripe Overripe
n 6 6 6

EG = enzymatic-gravimetric method (AOAC 991.43) [14]; mEG = modified enzymatic-gravimetric method. Different capital letter superscripts within each component
indicate a statistically significant difference in means (p<0.05). Maltose was <0.5 g/100g in all samples.

https://doi.org/10.1371/journal.pone.0253366.t1002

pectin, cellulose), as well as smaller amounts of fragments of the polysaccharides formed dur-
ing cell wall breakdown and starch catabolism during ripening [13,35]. The respiration rate is
low in green bananas, and ripening begins at the climacteric, instigated by the production of
ethylene and accompanied by a rapid increase in respiration [36]. During ripening starch is
converted to sugars, resulting in the softening of texture and sweet taste associated with the
ripe banana. These processes involve numerous hydrolases acting on starch and NSP, includ-
ing sucrose synthase and invertase, among others [35,37]. Bananas are harvested at different
stages of ripeness, but primarily unripe (green) when that fruit will be transported outside the
growing region, as is the case for bananas in retail markets in the U.S. Various methods and
treatments are used to control post-harvest ripening and prevent spoilage in bananas packaged
for transport [36,38,39].

The most striking finding in this study, which looked at the composition of bananas from a
macronutrient perspective, was the higher dietary fiber content in unripe and ripe bananas
when measured by the currently accepted modified enzymatic-gravimetric method (AOAC
2011.25) [16] compared to the longstanding standard enzymatic-gravimetric method (AOAC
993.41) [14], which decreased with increasing ripeness. Dietary fiber measured by the mEG
method exceeded the amount determined by the EG method by an average of 15.6 g/100g in
unripe bananas (ripening study) to 3.4 and 1.9 g/100g in slightly ripe and ripe bananas, with
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Fig 4. Dietary fiber, starch, and sugars in retail samples of bananas of the same ripeness (defined as in Fig 1). Data points in the same color are from the
same sample (i.e., same hand(s) from the same lot, supplier, purchase point/time), where a portion of the bananas were allowed to ripen further, and the red
symbols (¢) denote the ripening study samples. EG = enzymatic-gravimetric method (AOAC 991.43) [14]; mEG = modified enzymatic-gravimetric
(“McCleary”) method (AOAC 2011.25) [16]. — mean, with error bars showing two times the standard error. Maltose was <0.5 g/100g in all samples.

https://doi.org/10.1371/journal.pone.0253366.9004
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no difference between mEG and EG fiber in overripe bananas. Given the high starch content
of bananas, which decreases during ripening, this finding is consistent with the quantitation of
resistant starch (RS) by the mEG (but not EG) method. Bananas have been reported to contain
a significant amount of RS [12], with levels decreasing throughout ripening, and RS is consid-
ered dietary fiber according to the current definition [9].

Perhaps the most touted aspect of the mEG compared to the EG method is that it includes
non-digestible low molecular weight oligosaccharides (LMWSDF) (for example, fructans, sta-
chyose, raffinose) present in some foods such as legumes and some fruits [40,41]. However,
another difference is that the mEG method does not involve initial “cooking” (autoclaving or
boiling) that renders some types of resistant starch accessible to digestive enzymes. There are
five types of RS, and bananas contain RS2 (granular, native starch with a highly crystalline
structure [32]). LMWSDF was not detected at >0.8 g/100g in any of the banana samples in
this study, but the impact of the enzymatic hydrolysis conditions was notable. Our previous
work showed that the underestimation of fiber by the EG method can be significant, particu-
larly in high starch foods [42], and this study demonstrates that those differences deserve more
consideration in distinguishing the dietary fiber content of high starch foods consumed at dif-
ferent stages of ripeness or maturity or prepared in different ways, which can have varying
effects on starch and different types of resistant starch.

Moreover, the production of limit dextrins and pectic and hemicellulosic oligosaccharides
in ripening bananas, which are likely at levels below the limit of detection for LMWSDF in the
mEG assay, should be considered. If all of the difference in fiber quantified by the mEG and
EG methods was due to resistant starch, the decrease in starch and mEG fiber would be the
same. Among the slightly ripe, ripe, and overripe bananas, there was no detectable difference
in the amount by which mEG fiber and starch decreased from slightly ripe to ripe and from
ripe to overripe (2 g/100g). However, going from unripe to slightly ripe, the difference between
mEG and EG fiber exceeded the decrease in starch by 4 g/100g. Better methods to measure the
concentrations, composition, and structure of the carbohydrates comprising “dietary fiber”
are important given the contemporary focus on the effects of diet on the gut microbiome and
its association with health outcomes [43-45].

Sugars

In bananas, sucrose is derived from the breakdown of starch into maltose and glucose, which
are then converted to sucrose through the action of sucrose synthase, and sucrose is then fur-
ther broken down into glucose and fructose by invertase as the fruit ripens [46-48]. In this
study, the predominant sugars at any ripeness stage were glucose and fructose (in approxi-
mately equal amount at all ripeness levels) at, on average 12-13 g/100g total in slightly ripe to
overripe and 3.2 g/100g in unripe bananas. Sucrose increased only nominally going from
unripe (~1 g/100g) to ripe (4.6 g/100g), with only a 1-2 g/100g difference between slightly
ripe/ripe and ripe/overripe. No maltose was detected (<0.15 g/100g) in any sample, of any
ripeness. On average, sucrose comprised only 25% of the sugars in unripe bananas, 22-27% in
slightly ripe/ripe bananas and 11% in overripe bananas, out of total sugar contents of 4.3 and
15-17 g/100g in unripe and slightly ripe to overripe bananas, respectively.

The results for soluble sugars (fructose, glucose, sucrose, and maltose) in some reported rip-
ening studies differed both from each other and from those obtained in the current study [49-
51]. Contrary to the results reported here, sucrose has been previously observed to be the most
abundant soluble sugar derived from starch catabolism during banana ripening in several cul-
tivars, including Cavendish [46,52,53]. However, there have also been several studies in which
fructose and glucose were found to be the most abundant soluble sugars present in ripened
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bananas [49-51]. Moreover, maltose has also been detected in a wide range of concentrations
in ripening bananas [49,50], while none was detected in the present study. The processes gov-
erning the catabolism of starch into soluble sugars is complex and may be influenced by several
factors including growth conditions, point of origin, ripening conditions, and post-harvest
storage and treatment [49,53,54].

Also worth noting is that in the present study, whereas the changes in total mEG fiber and
starch were in the same direction between stages of ripeness in particular individual samples
that were assayed at more than one ripeness compared to the trend in the overall mean, the
same was not true for the sugars, where individual samples in some cases showed a large differ-
ence in the direction opposite of the mean differences by ripeness (see Fig 4). Our hypothesis
is that cultivar, growing conditions and post-harvest handling and treatments likely affected
sugar metabolism. The specific cultivar, country of origin, growing conditions and post-har-
vest treatment were not controlled variables in this study. The samples reflect typical U.S. mar-
ketplace selection, including in some cases bananas allowed to ripen after purchase, and
represented major producers in the U.S. market. While all were Musa spp. (AAA Group, Cav-
endish Subgroup), different cultivars are widely distributed in the U.S. retail market, including
Dwarf Cavendish, Grade Nain, and Giant Cavendish [6]. It has been shown that starch break-
down and sucrose synthesis in different banana cultivars are affected differently by the exoge-
nous application of ethylene [55,56], with Cavendish responding with earlier ripening, starch
degradation, and sucrose production, and these processes are mitigated by potassium perman-
ganate [57]. Potassium permanganate has been used to delay post-harvest ripening of bananas
[58] and represents one of a variety of post-harvest treatments used to control ripening and
fruit quality [39,59]. Starch breakdown and sugar synthesis and metabolism is a complex pro-
cess influenced not only by ethylene but other hormones, the control and interaction of which
are not fully understood [46]. Growing conditions have also been shown to affect the composi-
tion of the fruit [60,61]. Thus, it is not unreasonable to presume that differences in ripening
conditions, treatments used to control ripening, cultivar, transport times, and other variables
influence the ultimate content and relative concentrations of sugars and starch in bananas at
the point of consumption. The sample-to-sample variability in sugar content and composition
in this study support the influence of post-harvest factors in sugar metabolism in the ripening
banana, and further exemplify why food composition databases should reflect these factors
when reporting the nutritional content of fruits and vegetables as consumed.

Analytical methods

The impact of analytical methods on values should be considered, not only for fiber, but also
for sugars and starch. The carbohydrate components expected in banana fruit include starch,
non-starch polysaccharides (NSP) (including hemicellulose, pectin, cellulose), malto-oligosac-
charides, limit dextrins, pectin and hemicellulose fragments, monosaccharides and disaccha-
rides. The maltooligosaccharides, limit dextrins, and pectin and hemicellulose fragments are
not accounted for in the routine analysis of sugars (defined as mono- and disaccharides) or by
the mEG fiber or starch methods. Larger NSP fragments would precipitate as soluble fiber and
be included in fiber recovered in the gravimetric portion of the mEG method. However,
smaller limit dextrins and some oligosaccharide fragments of the NSP could be missed in the
liquid chromatographic portion of the assay [62], due to either being below the limit of detec-
tion or not being specifically identified and quantified. Extractability of NSP directly from
banana pulp has also been shown to be affected by the soluble sugars content and method of
extraction [63], as has the recovery of sugars and oligosaccharides [50]. It is also possible that
depending on where the sugars and starch are compartmentalized in the ripening banana that
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the standard method of sugar extraction used in this work did not fully release all sugars from
the matrix, in which sucrose is synthesized from glucose and maltose released from starch,
within cell plastids [46]. In fact, no maltose (<0.1 g/100g) was found in any sample at any ripe-
ness stage in this study, yet it would be expected to be found as a breakdown product from
starch in ripening bananas. In our study, all samples were kept frozen prior to analysis, which
is important to prevent potential loss of sucrose, which has been shown to invert to glucose
and fructose in some foods stored at refrigeration temperatures [64], and it is important to pay
attention to sample preparation and handling when evaluating data reported for sugars in
foods.

The effect of freezing itself does need to be considered in the fiber analysis. Slow cooling
and freezing result in retrogradation and production of RS3 resistant starch in cooked high-
starch foods [65]. The effect of freezing, and particularly flash freezing in liquid nitrogen (as
used in homogenization of samples in this study) on the digestibility of starch in the in vitro
mEG assay remains to be explored. Technically the mEG procedure allows freeze-drying sam-
ples (which was not done in the present study). However, freeze-drying, in addition to heating,
can affect the assayed dietary fiber content in some foods [66] and specifically affects banana
starch [67]. Thus, freeze-drying should be specifically prohibited in any enzymatic method
attempting to mimic digestion.

Ideally there would be a more direct and comprehensive method for quantifying all individ-
ual non-digestible, prebiotic carbohydrates comprising the totality of carbohydrates in a food,
using methods with an adequate limit of detection and in which sample preparation and analy-
sis do not involve conditions that alter the food as consumed. Notably, it is possible that partic-
ular components have a prebiotic effect at levels that are too low to detect when analyzed in
the LMWSDF fraction left over from the mEG fiber assay, in which sample weights and solvent
volumes have been optimized primarily for the gravimetric portion of the assay. Newer, high-
throughput mass spectrometric methods that quantify carbohydrates and examine linkages
[68,69] will be useful in this effort.

Implications for food composition data

Dietary fiber. The impact of changes in the definition of dietary fiber and analytical meth-
odology on food composition data have been discussed previously, especially for foods con-
taining significant amounts of starch that are consumed uncooked/unprocessed [42]. For
bananas, the mean total dietary fiber content previously reported in the USDA Legacy SR data-
base (determined by the traditional EG assay) is 3.1 g per 118g medium size banana [7], NDB#
009040), with no distinction among bananas of different ripeness. The present study found a
mean dietary fiber content of 2.2, 4.4 and 5.9 grams per medium banana for overripe, ripe and
slightly ripe, respectively, when determined by the mEG method. In contrast, the mean dietary
fiber content of bananas at all stages of ripeness was similar to the value in the Legacy SR data-
base when measured by the EG method (2.0 g/118g banana). Many other foods contain resis-
tant starch [70] and could be expected to have dietary fiber contents that would be impacted
by method of analysis. In fact, decades ago, it was reported that bananas contain a large portion
of non-digestible starch that decreases with ripening [71], yet determination of dietary fiber in
foods (including in the USDA Legacy SR food composition database) has largely been deter-
mined by the EG approach.

The physiological effects and health outcomes related to dietary fiber intake and different
types of dietary fiber have been the subject of extensive research for more than 50 years
[72,73]. In the U.S,, the current Dietary Reference Intake (DRI) for total fiber is 14 g/1000 kcal
[74]. However, there is no DRI for different components of “dietary fiber”. Historically, fiber
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was first distinguished as water-soluble and insoluble, to which different benefits were attrib-
uted, including cholesterol sequestering for soluble fiber and decreased intestinal transit time
for insoluble fiber [75]. More recent investigations have explored how individual components
included in dietary fiber exert their physiological effects through interaction with the gut
microbiome [76-78]. These interactions and effects have been shown to be structure specific
[79]. Thus, it has become increasingly necessary to understand dietary fiber in greater detail.
Bananas are known to contain both oligo- and polysaccharide structures that contribute to die-
tary fiber such as fructans, resistant starch, cellulose, xyloglucans, mannans, and pectin

[80,81]. How these fiber components are affected by fruit ripening, point of origin, or post-
harvest treatment is yet to be fully understood.

In this study, dietary fiber measured by the mEG method versus the EG method was higher
by up to ~3 g per medium banana, which is ~20% of the 14g/1000 kcal DRI. For bananas it is
therefore recommended that enzymatic-gravimetric dietary fiber be quantified using the mEG
method, which provides a better measure of the total non-digestible carbohydrates to which
the gut microbiota is exposed. Attention should also be paid to differences in dietary fiber con-
tent of bananas as a function of ripeness, especially in the underripe or slightly ripe fruit. The
effect of dehydration on dietary fiber content of bananas also suggests caution in imputing the
dietary fiber content of dried fruits from values for fresh fruits. An actual difference in dietary
fiber content and composition may be a factor in health claims for dried versus fresh fruits
[82] and should also be considered in assessing intake of dietary fiber and the physiological
impact of specific dietary fiber components and foods. The potential health effects of RS have
been reported in human studies, most notably in relation to managing diabetes and an
approved European Union health claim [65,83]. Reported effects of RS on gut health have led
to its consideration as a prebiotic [84] and food manufacturers have included it as an ingredi-
ent in some foods [85]. The present work suggests that the changes in mEG fiber may reflect
changes in RS, which may impact physiological responses to the consumption of bananas and
add to the complexity of dietary recommendations. There is also a fraction of carbohydrates
likely unaccounted for by the mEG method, which varies with banana ripeness, that includes
the non-digestible oligosaccharides resulting from starch hydrolysis [86].

Calculated energy. Energy (kcal per 118g medium size banana) was calculated from
assayed proximates (Table 2) using specific Atwater factors of 8.37, 3.36, and 3.6 kcal/g for fat,
protein (N*6.25) and carbohydrate by difference [87] and compared to energy calculated using
the general Atwater factors of 9, 4, and 4 kcal/g for fat, protein, and carbohydrate by difference
with and without mEG or EG fiber subtracted (“adjusted”). Because proximates were not mea-
sured in the ripening study, only data for slightly ripe, ripe, and overripe bananas from the
retail study samples could be compared. The mean specific and mean adjusted energy content
did not differ for ripe and overripe bananas and was only 13 kcal per banana different for the
slightly ripe (with values derived from specific Atwater factors being higher). Because the spe-
cific Atwater factors are empirically determined based on metabolizable energy in the particu-
lar food [87], and nearly all energy from bananas is derived from carbohydrates, this
agreement is expected if non-digestible fiber (mEG) is subtracted from carbohydrate by differ-
ence and the non-specific Atwater factor is applied (Fig 5).

Proximate components were not measured in the ripening study, and only the ripening
study involved unripe bananas. However, given the large difference in mEG fiber between
unripe and slightly ripe (16.5 g/118g medium banana) and small differences among subse-
quent ripeness levels (< 3 g/banana), and the fact that there was a small and statistically signifi-
cant (p<0.05) decrease in energy calculated with the different energy factors for slightly ripe
versus ripe bananas, it is reasonable to assume that there would be an even larger difference in
the energy content of unripe bananas calculated using the specific Atwater factors. For
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Fig 5. Mean energy content of bananas of different ripeness in the retail study, calculated from proximate data (Table 2) using either the specific or
general Atwater factor for carbohydrates by difference (3.6 and 4 and kcal/g, respectively) [87], with and without subtracting EG fiber or mEG fiber
(see Table 2) from total carbohydrates by difference before applying the general factor. Error bars show the range for 6 samples at each stage of
ripeness.

https://doi.org/10.1371/journal.pone.0253366.9005

example, assuming 16.5 g mEG fiber per medium banana and 30 g total carbohydrate by dif-
ference, 0.3 g fat, and 0.8 g protein, the specific and adjusted calculated energy contents are
114 and 61 kcal per medium banana, respectively. Any application using unripe bananas (not
further cooked) would likely have the energy contribution from the bananas overestimated sig-
nificantly if the specific Atwater factors for bananas were used for the calculation, as a result of
the high content of non-digestible starch. More importantly than absolute energy values,
much of the clinical concern about different foods, in particular those high in carbohydrates,
involves the glucose/insulin response and what the microbiota are exposed to in the gut. Other
fruits and vegetables that are high in starch or fiber are consumed from the unripe to the very
ripe stage, including plantains (another group of cultivars of the Musa genus that are widely
consumed throughout the world) and experience less starch degradation during ripening [88].

Conclusions

From an epidemiological perspective, there is a need for more detailed food composition data,
including carbohydrate composition, among fruits and vegetables at different stages of matu-
rity and ripeness. This study demonstrated that the dietary fiber, sugar, and starch content of
bananas cannot be generalized across ripeness stages, and food composition databases typically
do not distinguish between bananas at different stages of edible ripeness. Some of the carbohy-
drate differences detected in a single lot of bananas analyzed at the slightly ripe versus ripe
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stage were non-existent in retail samples. Therefore, caution should be exercised in extrapolat-
ing results from controlled studies or field studies to the composition of the food as consumed,
given myriad other variables in the supply chain. Large differences in dietary fiber measured
by the traditional (EG) and more recently modified (mEG) approaches also suggest that more
specific, sensitive, and economical methods are needed to characterize and quantify the actual
composition of the non-digestible carbohydrates comprising “fiber” and the changes that
occur during ripening. As more and more research demonstrates the role of the gut microbiota
in health and disease, epidemiologists, nutritionists, and food analysts must move away from
the focus on the “dietary fiber” (i.e. non-digestible residue) of foods and towards considering
individual components and their effects on the gut microflora. Other fruits and vegetables that
are high in starch or fiber and consumed from the unripe to very ripe stage, including plan-
tains (cultivars of the Musa genus that are widely consumed throughout the world), are worthy
of more detailed analysis of the carbohydrate content and composition and variability in the
food as consumed.

Supporting information

S1 Table. Data for individual samples. Results for analyzed components in individual banana
samples.
(XLSX)

Author Contributions

Conceptualization: Katherine M. Phillips, Ryan C. McGinty, Pamela R. Pehrsson, Naomi K.
Fukagawa.

Data curation: Katherine M. Phillips, Ryan C. McGinty.

Formal analysis: Katherine M. Phillips, Ryan C. McGinty.

Funding acquisition: Katherine M. Phillips, Pamela R. Pehrsson, Naomi K. Fukagawa.
Investigation: Katherine M. Phillips.

Methodology: Katherine M. Phillips, Ryan C. McGinty.

Project administration: Katherine M. Phillips.

Supervision: Katherine M. Phillips.

Validation: Katherine M. Phillips.

Visualization: Garret Couture, Kyle McKillop.

Writing - original draft: Katherine M. Phillips, Garret Couture, Kyle McKillop, Naomi K.
Fukagawa.

Writing - review & editing: Katherine M. Phillips, Ryan C. McGinty, Pamela R. Pehrsson,
Naomi K. Fukagawa.

References

1. Geographic N. The surprising science behind the world’s most popular fruit: National Geographic Soci-
ety, October 24, 2017; 2017 [cited 2020 September 29, 2020]. Available from: https://www.
nationalgeographic.com/environment/urban-expeditions/food/food-journeys-graphic/.

2. Singh C, Jabi S, Gaurav N. A review on biology and study of major viral diseases in banana. The
Pharma Innovation Journal. 2018; 7(12):218-22.

3. Canine C. Building a Better Banana. Smithsonian. 2005; 36(7):96—104. CCC:000231999600024.

PLOS ONE | https://doi.org/10.1371/journal.pone.0253366  July 8, 2021 17/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0253366.s001
https://www.nationalgeographic.com/environment/urban-expeditions/food/food-journeys-graphic/
https://www.nationalgeographic.com/environment/urban-expeditions/food/food-journeys-graphic/
https://doi.org/10.1371/journal.pone.0253366

PLOS ONE

Dietary fiber, starch, and sugars in bananas at different stages of ripeness in the retail market

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Bananas: Harvard T.H. Chan School of Public Health; 2020 [cited 2021 April 9, 2021]. Available from:
https://www.hsph.harvard.edu/nutritionsource/food-features/bananas/.

Heslop-Harrison JS, Schwarzacher T. Domestication, genomics and the future for banana. Annals of
botany. 2007; 100(5):1073-84. https://doi.org/10.1093/acb/mcm191 PMID: 17766312

Ploetz RC, Kepler AK, Daniells J, Nelson SC. Banana and plantain—an overview with emphasis on
Pacific island cultivar, ver. 1. Holualoa, HI: Permanent Agriculture Resources, 2007.

USDA. National Nutrient Database for Standard Reference (Legacy Release), April 2018: United States
Department of Agriculture; 2018 [September 29, 2020]. Available from: https://fdc.nal.usda.gov/fdc-
app.html#/?query=.

Cummings J, Roberfroid M, Andersson H, Barth C, Ferro-Luzzi A, Ghoos Y, et al. A new look at dietary
carbohydrate: chemistry, physiology and health. European Journal of Clinical Nutrition. 1997; 51
(7):417-23. https://doi.org/10.1038/sj.ejcn.1600427 PMID: 9234022

Nutrition labeling of food. FDA Code of Federal Regulations Title 21, Volume 2, Part 101. In: Administra-
tion USFaD, editor. 2019.

Raigond P, Ezekiel R, Raigond B. Resistant starch in foods: a review. Journal of the Science of Food
and Agriculture. 2015; 95:1968—78. https://doi.org/10.1002/jsfa.6966 PMID: 25331334

Wills R, Lim J, Greenfield H. Changes in chemical composition of ‘Cavendish’banana (Musa acuminata)
during ripening. Journal of Food Biochemistry. 1984; 8(2):69-77.

Wang T, Tang X, Chen P, Huang H. Changes in resistant starch from two banana cultivars during post-
harvest storage. Food Chemistry. 2014; 156:319-25. https://doi.org/10.1016/j.foodchem.2014.02.012
PMID: 24629975

Duan X, Cheng G, Yang E, Yi C, Ruenroengklin N, Lu W, et al. Modification of pectin polysaccharides
during ripening of postharvest banana fruit. Food Chemistry. 2008; 111:144-9.

AOAC. Total, soluble, and insoluble dietary fiber in foods, enzymatic-gravimetric method, MES-TRIS
buffer. Official Method 991.43 (32.1.17). AOAC Official Methods of Analysis. Gaithersburg, MD: Asso-
ciation of Official Analytical Chemists International; 2005.

McCleary BV, DeVries JW, Rader JI, Cohen G, Prosky L, Mugford DC, et al. Determination of insoluble,
soluble, and total dietary fiber (CODEX definition) by enzymatic-gravimetric method and liquid chroma-
tography: collaborative study. Journal of AOAC International. 2012; 95(3):824—44. https://doi.org/10.
5740/jaoacint.cs2011_25 PMID: 22816275

AOAC. Insoluble, soluble, and total dietary fiber in foods, enzymatic-gravimetric-liquid chromatography.
Official method 2011.25 (32.1.43). AOAC Official Methods of Analysis. Gaithersburg, MD: Association
of Official Analytical Chemists International; 2011.

Phillips K, Tarrago-Trani M, McGinty R, Rasor A, Haytowitz D, Pehrsson P. Seasonal variability of the
vitamin C content of fresh fruits and vegetables in a local retail market. Journal of the Science of Food
and Agriculture. 2018; 98(11):4191-204. https://doi.org/10.1002/jsfa.8941 PMID: 29406576

USDA. Bananas Market Inspection Instructions. USDA Agricultural Marketing Service, April 2004.
2004.

AOAC. Fructose, glucose, lactose, maltose, and sucrose in milk chocolate. Official method 980.13.
AOAC Official Methods of Analysis. Gaithersburg, MD: Association of Official Analytical Chemists
International; 2005.

AOAC. Starch in cereals—glucoamylase method. Official method 979.10. AOAC Official Methods of
Analysis, 18th Ed. Gaithersburg, MD: Association of Official Analytical Chemists International; 2005.

Official Method 988.05 (4.2.03), Protein (crude) in animal feed and pet food and Official Method 950.48
(40.1.06) protein (crude) in nuts and nut products. In: Wendt Thiex NJ, editor. Official Methods of Analy-
sis of the Association of Official Analytical Chemists (17th ed). 1. Arlington, VA: AOAC; 2000.

Official method No. 935.42 (33.7.07), Ash of Cheese. In: Bradley RL, editor. Official Methods of Analysis
of the Association of Official Analytical Chemists, 17th edition 2. Arlington, VA: AOAC; 2000.

Official Method 950.54 (43.1.34). In: Woodbury JE, editor. Official Methods of the Association of Analyti-
cal Chemists. Arlington, VA2000.

AOAC. Official Method 934.01. Loss on Drying (Moisture) at 95°C-100°C for Feeds. Official Methods of
Analysis (15th edn). Gaithersburg, MD: Association of Official Analytical Chemists International; 2003.

Phillips KM, Patterson KY, Rasor AS, Exler J, Haytowitz DB, Holden JM, et al. Quality-control materials
in the USDA national food and nutrient analysis program (NFNAP). Analytical and Bioanalytical Chem-
istry. 2006; 384(6):1341-55. https://doi.org/10.1007/s00216-005-0294-0 PMID: 16501956

Engman L, Jorhem J, Schroder T. Analysis of certified reference materials—a user-friendly approach
based on simplicity. Fresenius Journal of Analytical Chemistry. 2001; 370:178-82. https://doi.org/10.
1007/s002160100828 PMID: 11451232

PLOS ONE | https://doi.org/10.1371/journal.pone.0253366  July 8, 2021 18/21


https://www.hsph.harvard.edu/nutritionsource/food-features/bananas/
https://doi.org/10.1093/aob/mcm191
http://www.ncbi.nlm.nih.gov/pubmed/17766312
https://fdc.nal.usda.gov/fdc-app.html#/?query=
https://fdc.nal.usda.gov/fdc-app.html#/?query=
https://doi.org/10.1038/sj.ejcn.1600427
http://www.ncbi.nlm.nih.gov/pubmed/9234022
https://doi.org/10.1002/jsfa.6966
http://www.ncbi.nlm.nih.gov/pubmed/25331334
https://doi.org/10.1016/j.foodchem.2014.02.012
http://www.ncbi.nlm.nih.gov/pubmed/24629975
https://doi.org/10.5740/jaoacint.cs2011%5F25
https://doi.org/10.5740/jaoacint.cs2011%5F25
http://www.ncbi.nlm.nih.gov/pubmed/22816275
https://doi.org/10.1002/jsfa.8941
http://www.ncbi.nlm.nih.gov/pubmed/29406576
https://doi.org/10.1007/s00216-005-0294-0
http://www.ncbi.nlm.nih.gov/pubmed/16501956
https://doi.org/10.1007/s002160100828
https://doi.org/10.1007/s002160100828
http://www.ncbi.nlm.nih.gov/pubmed/11451232
https://doi.org/10.1371/journal.pone.0253366

PLOS ONE

Dietary fiber, starch, and sugars in bananas at different stages of ripeness in the retail market

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

Horwitz W, Albert R. The Horwitz ratio (HorRat): a useful index of method performance with respect to
precision. Journal of the Association of Official Analytical Chemists International. 2006; 89:1095-109.

Ott R, Longnecker M. An Introduction to Statistical Methods and Data Analysis. Boston, MA: Cengage
Learning; 2016.

Addinsoft. XLSTAT statistical and data analysis solution. New York, NY: https://www.xIstat.com; 2020.

NIST. Certificate of Analysis. Standard Reference Material 3233 Fortified Breakfast Cereal. Gaithers-
burg, MD: National Institute of Standards and Technology (NIST), 2014 September 5, 2014. Report
No.

NIST. Certificate of Analysis. Standard Reference Material 2383a Baby Food Composite. Gaithers-
burg, MD: National Institute of Standards and Technology, 2015 July 21, 2015. Report No.

Khoozani AA, Birch J, Bekhit AEDA. Resistant starch preparation methods. Encyclopedia of Food
Chemistry: Academic Press; 2019. p. 390—4. https://doi.org/10.1016/j.ijbiomac.2019.03.010 PMID:
30844459

Donlao N, Matsushita Y, Ogawa Y. Influence of postharvest drying conditions on resistant starch con-
tent and quality of non-waxy long-grain rice (Oryza sativa L.). Drying Technology. 2018; 36(8):952—64.

Ahmed J, Thomas L, Khashawi R. Influence of hot-air drying and freeze-drying on functional, rheologi-
cal, structural and dielectric properties of green banana flour and dispersions. Food Hydrocolloids.
2020; 99:105331.

Prabha T, Bhagyalakshmi N. Carbohydrate metabolism in ripening banana fruit. Phytochemistry. 1998;
48(6):915-9.
Brat P, Bugaud C, Guillermet C, Salmon F. Review of banana green life throughout the food chain:

From auto-catalytic induction to the optimisation of shipping and storage conditions. Scientia Horticul-
turae. 2020; 262:109054.

Zhang P, Whistler RL, BeMiller JN, Hamaker BR. Banana starch: production, physicochemical proper-
ties, and digestibility—a review. Carbohydrate Polymers. 2005; 59(4):443-58.

Hailu M, Workneh TS, Belew D. Review on postharvest technology of banana fruit. African Journal of
Biotechnology. 2013; 12(7).

Mohapatra D, Mishra S, Sutar N. Banana post harvest practices: Current status and future prospects-A
review. Agricultural Reviews. 2010; 31(1):56—-62.

Chen Y, McGee R, Vandemark G, Brick M, Thompson HJ. Dietary fiber analysis of four pulses using
AOAC 2011.25: implications for human health. Nutrients. 2016; 8(12):829. https://doi.org/10.3390/
nu8120829 PMID: 28009809

Tobaruela EdC, Santos AdO, de Almeida-Muradian LB, Araujo EdS, Lajolo FM, Menezes EW. Applica-
tion of dietary fiber method AOAC 2011.25 in fruit and comparison with AOAC 991.43 method. Food
Chemistry. 2018; 238:87-93. https://doi.org/10.1016/j.foodchem.2016.12.068 PMID: 28867106

Phillips KM, Haytowitz DB, Pehrsson PR. Implications of two different methods for analyzing total die-
tary fiber in foods for food composition databases. Journal of Food Composition and Analysis. 2019;
84:103253.

Martinez I, Kim J, Duffy PR, Schlegel VL, Walter J. Resistant starches types 2 and 4 have differential
effects on the composition of the fecal microbiota in human subjects. PloS One. 2010; 5(11):e15046.
https://doi.org/10.1371/journal.pone.0015046 PMID: 21151493

Haghighatdoost F, Gholami A, Hariri M. Effect of resistant starch type 2 on inflammatory mediators: A
systematic review and meta-analysis of randomized controlled trials. Complementary Therapies in
Medicine. 2020:102597. https://doi.org/10.1016/j.ctim.2020.102597 PMID: 33197672

Bendiks ZA, Knudsen KE, Keenan MJ, Marco ML. Conserved and variable responses of the gut micro-
biome to resistant starch type 2. Nutrition Research. 2020. https://doi.org/10.1016/j.nutres.2020.02.009
PMID: 32251948

Cordenunsi-Lysenko BR, Nascimento JRO, Castro-Alves VC, Purgatto E, Fabi JP, Peroni-Okyta FHG.
The starch is (not) just another brick in the wall: The primary metabolism of sugars during banana ripen-
ing. Frontiers in Plant Science. 2019; 10:391. hitps://doi.org/10.3389/fpls.2019.00391 PMID: 31001305

Hubbard NL, Pharr DM, Huber SC. Role of sucrose phosphate synthase in sucrose biosynthesis in rip-
ening bananas and its relationship to the respiratory climacteric. Plant Physiology. 1990; 94(1):201-8.
https://doi.org/10.1104/pp.94.1.201 PMID: 16667688

Beaudry RM, Severson RF, Black CC, Kays SJ. Banana ripening: implications of changes in glycolytic
intermediate concentrations, glycolytic and gluconeogenic carbon flux, and fructose 2, 6-bisphosphate
concentration. Plant Physiology. 1989; 91(4):1436—44. https://doi.org/10.1104/pp.91.4.1436 PMID:
16667198

PLOS ONE | https://doi.org/10.1371/journal.pone.0253366  July 8, 2021 19/21


https://www.xlstat.com
https://doi.org/10.1016/j.ijbiomac.2019.03.010
http://www.ncbi.nlm.nih.gov/pubmed/30844459
https://doi.org/10.3390/nu8120829
https://doi.org/10.3390/nu8120829
http://www.ncbi.nlm.nih.gov/pubmed/28009809
https://doi.org/10.1016/j.foodchem.2016.12.068
http://www.ncbi.nlm.nih.gov/pubmed/28867106
https://doi.org/10.1371/journal.pone.0015046
http://www.ncbi.nlm.nih.gov/pubmed/21151493
https://doi.org/10.1016/j.ctim.2020.102597
http://www.ncbi.nlm.nih.gov/pubmed/33197672
https://doi.org/10.1016/j.nutres.2020.02.009
http://www.ncbi.nlm.nih.gov/pubmed/32251948
https://doi.org/10.3389/fpls.2019.00391
http://www.ncbi.nlm.nih.gov/pubmed/31001305
https://doi.org/10.1104/pp.94.1.201
http://www.ncbi.nlm.nih.gov/pubmed/16667688
https://doi.org/10.1104/pp.91.4.1436
http://www.ncbi.nlm.nih.gov/pubmed/16667198
https://doi.org/10.1371/journal.pone.0253366

PLOS ONE

Dietary fiber, starch, and sugars in bananas at different stages of ripeness in the retail market

49.

50.

51.

52.

53.

54.

55.
56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Yy Xiao, Jf Kuang, Xn Qi, Yj Ye, Wu ZX Chen Jy, et al. A comprehensive investigation of starch degra-
dation process and identification of a transcriptional activator Mab HLH 6 during banana fruit ripening.
Plant Biotechnology Journal. 2018; 16(1):151-64. https://doi.org/10.1111/pbi.12756 PMID: 28500777

Pereira GA, Arruda HS, Molina G, Pastore GM. Extraction optimization and profile analysis of oligosac-
charides in banana pulp and peel. Journal of Food Processing and Preservation. 2018; 42(1):e13408.

Fils-Lycaon B, Julianus P, Chillet M, Galas C, Hubert O, Rinaldo D, et al. Acid invertase as a serious
candidate to control the balance sucrose versus (glucose+ fructose) of banana fruit during ripening.
Scientia Horticulturae. 2011; 129(2):197-206.

Cordenunsi BR, Lajolo FM. Starch breakdown during banana ripening: sucrose synthase and sucrose
phosphate synthase. Journal of Agricultural and Food Chemistry. 1995; 43(2):347-51.

Rossetto MRM, Purgatto E, do Nascimento JRO, Lajolo FM, Cordenunsi BR. Effects of gibberellic acid
on sucrose accumulation and sucrose biosynthesizing enzymes activity during banana ripening. Plant
Growth Regulation. 2003; 41(3):207—-14.

Shiga TM, Soares CA, Nascimento JR, Purgatto E, Lajolo FM, Cordenunsi BR. Ripening-associated
changes in the amounts of starch and non-starch polysaccharides and their contributions to fruit soften-
ing in three banana cultivars. Journal of the Science of Food and Agriculture. 2011; 91(8):1511-6.
https://doi.org/10.1002/jsfa.4342 PMID: 21445854

Twilley N. Spaces of banana control. Edible Geography. 2011;November 29, 2011.
Whitehead C. Whitehead CS, Banana Postharvest Ripening Manual. Postharvest Academy. 2012.

Choudhury SR, Roy S, Sengupta DN. A comparative study of cultivar differences in sucrose phosphate
synthase gene expression and sucrose formation during banana fruit ripening. Postharvest Biology and
Technology. 2009; 54(1):15-24.

Scott K, McGlasson W, Roberts E. Potassium permanganate as an ethylene absorbent in polyethylene
bags to delay ripening of bananas during storage. Australian Journal of Experimental Agriculture. 1970;
10(43):237—40.

Sen C, Mishra H, Srivastav P. Modified atmosphere packaging and active packaging of banana (Musa
spp.): a review on control of ripening and extension of shelf life. Journal of Stored Products and Posthar-
vest Research. 2012; 3(9):122-32.

He H, Jin X, Ma H, Deng Y, Huang J, Yin L. Changes of plant biomass partitioning, tissue nutrients and
carbohydrates status in magnesium-deficient banana seedlings and remedy potential by foliar applica-
tion of magnesium. Scientia Horticulturae. 2020; 268:109377.

El-Mahdy M, Youssef M, Eissa M. Impact of in vitro cold stress on two banana genotypes based on phy-
sio-biochemical Evaluation. South African Journal of Botany. 2018; 119:219-25.

McCleary BV, Sloane N, Draga A, Lazewska |. Measurement of total dietary fiber using AOAC Method
2009.01 (AACC International Approved Method 32-45.01): evaluation and updates. Cereal Chemistry.
2013;90(4):396—414.

Rayo-Mendez LM, Koshima CC, Pessoa Filho PA, Tadini CC. Recovery of non-starch polysaccharides
from ripe banana (Musa cavendishii). Journal of Food Engineering. 292:110356.

Li BW, Schuhmann PJ, Wolf WR. Chromatographic determinations of sugars and starch in a diet com-
posite reference material. Journal of Agricultural and Food Chemistry. 1985; 33(3):531-6.

Birt DF, Boylston T, Hendrich S, Jane J-L, Hollis J, Li L, et al. Resistant starch: promise for improving
human health. Advances in Nutrition. 2013; 4(6):587—601. https://doi.org/10.3945/an.113.004325
PMID: 24228189

Phillips KM, Palmer JK. Effect of freeze-drying and heating during analysis on dietary fiber in cooked
and raw carrots. Journal of Agricultural and Food Chemistry. 1991; 39(7):1216-21.

Khoozani AA, Bekhit AE-DA, Birch J. Effects of different drying conditions on the starch content, thermal
properties and some of the physicochemical parameters of whole green banana flour. International
Journal of Biological Macromolecules. 2019; 130:938-46. https://doi.org/10.1016/}.ijbiomac.2019.083.
010 PMID: 30844459

Amicucci MJ, Galermo A, Nandita E, Vo T-T, Liu Y, Lee M, et al. A rapid-throughput adaptable method
for determining the monosaccharide composition of polysaccharides. International Journal of Mass
Spectrometry. 2019; 438:22-8.

Galermo AG, Nandita E, Barboza M, Amicucci MJ, Vo T-TT, Lebrilla CB. Liquid chromatography—tan-
dem mass spectrometry approach for determining glycosidic linkages. Analytical Chemistry. 2018; 90
(21):13073-80. https://doi.org/10.1021/acs.analchem.8b04124 PMID: 30299929

Patterson MA, Maiya M, Stewart ML. Resistant Starch Content in Foods Commonly Consumed in the
United States: A Narrative Review. Journal of the Academy of Nutrition and Dietetics. 2020; 120
(2):230—44. https://doi.org/10.1016/j.jand.2019.10.019 PMID: 32040399

PLOS ONE | https://doi.org/10.1371/journal.pone.0253366  July 8, 2021 20/21


https://doi.org/10.1111/pbi.12756
http://www.ncbi.nlm.nih.gov/pubmed/28500777
https://doi.org/10.1002/jsfa.4342
http://www.ncbi.nlm.nih.gov/pubmed/21445854
https://doi.org/10.3945/an.113.004325
http://www.ncbi.nlm.nih.gov/pubmed/24228189
https://doi.org/10.1016/j.ijbiomac.2019.03.010
https://doi.org/10.1016/j.ijbiomac.2019.03.010
http://www.ncbi.nlm.nih.gov/pubmed/30844459
https://doi.org/10.1021/acs.analchem.8b04124
http://www.ncbi.nlm.nih.gov/pubmed/30299929
https://doi.org/10.1016/j.jand.2019.10.019
http://www.ncbi.nlm.nih.gov/pubmed/32040399
https://doi.org/10.1371/journal.pone.0253366

PLOS ONE

Dietary fiber, starch, and sugars in bananas at different stages of ripeness in the retail market

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Englyst HN, Cummings JH. Digestion of the carbohydrates of banana (Musa paradisiaca sapientum) in
the human small intestine. The American Journal of Clinical Nutrition. 1986; 44(1):42-50. https://doi.
org/10.1093/ajcn/44.1.42 PMID: 3014853

Livingston KA, Chung M, Sawicki CM, Lyle BJ, Wang DD, Roberts SB, et al. Development of a publicly
available, comprehensive database of fiber and health outcomes: rationale and methods. PLoS One.
2016; 11(6):e0156961. https://doi.org/10.1371/journal.pone.0156961 PMID: 27348733

Mudgil D, Barak S. Composition, properties and health benefits of indigestible carbohydrate polymers
as dietary fiber: a review. International Journal of Biological Macromolecules. 2013; 61:1-6. https://doi.
org/10.1016/j.ijbiomac.2013.06.044 PMID: 23831534

Institute of Medicine (2005). Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty
Acids, Cholesterol, Protein, and Amino Acids. Washington, CD: The National Academies Press.

Dai F-J, Chau C-F. Classification and regulatory perspectives of dietary fiber. Journal of Food and Drug
Analysis. 2017; 25(1):37—42. https://doi.org/10.1016/}.jfda.2016.09.006 PMID: 28911542

Sonnenburg ED, Sonnenburg JL. Starving our microbial self: the deleterious consequences of a diet
deficient in microbiota-accessible carbohydrates. Cell Metabolism. 2014; 20(5):779-86. https://doi.org/
10.1016/j.cmet.2014.07.003 PMID: 25156449

Holscher HD. Dietary fiber and prebiotics and the gastrointestinal microbiota. Gut Microbes. 2017; 8
(2):172-84. https://doi.org/10.1080/19490976.2017.1290756 PMID: 28165863

Singh J, Metrani R, Shivanagoudra SR, Jayaprakasha GK, Patil BS. Review on bile acids: Effects of the
gut microbiome, interactions with dietary fiber, and alterations in the bioaccessibility of bioactive com-
pounds. Journal of Agricultural and Food Chemistry. 2019; 67(33):9124-38. https://doi.org/10.1021/
acs.jafc.8b07306 PMID: 30969768

Martens EC, Kelly AG, Tauzin AS, Brumer H. The devil lies in the details: how variations in polysaccha-
ride fine-structure impact the physiology and evolution of gut microbes. Journal of Molecular Biologhy.
2014; 426(23):3851-65. https://doi.org/10.1016/j.jmb.2014.06.022 PMID: 25026064

Shalini R, Antony U. Fructan distribution in banana cultivars and effect of ripening and processing on
Nendran banana. Journal of Food Science and Technology. 2015; 52(12):8244-51. https://doi.org/10.
1007/s13197-015-1927-8 PMID: 26604400

Rongkaumpan G, Amsbury S, Andablo-Reyes E, Linford H, Connell S, Knox JP, et al. Cell wall polymer
composition and spatial distribution in ripe banana and mango fruit: implications for cell adhesion and
texture perception. Frontiers in Plant Science. 2019;10. https://doi.org/10.3389/fpls.2019.00010 PMID:
30766542

Camire ME, Dougherty MP. Raisin dietary fiber composition and in vitro bile acid binding. Journal of
Agricultural and Food Chemistry. 2003; 51(3):834-7. https://doi.org/10.1021/jf025923n PMID:
12537466

Lockyer S, Nugent A. Health effects of resistant starch. Nutrition bulletin. 2017; 42(1):10—41.
Fuentes-Zaragoza E, Sanchez-Zapata E, Sendra E, Sayas E, Navarro C, Fernandez-Lépez J, et al.
Resistant starch as prebiotic: A review. Starch-Starke. 2011; 63(7):406—15.

Fuentes-Zaragoza E, Riquelme-Navarrete M, Sdnchez-Zapata E, Pérez-Alvarez J. Resistant starch as
functional ingredient: A review. Food Research International. 2010; 43(4):931—42.

Faisant N, Buleon A, Colonna P, Molis C, Lartigue S, Galmiche J, et al. Digestion of raw banana starch
in the small intestine of healthy humans: structural features of resistant starch. British journal of nutrition.
1995; 73(1):111-23. PMID: 7857906

Merril AL, Watt BK. Handbook No. 74, Energy Value of Foods. . .basis and derivation. Service UAR, edi-
tor. Washington, DC: U.S. Government Printing Office; 1973.

GaoH, Huang S, Dong T, Yang Q, Yi G. Analysis of resistant starch degradation in postharvest ripening
of two banana cultivars: Focus on starch structure and amylases. Postharvest Biology and Technology.
2016; 119:1-8.

PLOS ONE | https://doi.org/10.1371/journal.pone.0253366  July 8, 2021 21/21


https://doi.org/10.1093/ajcn/44.1.42
https://doi.org/10.1093/ajcn/44.1.42
http://www.ncbi.nlm.nih.gov/pubmed/3014853
https://doi.org/10.1371/journal.pone.0156961
http://www.ncbi.nlm.nih.gov/pubmed/27348733
https://doi.org/10.1016/j.ijbiomac.2013.06.044
https://doi.org/10.1016/j.ijbiomac.2013.06.044
http://www.ncbi.nlm.nih.gov/pubmed/23831534
https://doi.org/10.1016/j.jfda.2016.09.006
http://www.ncbi.nlm.nih.gov/pubmed/28911542
https://doi.org/10.1016/j.cmet.2014.07.003
https://doi.org/10.1016/j.cmet.2014.07.003
http://www.ncbi.nlm.nih.gov/pubmed/25156449
https://doi.org/10.1080/19490976.2017.1290756
http://www.ncbi.nlm.nih.gov/pubmed/28165863
https://doi.org/10.1021/acs.jafc.8b07306
https://doi.org/10.1021/acs.jafc.8b07306
http://www.ncbi.nlm.nih.gov/pubmed/30969768
https://doi.org/10.1016/j.jmb.2014.06.022
http://www.ncbi.nlm.nih.gov/pubmed/25026064
https://doi.org/10.1007/s13197-015-1927-8
https://doi.org/10.1007/s13197-015-1927-8
http://www.ncbi.nlm.nih.gov/pubmed/26604400
https://doi.org/10.3389/fpls.2019.00010
http://www.ncbi.nlm.nih.gov/pubmed/30766542
https://doi.org/10.1021/jf025923n
http://www.ncbi.nlm.nih.gov/pubmed/12537466
http://www.ncbi.nlm.nih.gov/pubmed/7857906
https://doi.org/10.1371/journal.pone.0253366

