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Abstract

The diversification of cultivars and sustainable production in banana and plantain cultiva-
tion, with a view to reducing losses and differentiating derivative products, are of great
importance for productive advances linked to sustainable development. In this study, the
morphological, physicochemical, and functional characteristics of starches isolated from
four dessert cultivars of Prata subgroup (BRS Platina, Gorutuba Biocell, Prata-Anã, BRS
Gerais) and plantain cultivars (Tipo Velhaca, Mongolo, and BRS Terra-Anã) were evalu-
ated. All starches exhibited a B-type crystalline pattern, with variations in granule shape
and in amylose and resistant starch contents, which particularly differentiated plantains.
Differences in viscosity and gelatinization properties highlighted the potential of certain
cultivars for specific industrial applications. Multivariate analysis emphasized the diversity
among starches, reinforcing their importance as versatile and sustainable raw materials for
industry, with the potential to add value and reduce losses in the production chain.

Keywords: Musa spp.; green fruit; physicochemical characteristics

1. Introduction
Starch is one of the main natural sources of carbohydrates and is an essential com-

ponent in various food and non-food products. Traditionally, it is obtained from corn,
potatoes, rice, cassava, and wheat. Starch is widely used as a thickening agent, binder,
encapsulant, stabilizer, and gelling agent in various food products [1–5].

With the growing demand from the food industry for clean label starches, i.e., those
that are not chemically modified, efforts to find non-traditional sources of starch have
intensified [5]. Green bananas stand out as a promising alternative source due to their high
starch content and wide availability in tropical and subtropical regions. In 2023, bananas
and plantains were grown in more than 115 countries, with global production reaching
139.2 million tons, with Brazil being the sixth largest producer [6–10].

The potential of different banana genotypes as a starchy raw material is based on the
importance of cultivar diversification for the sustainable development of banana cultivation,
as well as the fact that the characteristics of banana starch vary significantly between

Horticulturae 2025, 11, 1214 https://doi.org/10.3390/horticulturae11101214

https://doi.org/10.3390/horticulturae11101214
https://doi.org/10.3390/horticulturae11101214
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/horticulturae
https://www.mdpi.com
https://orcid.org/0000-0003-2948-2376
https://orcid.org/0000-0001-7896-2398
https://orcid.org/0000-0003-4343-6536
https://orcid.org/0000-0001-9086-7385
https://orcid.org/0000-0002-7602-264X
https://orcid.org/0000-0002-5675-3592
https://orcid.org/0000-0003-2258-1355
https://doi.org/10.3390/horticulturae11101214
https://www.mdpi.com/article/10.3390/horticulturae11101214?type=check_update&version=2


Horticulturae 2025, 11, 1214 2 of 15

cultivars, reflecting morphological and functional differences related to genetic factors,
agronomic conditions, geographic location, and harvest season.

Studies conducted in different countries highlight this variability. Starches isolated
from banana cultivars grown in Tanzania, Indonesia, India, China, Mexico, Thailand,
Colombia, and Brazil showed significant differences in the physical, chemical, thermal, and
functional properties of the starch [2,10–20].

In Brazil, the Prata Anã (AAB) cultivar is the most widely grown banana in the Prata
subgroup, known for its high yield and ability to adapt to the country’s soil and climate
conditions. It is cold-tolerant but susceptible to yellow Sigatoka and black Sigatoka. The
BRS Platina (AAAB) cultivar is the result of crossing ‘Prata-Anã’ (AAB—female parent)
with the diploid M53 (AA—male parent). This cultivar differs from ‘Prata Anã’ in that it is
resistant to Panama disease, yellow Sigatoka, and is particularly resistant to the most severe
form of Fusarium wilt, Tropical Race 4 (TR4). The Gorutuba Biocell (AAB) cultivar is a clone
of the Prata-Anã cultivar resulting from spontaneous mutation and has shown advances in
planted areas, mainly in the states of Minas Gerais and São Paulo, as it shows empirical
evidence of resistance to Panama disease. The BRS Gerais cultivar (AAB), developed
through crossbreeding, is resistant not only to race 1 but also to subtropical race 4 of
the Fusarium, yellow Sigatoka, and black Sigatoka, proving to be a robust alternative for
sustainable banana production [21].

Plantains, grown mainly in the North and Northeast regions of Brazil, represent an
important source of income for small farmers. Genotypes from the plantain germplasm col-
lection maintained by the Brazilian Agricultural Research Corporation (Embrapa) are being
selected and developed for resistance to important diseases such as yellow Sigatoka, black
Sigatoka, and Fusarium wilt. One example is the BRS Terra-Anã cultivar, which is resistant
to yellow Sigatoka and Fusarium wilt but remains susceptible to black Sigatoka [21].

In response to the growing demand for alternative starch sources, this study aimed
to isolate and characterize the physicochemical properties of starches isolated from four
dessert banana cultivars and three plantain cultivars, with the goal of contributing to the
sustainable development of banana cultivation in Brazil, expanding knowledge about vari-
ations between genotypes, and evaluating the potential of these starches as raw materials
for innovative industrial applications.

2. Materials and Methods
2.1. Banana Cultivars and Location of the Orchard

Four dessert banana cultivars from the Prata subgroup (Musa spp.) were selected
for the trial: BRS Platina (AAAB), Gorutuba Biocell (AAB), Prata-Anã (AAB), BRS Gerais
(AAB) and three plantain cultivars (Musa paradisiaca, AAB): Tipo Velhaca (AAB), Mongolo
(AAB), and BRS Terra-Anã (AAB).

The banana orchard is located in the city of Jaíba, in the state of Minas Gerais, Brazil
(15◦23′08′′ S 43◦45′43′′ W and 491 m a.s.l.), with average rainfall indices of 858.9 mm. The
soil in the experimental area was classified as Dystrophic red latosol [22].

The bunches were harvested from April to May 2024. Eight bunches of each cultivar
were harvested at stage 1 of ripeness (fully green peel) [23]. The second and third hands of
each bunch were used for starch extraction.

Figure 1 shows an overview of the experiment.
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Figure 1. Flowchart of the extraction and characterization of banana and plantain starches.

2.2. Extraction of Starches

The starches were isolated from the green fruits using the method described by Chiang
et al. [24], with modifications. The fruits were washed to remove impurities, peeled,
and the pulp was sliced into 2–3 cm thick slices and immediately immersed in a sodium
metabisulfite solution (1.0%, pH 4.5) in a 1:1 ratio (100 g of fruit to 100 mL of solution),
where they remained until the end of slicing. The mixture was ground in a Skymsen
industrial blender, model LS-06MB-N (Metalúrgica Skymsen, Brusque, Brazil) for 10 min,
and the resulting mass was stirred at 300 rpm in a water bath with constant agitation
for 4 h at a temperature of 20 ◦C. Successive washings and filtrations of the mass were
performed using screens with 290 µm and 37 µm, respectively, until the wash water was
clear. Starches recovered were dried by convection in an air-circulating oven (40 ◦C, air
speed of 1.5 m/s, 24 h). The starch was then macerated using a mortar and pestle and
stored at room temperature.

2.3. Morphology of Starch Granules

Prior to analysis, the starches were kept in a desiccator with silica gel until the mois-
ture content reached 4 ± 0.5%. In the analysis, small samples of starch were collected
with spatulas and carefully deposited on double-sided carbon adhesive tape, fixed to an
aluminum stub and covered with a thin layer of gold in a Sputter Coater (BAL-TEC, modelo
SCD-050, Balzers, Liechtenstein) for 220 s. The morphology of the starch granules was
analyzed using a scanning electron microscope, model TM 3000 (Hitachi, Tokyo, Japan)
(acceleration voltage of 15 kV and scale of 50 µm) [5].

2.4. X-Ray Diffraction Pattern

The diffraction patterns of the starch samples were measured using an X-ray diffrac-
tometer D2 Phaser (Bruker AXS, Rheinfelden, Germany) operating with Cu-Kα radiation
(λ = 0.154 nm), at 30 kV and 10 mA. Starches samples were preconditioned in a desiccators
for 10 days with a saturated solution of BaCl2 (Barium chloride, 25 ◦C, aw = 0.9). The
samples were placed in acrylic sample holders and analyzed in the range of 2◦ to 32◦ (2θ),
with a scan rate of 1.73◦/min, a step of 0.01◦, a fixed divergent slit of 1 mm, a scattering
slit width of 0.5 mm, and using a Lynxeye 1D detector. The relative crystallinity (RC) was
calculated considering the ratio of the crystalline area to the total area using the Diffrac.
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Suite Eva version 3 software (Bruker AXS, Rheinfelden, Germany) [25]. The analysis was
conducted using the Origin Pro software (version 9.8.5.212).

2.5. Amylose

Amylose content was determined using the iodine colorimetric method [26], which is
based on light transmission through a colored complex formed by the reaction between
amylose and iodine. Starch samples were dispersed with ethanol and gelatinized with
sodium hydroxide. An aliquot was acidified and, after reaction with iodine, the blue-
colored complex formed was quantified by spectrophotometry at 620 nm. The standard
curve was prepared with diluted and serial solutions of standard amylose (CAS: 9005-
82-7, Sigma-Aldrich, St. Louis, MO, USA) and amylopectin (waxy starch extracted from
waxy cassava root donated by the International Center for Tropical Agriculture—CIAT,
Cali, Colombia).

2.6. Resistant Starch

The resistant starch (RS) content of the samples was determined using the method
described by Goñi et al. [27]. Samples (100 mg) were incubated with a 0.2 M KCl-HCl
buffer solution, pH 1.5, and a 40 mg mL−1 pepsin solution (Sigma No. P7125) at 40 ◦C for
60 min. After this time, 0.1 M tris-maleate solution, pH 6.9, and 40 mg mL−1 pancreatic
α-amylase solution (Sigma No. A3176-2) were added, and the samples were incubated at
37 ◦C for 16 h. The samples were then centrifuged, and the residues were solubilized and
incubated with amyloglucosidase (Prozyn No. STARMAX GA 300 L) at 60 ◦C for 45 min.
The RS content in the samples was obtained by determining the glucose concentration in
the sample (glucose oxidase method) using a correction factor of 0.9, which accounts for
the molecular weight ratio between anhydroglucose units (162 g·mol−1) and free glucose
(180 g·mol−1).

2.7. Pasting Properties

Pasting properties were analyzed using a rapid viscosity analyzer (RVA), model 4500,
(PerkinElmer, Stockholm, Sweden), using Standard 1 programming of the Thermocline
for Windows software, version 3.0 [5]. For the analysis, 3 g of each sample was weighed
according to their respective moistures, adding approximately 25 g of water to reach a
concentration of 10% starch, and were placed in the sample holder of the equipment. The
sample was heated to 50 ◦C and stirred at 960 rpm for 10 s for complete dispersion and
maintained at 160 rpm during the test. The paste was kept at 50 ◦C for up to 1 min, then
heated to 95 ◦C for 3.7 min and kept at 95 ◦C for 2.5 min. Cooling then took place (50 ◦C
for 3.8 min) and maintenance at 50 ◦C for 2 min. The parameters analyzed were: paste
temperature (◦C), peak viscosity (cp), peak time (min), minimum viscosity (cp), breakdown
(cp), final viscosity (cp), and tendency to retrogradation or setback (cp).

2.8. Thermal Properties

The thermal properties of the starches were determined using a differential exploration
calorimeter Q200 (TA Instruments, New Castle, DE, USA), according to Bernardo et al. [25],
with modifications. The samples (~2.5 mg d.w.) were weighed in hermetically sealed
aluminum pans and deionized water was added in a water:starch ratio of 2:1. The pans
were then sealed in a universal press (Perkin Elmer, Norwalk, CT, USA) and left to stand
for 18 h at room temperature before analysis. The scan was performed from 5 to 120 ◦C at a
rate of 10 ◦C/min. An empty pan was used as a reference. The equipment was calibrated
with indium. The onset (To), peak (Tp), and final (Tf) gelatinization temperatures, as well
as the gelatinization enthalpy (∆H), were determined from the thermograms using Thermal
Advantage software version 5.5.20 (TA Instruments, New Castle, DE, USA).
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2.9. Data Analysis

Data were submitted to analysis of variance (ANOVA) and compared by using Tukey’s
test at 5% significance level, with SISVAR software. Principal component analysis (PCA)
was performed in R software (v.4.5.1) with the packages of the R computer program. The
data were standardized and submitted to PCA for dimensionality reduction and identifica-
tion of patterns among cultivars. Eigenvalues, eigenvectors, scores, and factor loadings
were extracted to interpret the explained variance and the contribution of the variables. For
the cluster analysis, Euclidean distance was used as a measure of dissimilarity. Hierarchical
clusters were obtained using the UPGMA method—Unweighted Pair Group Method with
Arithmetic Mean [28–31]. The validation of the clusters was determined by the cofenetic
correlation coefficient according to Sokal and Rohlf [32]. The significance of the cofenetic
correlation coefficients was calculated using the Mantel test with 10,000 permutations. The
criterion for defining the number of groups was performed using the pseudo-t method,
using the NbClust package, belonging to the R computer program [28–35].

3. Results and Discussion
3.1. Morphology

The shapes of the starch granules of the seven banana cultivars observed by scanning
electron microscopy are shown in Figure 2. The starch granules were elongated, ovoid,
and spheroid in shape, flattened, with smooth surfaces and different sizes. No damage
was observed on the surface of the granules, indicating that the extraction technique used
was adequate.

The morphology of starch granules in banana and plantain cultivars (Figure 2) is
consistent with observations reported in previous studies, which also reported variations
in the shape of banana starch granules from different cultivars. Leonel et al. [16] observed
smooth-surfaced, oval, spherical, or irregular granules in five Brazilian genotypes (Nanica,
Figo Cinza, Terra, Prata Anã, and Prata Graúda). Yang et al. [10], analyzing five Tanzanian
cultivars (Mshale, Mzuzu, Mshigudu, Bukoba, and Zanzibar), identified smooth-surfaced
granules of irregular shape (spherical, ellipsoidal, or polygonal). Similarly, Paramasivam
et al. [2] reported oval and polygonal granules with smooth surfaces in Indian cultivars
Saba and Monthan. These findings highlight the close relationship between the shape of
starch granules and the cultivar.

The size distribution of starch granules from different cultivars of same botanical
source has been shown to change during the development of plant storage organs. Varia-
tions in the structure of amylose and amylopectin, as well as in the relative proportions
of the glucose polymers that compose the granule, play a key role in determining starch
granule size and shape. Additionally, differences in the activity of enzymes such as granule-
bound starch synthase during plant growth have been reported to influence granule
morphology. Therefore, variations in starch granule morphology can be attributed to the
plant’s biological origin and physiology, as well as to the biochemical processes occurring
within the amyloplast [36].

The shape and size of starch granules plays a crucial role in their functional properties.
Larger granules, for example, tend to have higher water retention capacity, which promotes
swelling and contributes to more efficient gelatinization. These characteristics make this
type of starch particularly suitable for applications that require high viscosity and a high
degree of swelling. On the other hand, smaller granules generally have a denser and more
compact crystalline structure, giving them higher thermal stability. Thus, they are more
suitable for products or formulations that require a lower degree of gelatinization but
demand greater resistance to freezing and thawing cycles [37].
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Figure 2. Scanning electron micrographs of banana and plantain starches. BRS Gerais (A), BRS
Platina (B); Gorutuba Biocell (C), Prata-Anã (D); BRS Terra-Anã (E); Tipo Velhaca (F) e Mongolo (G).
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3.2. X-Ray Diffraction Pattern and Relative Crystallinities

Starches isolated of seven cultivars showed a B-type diffraction pattern, with the most
intense peaks occurring at 5, 15, 17, 22, and 24◦ 2θ. The crystalline regions of starches are
formed by short outer segments of amylopectin. Relative crystallinity of starches ranged
from 19.31 to 26.86% (Figure 3).

Figure 3. X-ray diffraction patterns and relative crystallinities of starches.

X-ray diffraction patterns are classified based on variations in water content and the
packing form of the amylopectin double helix. The starches from the Prata subgroup
cultivars and those isolated from plantains cultivars had a B-type X-ray diffraction pattern
(Figure 3). Type B starches are more resistant to enzymatic and acid hydrolysis and are
more sensitive to hydrothermal treatment, characteristics that are relevant for applications
in processed foods [38–40].

Starch crystallinity influences the physical, mechanical, and technological properties of
various starchy products, making it a key factor in product development, quality assurance,
and process control. In this study, cultivars from the Prata subgroup showed higher
crystallinity than plantains (Figure 3). However, the crystallinity levels were lower than
those reported for Indonesian varieties (33.20–38.64%) by Marta et al. [17], as well as for
the cooking cultivars Saba (52.02%), Popoulu (48.10%), and Monthan (35.11%) described by
Paramasivam et al. [2], likely due to genetic differences among genotypes.

Such variations in starch crystallinity can influence key functional properties like
viscosity, gelation, and matrix formation, ultimately affecting the texture, stability, quality,
and digestibility of food products.

3.3. Amylose and Resistant Starch

The amylose and resistant starch (RS) contents varied significantly among the banana
cultivars studied, with amylose contents ranging from 31.4 to 43% and RS contents ranging
from 66.6 to 74.8% (Table 1).
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Table 1. Amylose and resistant starch contents of starches isolated from different cultivars of bananas
and plantains.

Cultivars Amylose (%) Resistant Starch (%)

BRS Terra-Anã 43.0 ± 0.2 a 74.4 ± 1.0 a

Tipo Velhaca 42.5 ± 0.3 a 74.8 ± 1.5 a

Mongolo 42.9 ± 1.2 a 74.0 ± 1.7 a

BRS Gerais 31.4 ± 0.2 c 68.5 ± 0.1 b

BRS Platina 35.3 ± 0.2 b 68.8 ± 1.2 b

Gorutuba Biocell 34.8 ± 1.3 b 68.1 ± 0.4 b

Prata-Anã 32.7 ± 0.3 c 66.6 ± 1.3 b

Means followed by the different lowercase letters in the columns differ significantly from each other according to
Tukey’s test (p < 0.05) (n = 4).

Terra Anã (43.0%), Mongolo (42.9%), and Tipo Velhaca (42.5%) had the highest amylose
content (Table 1). Amylose influences several properties, such as crystallinity, gelatinization,
retrogradation, and susceptibility to enzymatic digestion. Starches with high amylose
content form denser and firmer gels and are therefore used in the production of edible
packaging, emulsions, and formulations that require greater thermal stability and firm
texture [2].

The cultivars BRS Gerais (31.4%) and Prata-Anã (32.7%) had the lowest amylose con-
tents, characterizing starches with a predominantly branched structure. This characteristic
favors the formation of more viscous pastes (Table 1). These characteristics are desirable in
products that require short-term gel stability or lower syneresis.

Resistant starch is the portion of total starch that resists digestion and absorption
in the small intestine and instead ferments in the large intestine. It is recognized as a
functional food that promotes benefits to health [4,11]. RS contents varied among cultivars,
with Tipo Velhaca, Terra Anã, and Mongolo standing out with contents of 74.8, 74.4,
and 74%, respectively (Table 1). This result is consistent with the high amylose content
observed in these same cultivars, reinforcing the direct relationship between amylose and
RS. According to Bi et al. [41], plantain starch tends to have higher RS content, higher
gelatinization temperatures, and higher enthalpy than dessert banana starches.

Prata-Anã, Prata Gorutuba, BRS Platina, and BRS Gerais cultivars had significantly
lower RS contents (68%) but were still considered high compared to other commercial
starchy sources such as corn and potatoes [42], data that corroborate the results found
by Leonel et al. [16] when evaluating the cultivars BRS Platina (74.55%) and BRS Con-
quista (69.84%).

These results indicate the functional potential of these starches for use as prebiotic
ingredients in food products or in low glycemic index diets. In addition, RS contributes to
improving the absorption of minerals such as iron and calcium and helps regulate blood
glucose and cholesterol levels, reinforcing the potential of banana starches as functional
ingredients. The relationship between high amylose content and higher RS content confirms
the role of molecular structure in starch digestibility and highlights the functional potential
of the cultivars evaluated.

3.4. Pasting and Thermal Properties

Viscoamylographic profiles of starches isolated from banana and plantain cultivars are
shown in Figure 4. Significant differences were observed in the pasting properties between
the cultivars studied (Table 2).
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Figure 4. Viscoamylogram of starches analyzed in Rapid Visco Analyzer.

Table 2. Pasting properties of starches isolated from banana and plantain cultivars.

Cultivars TP PT PV MV BD FV SB

(◦C) (min.) cP

BRS Terra-Anã 4.4 ± 0.0 d 79.5 ± 0.1 b 5877 ± 264 ab 2931 ± 148 c 2945 ± 279 a 4074 ± 158 d 1142 ± 36 abc

Tipo Velhaca 4.6 ± 0.0 c 80.4 ± 0.4 a 6127 ± 143 a 3202 ± 116 c 2925 ± 26 a 4257 ± 118 cd 1055 ± 18 c

Mongolo 4.7 ± 0.0 b 81.0 ± 0.4 a 6104 ± 200 a 3778 ± 122 ab 2327 ± 263 b 5091 ± 142 ab 1313 ± 25 abc

BRS Gerais 4.6 ± 0.0 c 77.3 ± 0.3 de 5693 ± 108 c 3787 ± 117 ab 1906 ± 143 bc 4992 ± 179 b 1205 ± 80 abc

BRS Platina 4.8 ± 0.1 b 78.0 ± 0.2 cd 5291 ± 299 cd 3560 ± 222 b 1732 ± 398 c 4988 ± 449 b 1429 ± 410 ab

Gorutuba Biocell 4.9 ± 0.1 a 78.4 ± 0.6 c 5273 ± 161 d 4047 ± 135 a 1226 ± 37 d 5517 ± 335 a 1471 ± 210 a

Prata-Anã 4.7 ± 0.1 b 76.8 ± 0.5 e 5752 ± 139 ab 3611 ± 179 b 2141 ± 259 bc 4739 ± 235 bc 1127 ± 58 bc

PT = pasting temperature, TP = time of peak, PV = peak viscosity, MV = minimal viscosity, BD = breakdown,
FV = final viscosity, SB = setback. Means followed by the different lowercase letters in the columns differ
significantly from each other according to Tukey’s test (p < 0.05) (n = 4).

The cultivars Tipo Velhaca, Mongolo, Terra Anã, and Prata Anã showed higher peak
viscosities, indicating greater swelling power (Figure 4, Table 2). Higher peak viscosi-
ties may be associated with larger granules and a less dense structure, which facilitates
swelling [2]. Starches with higher PV finds application as thickener in food applications.

The Gorutuba Biocell, BRS Gerais, and Mongolo cultivars showed higher minimum
viscosity (4047, 3787, and 3778 cP, respectively), demonstrating greater resistance to thermal
rupture (Table 2). This stability can be attributed to the presence of longer amylopectin
chains and a higher degree of crystallinity, as observed by Bi et al. [40] in plantain starches
with high thermal stability.

The cultivars Terra Anã and Tipo Velhaca presented the highest viscosity breakdowns
(2925 and 2946 cP, respectively), indicating higher sensitivity to thermal breakdown. This
characteristic may limit their use in formulations requiring high heat and shear resistance.
In contrast, the cultivar Gorutuba presented the lowest viscosity breakdown (1226 cP),
suggesting higher thermal stability of the starch granules [41,42]. This result indicates the
efficiency of this starch in withstanding heat and thermal stress, which is a characteristic of
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cross-linked starches, suggesting a possible use of starch from this cultivar as a substitute
for chemically cross-linked starch.

The final viscosity, an important parameter for evaluating gel formation after cooling,
was higher for the starches from the Gorutuba (5518 cP) and Mongolo (5091 cP) cultivars,
indicating a higher capacity for molecular re-alignment, especially of amylose, during
cooling. This pattern is linked to the formation of firmer textures, as discussed by Castañeda-
Niño et al. [43] when they studied starches from plantain with high amylose content and
high melting enthalpy.

The setback, expressed by the difference between the final and minimum viscosity,
was higher in the starches of the Gorutuba (1471 cP), BRS Platina (1429 cP), Mongolo
(1313 cP), BRS Gerais (1205 cP), and Terra anã (1142 cP), suggesting a greater tendency for
the reassociation of amylose or linear chain fragments and the formation of retrograded gel
(Figure 1). As reported by Marta et al. [11], retrogradation is higher in starches with higher
amylose content, due to the ability of linear chains to reassociate through hydrogen bonds,
forming more organized crystalline structures.

The peak time ranged from 4.4 to 4.9 min. The shortest time was observed for starch
isolated from the ‘BRS Terra Anã’ (4.4 min), indicating lower thermal resistance of the
granules and higher gelatinization speed, which may be related to a less compact granular
structure or higher porosity. Higher values, such as those for starch from the Gorutuba cul-
tivar (4.9 min), indicate more thermal stability, which is usually linked to a more organized
structure of the granules and less porosity, as reported by Kaur et al. [44].

Pasting temperature ranged from 76.8 to 81.0 ◦C. Starches isolated from the Mongolo
and Tipo Velhaca cultivars had the highest temperatures, 81 and 80.4 ◦C, respectively, sug-
gesting greater internal organization and the possible presence of complexing compounds
such as lipids [10]. The starch from ‘Prata-Anã’, with a lower gelatinization temperature
(76.8 ◦C), tends to gelatinize more quickly, a desirable characteristic for quick-cooking
products [2,12,45].

The differences observed in the pasting properties of banana starches can be attributed
to differences in composition (amylose, lipid, and protein content), granule structure
(morphology, size distribution), and type of crystallinity.

The thermal gelatinization properties of starches differed among the banana and
plantain cultivars studied. The initial gelatinization temperature (To) ranged from 67.9 to
71.8 ◦C, the peak temperature (Tp) from 72.7 to 76.6 ◦C, the final temperature (Tf) from
83.4 to 95.5 ◦C, with the temperature range (∆T) varying from 15.5 to 26.6 ◦C and the
gelatinization enthalpy (∆Hgel) from 17.6 to 21.1 J/g (Table 3).

Table 3. Thermal properties of gelatinization of starches.

Cultivars To (◦C) Tp (◦C) Tf (◦C) ∆T (◦C) ∆Hgel (J g−1)

BRS Terra-Anã 70.1 ± 0.2 b 74.9 ± 0.1 b 92.7 ± 1.8 a 22.6 ± 2.0 ab 17.6 ± 0.7 c

Tipo Velhaca 70.1 ± 0.2 b 74.9 ± 0.1 b 92.7 ± 1.8 a 22.6 ± 2.0 ab 17.6 ± 0.7 c

Mongolo 71.8 ± 0.2 a 76.6 ± 0.3 a 95.5 ± 2.5 a 23.6 ± 2.6 a 18.0 ± 1.6 ab

BRS Gerais 70.5 ± 0.3 b 74.4 ± 0.6 b 87.8 ± 0.1 bc 17.3 ± 0.4 c 21.1 ± 2.4 a

BRS Platina 69.5 ± 1.3 b 74.8 ± 1.3 b 89.2 ± 3.8 b 19.7 ± 3.0 bc 17.6 ± 1.7 c

Gorutuba Biocell 69.9 ± 1.3 b 74.6 ± 1.1 b 87.7 ± 1.7 bc 17.8 ± 1.0 bc 19.2 ± 1.6 ab

Prata-Anã 67.9 ± 0.3 c 72.7± 0.1 c 83.4 ± 4.4 c 15.5 ± 4.2 c 19.6 ± 1.3 ab

Means followed by the different lowercase letters in the columns differ significantly from each other according to
Tukey’s test (p < 0.05) (n = 4).
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The endothermic transition of starch is related to interactions between its components,
such as amylose, amylopectin, amylose-lipid complexes, and amylose-amylose associations.
The physicochemical characteristics, initial temperature (To), peak temperature (Tp), final
temperature (Tf), and enthalpy change (∆H) are mainly determined by the molecular
organization of the crystalline fraction. Thermal property results for different starches
showed differences in gelatinization temperature and enthalpy values among the cultivars
analyzed (Table 3).

The onset temperature of gelatinization (To) represents the moment when the crys-
talline regions of the granules begin to disorganize with heating, with the starch isolated
from the Mongolo cultivar differing from the others due to its higher initial temperature,
and that isolated from the Prata Anã cultivar due to its lower To (Table 3).

The peak temperature (Tp) represents the maximum point of disorganization of the
crystalline regions of the starch granules. The different characteristics of the Mongolo and
Prata Anã cultivars remained the same, with the highest and lowest Tp, respectively. This
suggests that the starch from the ‘Mongolo’ plantain is more thermally stable, while the
starch from the ‘Prata Anã’ banana is less resistant.

According to Chang et al. [46], higher peak temperatures are typical of starches with
longer and well-organized amylopectin chains, while lower values reflect structures with
weak or disorganized crystallinity.

The final temperature indicates the point at which the entire crystal structure has been
disrupted. The starches isolated from plantains differed in terms of higher Tf. Starches
from dessert banana cultivars differed in terms of lower Tf, with the starch isolated from
the Prata Anã cultivar having the lowest Tf.

The gelatinization temperature range reflects the uniformity of the crystalline structure.
Narrower ranges indicate more homogeneous granules in terms of crystallinity, which
was observed for the starches of the Prata-Anã, BRS Gerais, Gorutuba Biocell, and Platina
cultivars. A lower organization of the crystalline structure may explain the higher ∆T
values of the isolated starches from the Mongolo, Terra Anã, and Tipo Velhaca cultivars.

3.5. Clustering and Principal Component Analyses

Hierarchical clustering based on Euclidean distance and the UPGMA (Unweighted
Pair Group Method with Arithmetic Mean) algorithm revealed two primary genotype
clusters (Figure 5). Group G1 included plantain starches from the Mongolo, BRS Terra-Anã,
and Tipo Velhaca cultivars, with the starches isolated from BRS Terra-Anã and Tipo Velhaca
showing the greatest similarity. Group G2 consisted of banana cultivars from the Prata,
Prata Anã, BRS Gerais, BRS Platina, and Gorutuba Biocell subgroup.

Figure 5. Cluster analysis showing the correlations between starches isolated from different cultivars.
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Hierarchical cluster analysis showed the formation of two groups that clearly separate
the starches isolated from plantains from those isolated from the cultivars of the Prata
subgroup. Variables such as resistant starch, amylose, and final gelatinization temperature
had a strong influence on group formation (Figure 5).

Principal component analysis was applied to establish a descriptive model of genotype
grouping according to their viscoamylographic parameters, thermal properties, amylose
content, and resistant starch content. The results showed that only the first two components
(PC1 and PC2) explained 86.21% of the total variability (Figure 6).

Figure 6. Biplot of principal component analysis.

The analysis of the principal components showed that the first component (PC1) was
mainly influenced by the resistant starch (11.42%), amylose (10.66%), gelatinization tem-
perature range (10.51%), final temperature (9.55%), paste temperature (9.12%), breakdown
(8.48%), peak viscosity (7.08%), and enthalpy (Figure 6). The Mongolo cultivar, located in
the positive region of PC1, was characterized by high amylose and resistant starch contents.
The Terra Anã and Tipo Velhaca cultivars, positioned close to the peak viscosity and break-
down vectors, indicate greater thermal stability and resistance to mechanical agitation. In
contrast, the BRS Gerais cultivar, located in the negative region of PC1, suggests higher
gelatinization enthalpy, i.e., it requires more energy to rupture the crystalline structure
of the starch. These starches may have the potential to complement common industrial
starches, such as corn, potato, and cassava starches, for different applications.

The second principal component (PC2) was defined by the tendency to retrogradation
(18.71%), final viscosity (14.69%), peak gelatinization temperature (14.32%), initial gela-
tinization temperature (12.25%), minimum viscosity (10.49%), and peak time (6.37%). The
Prata Gorutuba and BRS Platina cultivars are associated with final viscosity, minimum
viscosity, and peak temperature vectors, which are related to paste behavior. The Prata-Anã
cultivar, located at the lower left extreme, far from most vectors, indicates low values in
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almost all evaluated characteristics. Mesquita et al. [39] reported that the starch of the
‘Prata-Anã’ had a lower homogeneity of its crystalline area compared to other cultivars.

Banana and plantain starches may have the potential to complement common indus-
trial starches, such as corn, potato, and cassava starches, for different applications. In order
to increase the applications of these starches, the structure-function-utilization relationships
of individual starch are essential.

The banana production chain involves significant losses, which can be reduced by
using unripe, disqualified fruits as starch sources. The differences and similarities observed
in banana and plantain starches contribute to the introduction of different banana and
plantain cultivars in various regions of Brazil, expanding the viability of a circular economy
in the production chain, and aligning with the goals of sustainable development, with the
reduction in losses and waste and technological development. However, it is important
to highlight the impacts of environmental factors and agricultural practices on starch
biosynthesis in plants. Therefore, studies analyzing the properties of the starches of these
cultivars under different conditions are necessary.

4. Conclusions
The results showed that plantain cultivars, which have a more limited market for

fresh sales, can be explored as sources of starches with higher amylose and resistant starch
contents, as well as greater thermal stability. The characteristics of starches isolated from
Prata subgroup bananas contribute to promoting varietal diversification, considering the
different potential uses of their starches.

The demand for native starches with properties that meet the diverse market for
industrial uses in clean-label foods highlights the importance of the results obtained in this
study. Starch blends emerge as a technology to overcome the restrictions of chemically
modified starches in food products. Thus, this study reveals important dissimilarities
between the starches studied, which can be explored in blends of banana and plantain
starches, as well as in blends with traditional starches.
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