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Abstract

This work focuses on the study of the physicochemical changes that take place dur-
ing a short germination period in flours and starches of the Creole potato tuber. To
this end, the changes in the composition of flours and the structural, thermal, vibra-
tional, functional and pasting changes of the isolated starches from germinated pota-
toes were evaluated during the 12-day germination period, measured every 4 days.
The water absorption index (WAI) and the swelling powder showed no significant
changes. Germination resulted in a decrease in fat and ash content, but an increase
in protein and amylose content. Scanning electron microscopy (SEM) showed no
changes in the morphology of the starch during germination. X-ray diffraction
showed that isolated Creole potato starch contains nanocrystals with hexagonal
crystal structure, which are not affected by germination. Differential scanning calo-
rimetry (DSC) shows a shift of the gelatinization peak to the right, which could be
attributed to the concentration effect. The pasting profiles of the isolated starches
show no significant changes, indicating that the starch granules do not suffer any
external damage due to the enzymatic process during germination and that the final
viscosity behaves like a hydrogel.

Keywords Creole potato - Germination - Physicochemical properties - Starch -
Structural analysis - Vibrational analysis

Introduction

The potato, a staple food recognized by the Food and Agriculture Organization
of the United Nations (FAO) as one of the “six healthy foods”, is grown in over
150 countries. While tetraploid potatoes are the most widespread worldwide, dip-
loid genotypes such as the “Creole potato (Solanum tuberosum)” offer promising
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potential. The Creole potato, which belongs to the Solanum tuberosum Phureja
group, is characterized by its round tubers with yellow flesh and skin and originates
from the southern Andean region of Colombia and northern Ecuador (Duarte-Del-
gado et al. 2021).

Potato tubers act as a sink organ that accumulates starch, reserve proteins and
other metabolic products during formation. After formation, they enter a dormant
phase in which germination is inhibited and which can last from days to months,
depending on the variety and environmental conditions. Dormancy ends when the
tubers transition from a sink to a source state, mobilizing reserves to support shoot
growth. Prior to germination, the tubers are stored in a soilless environment at 10-15
°C and 80-85% relative humidity, initiating the first phase of plant development.
During this period, metabolic dormancy is dissipating, and the processes that pro-
mote shoot development are intensified (Agrimonti et al. 2007; Grzesik et al. 2022).

Potatoes are primarily valued for their starch content but also provide high-qual-
ity proteins, dietary fibre, phenolic compounds, carotenoids and vitamin C. How-
ever, these contents strongly depend on the gene expressions and are highly depend-
ent on the genotype and agroclimatic conditions (Thomas et al. 2021).

Sprouting tubers, grains and legumes enhances the activity of hydrolytic
enzymes, which break down starch, fibre and proteins, improving digestibility and
nutritional value. This process also increases the bioactivity of macronutrients, mak-
ing sprouted grains valuable for functional foods. Studies have shown that sprout-
ing alters physicochemical properties of starch, enhancing foaming capacity, reduc-
ing starch molecule size, improving bread quality and increasing the elongation of
starch films for packaging (Li et al. 2017; Xu et al. 2019; Contreras-Jiménez et al.
2019; Xing et al. 2021; Rodriguez-Garcia et al. 2021; Lucas-Aguirre et al. 2023;
2024).

Starch, the most common dietary carbohydrate, consists of linear and heli-
cal amylose and branched amylopectin, formed by the a-condensation of D-glu-
cose units, where the amylose-amylopectin ratio varies depending on the botani-
cal source, which affects the physicochemical properties of starch (Li et al. 2017;
Xu et al. 2019; Contreras-Jiménez et al. 2019; Xing et al. 2021; Rodriguez-Garcia
et al. 2021; Lucas-Aguirre et al. 2023; 2024). Esquivel-Fajardo et al. (2022) defined
starch as micro- or submicron particles composed of different molecules, includ-
ing two amylose and amylopectin molecules, fat, proteins, minerals, salts and oth-
ers, but they included in this definition that starch is also composed of nanocrys-
tals with two different crystal structures. They reported the presence of nanocrystals
with orthorhombic crystal structure, which indicates that this starch can be called
A-type. Starches, in which nanocrystals with hexagonal crystal structure are pre-
sent, are referred to as B-type, and starches, in which nanocrystals with hexagonal
and orthorhombic crystal structure are present, are referred to as C-type. However,
A-type, B-type and C-type are not a polymorphism as described in several papers
on starch. This new definition means that it is very important to define the effects of
germination on these starch components as a function of germination time.

The presence of nanocrystals in different starches was demonstrated by Gong
et al. (2016) using the acid isolation method and transmission electron micros-
copy (TEM). However, the identification of the crystalline phases was not reported.
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Rodriguez-Garcia et al. (2021) proposed a powder diffraction file to identify both
crystal structures. Concerning to the crystal identification of the X-ray patterns
of potato, Velasquez-Herrera et al. (2017), Diindar et al. (2009) and Lee and Tae-
Wha (2015) indicated that it has a B-type shape, which is the classification for
starches containing nanocrystals with hexagonal crystal structure. Caceres et al.
(2012) reported that the amylose content is generally below 20%. The results of
thermal analysis show that the onset (7;,) and peak (7,) temperatures were between
59.1-63.5 and 62.6-67.88 °C, respectively. The changes in gelatinization enthalpy
were all around 21 J g~ 1.

The aim of this work was to evaluate the effect of germination on the proximate
composition of flours and on the morphological, structural, vibrational, thermal and
pasting properties of starches from the Solanum tuberosum Phureja group and to
study the effects on their properties. The results of this study could suggest process-
ing alternatives, especially in the development of fermented beverages.

Materials and Methods
Sample Obtention

The Creole potato variety Corpoica-Sol Andina was used in this study. First, a man-
ual selection was carried out to exclude contamination and/or potatoes with phy-
tosanitary problems. They were washed and disinfected for 5 min with a sodium
hypochlorite solution at a concentration of 50 ppm to avoid problems with fungal
infections during the germination process. The potatoes were then dried at 30 °C
with forced hot air. For each day of the germination process analysis (0, 4, 8,
12 days), 250 g were weighed and stored in the dark at room temperature (20 °C)
during the entire period to promote the germination process and observed as shown
in Fig. 1. At the end of each germination timepoint, flour and starch were immedi-
ately extracted as described below.

To obtain flour from the sprouted tubers, the sprouted potatoes were sliced at the
end of each germination timepoint (0, 4, 8 and 12 days of germination) and dried
in a forced-air oven at 40 °C for 48 h. They were ground and the flours were sieved
through a 100-mesh sieve and then packed in zip-lock bags under controlled condi-
tions of temperature (20 °C) and relative humidity (70%) until remaining tests were
carried out.

Germination Rate

Sprouting of potatoes was defined as a bud >2 mm. The germination percentage was
calculated according to Eq. 1.

N,
GR (%) = Fd x 100% (1)
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Fig. 1 Images of Creole potato: a O days, b 1 day, ¢ 2 days, d 3 days, e 4 days, f 5 days, g 6 days, h
7 days, i 8 days, j 9 days, k 10 days, 1 11 days and m 12 days of germination

where N, indicates the number of germinated eyes, and N is the total number of eyes
that could germinate (Yang et al. 2023).

Proximal Analysis of Flour from Ferminated Tubers

For the proximate analysis of the Creole potato flours without germination (day 0) and
with germination times of 4, 8 and 12 days, they were evaluated using the methods
given by the AOAC International (2006), where the moisture content (method 925.10)
was determined by the gravimetric method in an oven at 105 °C, until reaching con-
stant weight; the fat (method 920. 39) was determined by solid-liquid extraction (Sox-
hlet method); fibre (method 978.10) was determined by digestion with sulphuric acid
and sodium hydroxide solutions and calcination of the residue; ash (method 942.05)
was determined by calcination to constant weight, and protein (method 920.15) was
determined by quantifying the total nitrogen content in the sample (Kjeldahl), with a
factor of 6.25.

@ Springer



Potato Research

Starch Isolation

Starch was isolated from potatoes at 0, 4, 8 and 12 days of germination using
the method proposed by Gutiérrez-Cortez et al. (2021) and Rojas-Molina et al.
(2024). In brief, 100 g of peeled potatoes were cut into cubes of 1 cm edge length
and liquefied with 400 mL of distilled water for 3 min. To separate the starch,
they were passed through a 100-mesh sieve, the starch was decanted at 4 °C for
12 h, the supernatant was removed, and to purify the starch, it was mixed with
distilled water and then centrifuged at 2000 rpm to obtain isolated starch from
each fraction. Subsequently, each fraction was dried in an oven at 40 °C for 48 h.

Starch Content

The starch content of Creole potato flours at different germination times was
quantified by the polarimetric method, following the methodology proposed by
Gasiniski and Kawa-Rygielska (2022).

Amylose Content

The amylose content in ungerminated (0 days) and germinated (4, 8 and 12 days)
isolated potato starch was determined using the spectrophotometric method
(620 nm) based on the formation of the iodine-amylose complex formed by react-
ing dispersed and gelatinized starch granules quantified against a solution of
known amylose concentration, after adjustment of a standard curve (Juliano et al.
1981).

Scanning Electron Microscopy (SEM) of Potato Starch during
Germination

SEM images of isolated Creole potato starch from ungerminated (0 days) and for
each day of germination (4, 8 and 12 days) were studied in a scanning electron
microscope (JEOL, JSM-6060LV-Japan) with HV mode resolution. The samples
were coated with gold and fixed in a sample holder with carbon tape. The elec-
tron accelerating voltage was 20 kV at a pressure of 12-20 Pa (Quintero-Castafio
et al. 2020).

Particle Size Distribution

The mean particle size distribution of starch particles from ungerminated (0 days)
and germinated (4, 8 and 12 days) Creole potato tubers was determined accord-
ing to Mie’s theory, using a refractive index of 1.52; the equipment used was a
Mastersizer 3000 (Malvern Instrument Ltd., Worcestershire, UK), dispersing the
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starch particles in 0.5 L of water, up to a darkening level of 10 + 1%, quantifying
the D10, D50 and D90 percentiles (Lucas-Aguirre et al. 2018; 2019).

X-ray Diffraction Analysis

To obtain the X-ray diffraction patterns, powder samples from ungerminated
(0 days) and germinated (4, 8 and 12 days) Creole potato starches were taken and
packed in an aluminium pan. A high-resolution diffractometer (Rigaku-Ultima 4,
USA) was used to obtain the X-ray diffraction patterns. The measurements were
taken at an angle of 5 to 35° on a scale of 26, with a CuKa radiation wavelength of
A=0.1540 nm, at 35 kV and 15 mA (Quintero-Castafio et al. 2020).

Thermal Properties of Starch

To measure the temperatures T, T),, T, and enthalpy of gelatinization of isolated
starch from ungerminated (0 days) and germinated (4, 8 and 12 days) Creole potato
tubers, samples (2.0+0.1 mg) were hydrated with deionized water to 85% moisture
(w/w); the heating profile was carried out from 30 to 120 °C, at a heating rate of
5.0 °C/min, using a previously calibrated DSC (Mettler Toledo, Greifensee, Switzer-
land) (Contreras-Jiménez et al. 2019).

Vibrational Analysis

The vibrational analysis of isolated starches from ungerminated (0 days) and germi-
nated (4, 8 and 12 days) Creole potatoes was characterized using an FTIR spectro-
photometer (Perkin Elmer, Spectrum Two, USA) using attenuated total reflectance,
recording the transmittance between 600 and 4000 cm™! (Contreras-Jiménez et al.
2019).

Pasting Properties

The apparent viscosity profiles of isolated starches from ungerminated (0 days) and
germinated (4, 8 and 12 days) Creole potatoes were determined using a modular
compact rheometer (Anton Paar MCR 102, UK). A constant frequency of 193 rpm
was used. The samples were heated for 5.3 min, from 50 to 92 °C, then held for
1 min and then cooled at the same rate to the initial temperature and held for 1 min
(Rincon-Londoiio et al. 2016).

Functional Properties of Starches

A 2% (w/v) starch suspension was prepared, stirred and placed in a water bath at
90 °C for 30 min, then cooled and centrifuged at 2000 rpm for 20 min. The super-
natant was removed and placed in an oven at 105 °C until constant weight was
obtained. The respective weights were taken including the weight of the sediment,
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and calculations were performed, determining the swelling power (SP), water sol-
ubility index (WSI) and water absorption index (WAI) (Contreras-Jiménez et al.
2019).

Statistical Analysis

The tests were performed in triplicate, applying an analysis of variance with a sig-
nificance level of 5% and Tukey’s test, for the comparison of means using Statgraph-
ics Centurion X VIII software.

Results and Discussion
Germination Rate

When dormancy is broken, germination begins. Figure 1 shows the images of Cre-
ole potatoes at different germination times and the rather irregular shape and size of
harvested tubers. Germination is the most important visible milestone for determin-
ing the physiological age of the tuber. The first observable stage of germination is
characterized by the appearance of small white buds, often referred to as “pipping”
or “peeping” (Mani et al. 2014). As shown in Fig. le, which corresponds to day 4
of the germination process, 37.8 +£2.45% of the eyes have germinated, increasing to
72.64 +4.38% on day 6 (Fig. 1i) and 98.62+2.28% (Fig. Im) on day 12 of the ger-
mination process. These results agree with those of Yang et al. (2023), who worked
with the potato variety Solanum tuberosum “Xisen no. 6” (Shepody x XS9304).
Finally, as apical dominance decreases, multiple sprouting gradually develops, char-
acterized by the appearance of multiple buds sprouting along the tuber, with both
the duration of apical dominance and the number of sprouts per tuber being a vari-
etal trait (Mani et al. 2014).

Proximate Analysis of Flours

Potato sprouting is a complex process involving several metabolic pathways as
well as physiological and biochemical changes. Enzymatic reactions, carbohydrate
metabolism and hormonal regulation are linked to the sprouting of potato tubers.
Among the most important changes, the activity of enzymes related to sprouting
gradually increases before sprouting, especially amylase activity, which rapidly
increases during bud growth, and hydrolyzes starch to produce a large amount of
sugar and energy for bud growth (Neupane et al. 2022; Yang et al. 2023). At the
same time, some changes occur, such as the loss of weight, texture, nutritional value,
softening, shrinkage and the formation of toxic alkaloids. Thus, in general, an aver-
age weight loss of 3.16+1.00% was observed in each of the studied potatoes dur-
ing the 12 days of germination, as well as softening, shrinkage and wilting. Tuber
weight loss during germination occurs through the periderm, and to a lesser extent
through the lenticels (Mani et al. 2014).
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Table 1 Proximate composition of Creole potato flours as a function of the germination time

Time Fat (%) Fibre (%) Ash (%) Protein (%) Starch (%) Moisture (%) Amylose (%)
(days)

0 1.80+0.11°  3.79+0.14°  1.94+0.11° 3.67+0.09° 77.32+1.34% 848+0.17° 22.96+0.74*
4 0.72+£0.04>  3.11+0.15*  1.80+0.14"> 3.57+0.08"  79.63+2.03° 7.97+0.05° 24.76+12%®
8 0.69+£0.02°  320+£020° 0.96+0.06° 4374033 8097+1.84° 6.81+0.09" 27.56+1.08°
12 0.53+0.01°  3.06+020° 0.98+0.02° 4.47+0.88"  79.15+0.95" 8.81+022¢ 31.43+0.94¢

Data are expressed as mean + standard deviation (SD) from three replicates. Different letters in columns
indicate significant differences (p <0.05) by Tukey’s test

Table 1 shows the changes in the composition of Creole potato flour during ger-
mination process and shows statistically significant differences in the individual
components as germination progresses (p<0.05). The most important changes
include the decrease in fat (—70.56%), fibre (—19.26%) and ash (—49.48%) and the
increase in protein (+21.8%) when comparing the values on day 0 with those on day
12 of germination.

During germination, the sprouts begin to grow after dormancy-break and form
roots at their base. At this point, the tubers change from a storage organ to a source
of nutrients and energy for the developing sprouts. The fat content decreases, which
could be due to the fact that it is used as an energy source during the respiration
process (Table 1), which is triggered by the tuber breaking its dormancy phase dur-
ing post-harvest storage (Neupane et al. 2022). The same behaviour has also been
observed in the germination of legumes such as lentils and peas (Lucas-Aguirre
et al. 2023; 2024).

Tuber dormancy is controlled by phytohormones, which play an important role
in triggering or inhibiting tuber dormancy in potatoes. All five major plant hor-
mones are involved in this process: Abscisic acid and ethylene are involved in trig-
gering dormancy; cytokinins are involved in breaking dormancy, and gibberellins
and auxins are involved in sprout development. When potato dormancy is broken,
the cellular balance is disturbed and a cascade of biochemical reactions is triggered,
which include the migration of calcium ions into the meristems, increased cellular
respiration and increased production of adenosine triphosphate (ATP), which could
explain the decrease in minerals during the germination process (Table 1) (Mani
et al. 2014). These responses could explain the appearance of apical and proximal
buds and the decrease in membrane integrity in the tuber during germination.

According to the literature, the reactive oxygen species (superoxide anion, hydro-
gen peroxide and hydroxyl radicals) are also involved in the regulation of potato
dormancy. The metabolism of hydrogen peroxide occurs in the mitochondria, in cor-
tical tuber tissue since superoxide dismutase is activated (Mani et al. 2014). The
moderate oxygenation of cells by hydrogen peroxide leads to an increase in intra-
cellular Ca**, iron concentration and active entry into mitosis, triggering germina-
tion, while at the same time, the presence of hydrogen peroxide during germination
acts on tuber protein metabolism. Indeed, germination is accompanied by protein
carbonylation of the reserves, which makes them more sensitive to proteases and
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proteolysis, as well as a decrease in the activity of the pentose phosphate pathway.
This explains the depolymerization of starch to reducing sugars (glucose and fruc-
tose) in the potato tuber at the end of dormancy (Zabrouskov et al. 2002; Delaplace
et al. 2008; Mani et al. 2014).

The starch content found in the flours of the Creole potato variety Corpoica-Sol
Andina varied between 77.32 and 80.97% (Table 1). The results were higher than
those obtained by Zarate-Polanco (2014), who worked with 17 promising clones,
whose results varied between 45.23 and 72.98%. The proximate composition of the
flours may depend on the type of tuber, cultivation practises, climate, soil type and
the presence of pests and diseases, among other factors.

The results for percentage amylose content (Table 1) generally showed a similar
behaviour to those reported by Céceres et al. (2012), with starches from 24 diploid
potato accessions of the Phureja group (19.7-25.8%) and of 2 commercial tetraploid
potato cultivars of the Solanum tuberosum group (24-24.8%). Pineda-Gomez et al.
(2021) reported amylose content between 29 and 40% for starch from six potato
varieties (Solanum tuberosum) grown in the Andean region of southern Colombia,
and Mueez-Ali et al. (2023) found amylose contents of native potato starches in the
range 25.71-26.60%. It could be hypothesized that the Phureja starch has a lower
ratio between short/long chains than the S. fuberosum starch, i.e. a higher proportion
of long chains characteristic of amylopectin, which may have a major impact on the
functional properties of the starch. At the same time, it is observed that the amylose
content increases with increasing germination time, which is partly due to the con-
version of amylopectin chains into amylose (Mueez-Ali et al. 2023).

Morphological Changes in Isolated Potato Starch during the Germination Process

Figure 2a and b shows the morphological differences that occur in the starch
grains of Creole potatoes. The small grains have a round shape and are on average
181.88+28.13 um long at their longest point, while the larger ones have an ovoid
and/or elliptical shape and are on average 375.08+87.45 pm long at their long-
est point. In general, the starch granules have a smooth, homogeneous and slightly
uneven surface. At the same time, smaller circular round particles corresponding to
protein molecules with an average diameter of 38.69+11.11 um can be seen on the
SEM images (enclosed in yellow circles) (Fig. 2a—h).

The same attributes were reported by Choi et al. (2020) in potato starch (Solanum
tuberosum L.), in which all samples showed a similar morphology, round, oval or
elliptical, with a mixture of large, medium and small starch granule, and a shiny
surface with a regular pattern. Small granules were mostly spherical, while large
granules have an ellipsoidal shape (Céceres et al. 2012).

When analyzing the possible effects of the germination process through the enzy-
matic activity on the integrity of the Creole potato starch granules (Fig. 2c-h), their
surface does not change throughout the process. This fact indicates that the starch
grains are not altered during the germination process, which leads to the develop-
ment of fat, protein, stems and roots.
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Fig.2 Microstructural changes of isolated Creole potato starch at different germination times. Day O (a,
b), 4 days (c, d), 8 days (e, f) and 12 days (g, h) of germination (the structures enclosed in yellow circles

correspond to protein molecules)
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The most representative change in the starch granules during the germination
process initially was the increase in the average diameter of the starch granules of
Creole potato in the D90 percentile, manifesting as superficial and spongy erosion
of the granules and formation of superficial pores in them; these changes could be
associated to the enzymatic hydrolysis that penetrates the interior of the granules
from the heliotic region towards the exterior, while in the D10 and D50 percentiles,
the average diameter of the granules decreased (Lucas-Aguirre et al. 2024).

Functional Properties of Isolated Potato Starch during Germination

In general, the germinated starch of Creole potato was found to have high WAI (g
gel/g sample) (11.86+0.52-10.43+0.11) and SP (%) (12.07 +£0.55-10.61+0.10)
and low values for WSI (%) (2.58 +0.21-1.79 £0.15) (Table 2), indicating that it is
a good quality starch. The WAI decreased by 12.06% as the germination time pro-
gressed, while the SP decreased by 12.1%, which is consistent with the results of the
rapid visco analyzer (RVA) tests (Fig. 5), where the peak viscosity decreases with
increasing germination time. This could be due to the hydroxylation of amylose and
amylopectin, which leads to a decrease in peak and final viscosity and causes the
paste to behave like a hydrogel.

It is known that starch can reversibly absorb water before heating, but when the
temperature rises close to the gelatinization temperature, water absorption is irre-
versible. This property indicates the ability of the granules to swell and quickly reach
the viscosity peak, while the WAI measures the swelling capacity which depends on
the availability of hydrophilic groups and the ability of the macromolecule to form
a gel. On the other hand, the WSI is related to the number of soluble solids, and the
WAL is mainly related to the damage of the starch and the presence of compounds
other than starch, e.g. minerals (Pineda-G6mez et al. 2021).

Pineda-G6mez et al. (2021) reported very low WAI and WSI values in six potato
starches of the genus Solanum tuberosum, where WAI values ranged from 1.95 to
2.39 g/g, while WSI ranged from 0.31 to 1.28%, relatively low values compared to
the starches of the Phureja group, where they found that the apparent swelling of
starch granules is a property mainly attributed to amylopectin. However, the mineral
content in the starch may contribute to the water absorption capacity and therefore
affect other physical properties such as viscosity development. The low solubility

Table 2 Functional properties and particle size distribution of germinated Creole potato starch at differ-
ent days of germination

Time (days) WAL g (g gellg  WSI (%) SP (%) D10 (um) D50 (um) D90 (um)
sample)

0 11.86+0.52°  246+0.11  12.07+0.55®  2247+2.68°  25.68+8.18  45.71+5.99

4 10.83+£0.17*  229+0.11° 11.00+0.17°  22.57+2.78°  3567+3.35"  59.33+5.31°

8 11.07+0.94®  1.79+0.15* 11.21+0.96®  20.67+0.75°  3833+9.85°  69.00+4.38°

12 1043+0.11*  2.58+0.21° 10.61+£0.10°  18.12+0.33*  40.33+9.21%  70.22+7.34°

Data are expressed as mean =+ standard deviation (SD) from three replicates. Different letters in columns
indicate significant differences (p < 0.05) by Tukey’s test
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at low temperatures could be attributed to the crystalline structure of starch and the
presence of hydrogen bonds between -OH groups within the starch molecules. In
addition, the solubility index tends to increase when the gelatinization temperature
of the starch is exceeded.

Structural Characterization

Figure 3 shows the X-ray diffraction patterns of isolated starch from Creole potato
during the germination period. Rodriguez-Garcia et al. (2021) have indexed the pat-
terns for nanocrystals with hexagonal crystal structure. The dashed line in these pat-
terns corresponds to the identification of this structure.

Therefore, the isolated starch from Creole potato can be classified as B-type (hex-
agonal crystal structure) and is consistent with the report by Velasquez-Herrera et al.
(2017) for native potato starch. As can be observed, germination does not cause any
significant change in the crystalline structure of these starch grains, which means
that the enzymatic process does not affect the nanocrystals with hexagonal crystal
structure. It is possible that during germination, the potato uses only the hydrolyzed
amylose and amylopectin or part of the fat and proteins as the main energy source

S SICIoISIN IDoINN| 10 1IN
14000 412 &1 {uidig 1= lq.lm:\—gl 52 1S ——Day 0
T g T IEsCe e @
_ I : o I —Day4
I P
12000 - o —— Day 8
_ B —— Day 12
Lo
10000 o
P
N
| I
I

Intenisty (counts)
(o]
o
8
|

20 (Degrees)

Fig.3 X-ray diffraction patterns of isolated Creole potato starch at different times of germination (0, 4, 8
and 12 days)
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and that under the conditions of germination, the plant does not need the energy res-
ervoir in the hexagonal crystals.

On the other hand, it is important to note that these X-ray patterns show broad
peaks related to the presence of nanocrystals that generate elastic and inelas-
tic scattering simultaneously (Londofio-Restrepo et al. 2018). The behavior of the
nanocrystals along the germination time is still an open problem because in this
case, the potato was germinated in dark conditions, a similar situation when the cre-
ole potato is planted a few centimeters deep. The use of all energy sources contained
in the starch is limited by the beginning of the photosynthetic process in the leaves,
which produce starch in the plant and prevent the use of the reserves (nanocrystals)
contained in the mother seeds.

Table 3 shows the Miller indices, Bragg angles and interplanar spacing for the
hexagonal crystal structure of Creole potato starch. Miller indices are a notation sys-
tem in crystallography for planes in crystal (lattice) structures. These indices are
used to describe the orientation of atomic planes in a crystal lattice. Bragg angles,
also known as Bragg diffraction angles, are the specific angles at which X-rays are
diffracted by the atomic planes in a crystal. These angles are determined by Bragg’s
law, which relates the wavelength of the incident wave, the spacing between the
crystal planes and the angle of incidence at which constructive interference occurs.
Using Table 3, and with the help of the reports of Rodriguez-Garcia et al. (2021),
it is possible to identify each of the diffraction peaks allowed for hexagonal crystal
structure.

Vibrational Analysis

Figure 4 shows the IR spectra obtained from the isolated starches during the
germination process. The main components of the starch do not change and the

Table 3 Miller indices

hkl This work (26) Reported* Reported*
(hkl), Bragg angles (26) and o
interplanar spacing (d(A)) for Hexagonal (26) d(A)
the hexagonal crystal structure
in Creole potato starch (100) 5.6270 5.5056 16.0388
(200) 11.4581 11.0240 8.0194
(201) 14.2043 13.8500 6.3888
(120) 14.9567 14.6003 6.0621
(211) 17.1261 16.8462 5.2586
112) 19.5839 19.3220 4.5900
(400) 22.1797 22.1516 4.0097
(230) 24.0105 24.1679 3.6796
132) 26.1924 26.1631 3.4033
(322) 29.8792 29.5572 3.0198
(510) 31.2335 31.0195 2.8807
(104) 34.2305 34.3669 2.6074
(342) 38.0426 38.1101 2.3594

*Rodriguez-Garcia et al. (2021)
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Fig.4 FTIR spectra of the isolated Creole potato starch on different days of germination

formation of new compounds because of the starch germination process is not
observed, which could be related to the lack of proteins and fats in the starch.

In general, the absorption band in the region around 3350 cm™! in starches
corresponds to the symmetric and asymmetric stretching of intra- and intermo-
lecular hydroxyl groups. The band observed around 2900 cm™! is related to the
stretching of C-H bonds. During germination, changes occur in the starch gran-
ules, which are triggered by the enzymatic process. This creates sugar chains
that are used by the grain as a source of carbon and energy for growth (Contre-
ras-Jiménez et al. 2019). Figure 4 shows changes in the vibrational spectrum of
starch between 1700 and 1200 cm™!, with the 1643 cm™! band corresponding
to the carbonyl groups (Mueez-Ali et al. 2023). In the range between 1350 and
1275 cm™!, weakening is observed in the bands corresponding to the carbonyl
group, possibly due to changes in the o (1-4) and o (1-6) glycosidic linkage.
Similar results were reported by Daneri et al. (2016) and Contreras et al. (2019)
in malted barley, showing that significant changes occur in the starch granules
during malting. The main changes in these starches during germination are in
the bands between 3280-3350 cm™! and between 980-1040 cm™! corresponding
to the O-H bonds and the anhydrous glucose ring, respectively, increasing the
intensity of the peaks (Fig. 4).
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Thermal Analysis

Gelatinization is perhaps the most important property to consider when processing
starch. It is a transition from order to disorder in the internal structure of the grains
and is very sensitive to the presence of plasticizers such as water. Esquivel-Fajardo
et al. (2022) indicate that this transition can be in part caused by the solvation of the
nanocrystals with hexagonal or orthorhombic crystal structures. The transition tem-
peratures and enthalpy change due to the changes in these nanocrystals. The peak
temperature (7)) in some cases be regarded as the point at which gelatinization is
complete. The energy required for gelatinization can be measured by enthalpy (AH)
and is indicated by the area under the curve in the DSC thermogram and is also an
indicator of the molecular changes within the granules that occur during gelatiniza-
tion (Pineda-Goémez et al. 2021).

Figure 5 shows the DSC results of the germinated starch of the Creole potato,
where a slight increase in peak temperature (7)) can be observed with increasing
germination time. The 7}, values are between 62.2 and 62.6 °C from 0 to 4 days after
germination. However, after 8 and 12 days of germination, the 7}, value increases to
63.2 °C and 63.8 °C, respectively. These results could be due to the accumulation
of sugars during germination. This discrepancy in gelatinization temperature after
germination could be due to differences in germination conditions and plant sources
(Wu et al. 2013), while enthalpy showed the same behaviour: it increased with
increasing starch germination time but required less energy to achieve gelatinization
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Fig.5 DSC for isolated starches during germination time
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of starch granules at day 12 (Fig. 5). This behaviour could be due to weakly associ-
ated double helices in non-crystalline regions, while the decrease in gelatinization
enthalpy could be due to the lower proportion of longer branched chains that could
form a shorter double helix order, leading to a decrease in gelatinization enthalpy
(Wu et al. 2013).

These values determined for 7, were comparable with those of other studies,
while the gelatinization enthalpies differed significantly. In Céceres et al. (2012),
working with 24 diploid accessions of the Phureja group, the 7|, values ranged
between 62.6 and 67.88 °C and the changes in gelatinization enthalpy varied very
little in a range between 19.4 and 22.0 J g~!. At the same time, they report that
they found no significant differences between the thermal properties of Phureja and
S. tuberosum starches. Granule crystallinity increases with amylopectin, and the
enthalpy of gelatinization (AH) from DSC analysis gives a general quantitative and
qualitative measure of crystallinity, which is an indicator of the loss of molecular
order within the grains.

Choi et al. (2020) and Pineda-Gomez et al. (2021) report 7|, (peak) values
between 60.29 and 63.80 °C and gelatinization enthalpy changes (AH) in the range
between 7.95 and 8.88 J g~!, for starches of the genus fuberosum, as found in this
study.

Pasting Properties

One of the main reasons for germination of seeds is to reduce the peak and end vis-
cosity of the slurry to convert the original unmalted grain into a slurry with low end
viscosity, which is formed by the hydroxylation of amylose and amylopectin, and to
utilize the hexagonal nanocrystals in free D-glucose units that can ferment and pro-
duce alcohol. Grains such as corn, amaranth and sorghum have a high end viscosity,
but the enzymatic process leads to the hydroxylation of amylose and amylopectin,
decreasing the peak and end viscosity and making the slurry behave like a hydrogel
(Pineda-Goémez et al. 2021).

Figure 6 shows the pasting profiles of starches, and it is important to recognize
two points in these curves that serve to compare the differences between starches:
(1) The peak viscosity, or the highest apparent viscosity reached, is the point at
which the starch has lost its granular form and the leached amylose and amylopectin
chains occupy more space and contribute to the increase in paste viscosity under
heating conditions; (2) the final viscosity corresponds to the rearrangement of the
chains during cooling and temperature reduction (Londofio-Restrepo et al. 2018).

Regarding the peak viscosity of the germinated starch of Creole potato, it is
observed that it develops high viscosity peaks that decrease with increasing germi-
nation time, suggesting that the long amylose and amylopectin chains are fraction-
ated, leading to an increase in reducing sugars and a decrease in apparent viscosity,
although no enzymatic attack on the integrity of the starches is observed (Oseguera-
Toledo et al. 2020).

Due to their viscosity profile, these potato varieties have great potential to be used
as thickeners in various food formulations. The increase in viscosity upon cooling
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indicates the ability of the starch to form gels by regrouping the leached granule
chains. When the final viscosity is low, the starch-water dispersion behaves like a
hydrogel, as in the case of starch from Creole potatoes (Fig. 6).

The SEM images show that the starch granules do not suffer any external damage
as a result of the enzymatic process. However, the peak and final viscosity decreases
and the slurry behaves like a hydrogel. The starch nanocrystals are normally dis-

solved by the heat and excess water in the slurry.
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Conclusions

The study of the short-term germination of this potato has shown that the starch
grains do not show any surface or morphological changes associated with hydro-
lytic enzymes. This finding is confirmed by the fact that the functional properties
of the isolated starch showed no significant changes. X-ray diffraction showed that
the nanocrystals with hexagonal crystal structure do not undergo any changes dur-
ing germination. This is an important indication, as these nanocrystals are the main
source of energy storage. The gelatinization could be partly due to the solvation of
the hexagonal crystals, but it is still an interesting phenomenon that requires further
investigation.
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