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shapes, with a mean diameter of ~20 pm and B-type granules. They were rich in amylopectin molecules with
long chain lengths (with the ability to complex iodine) and some with intermediate sizes (indicating a defective
crystalline structure). The starches presented low gelatinization temperature, enthalpy of gelatinization and ten-

ii{:éggﬁi dency to retrogradation and high peak apparent viscosity and swelling capacity, even at moderate temperatures

Arracacia xanthorrhiza Bancroft (60 °C), characteristics of high interest for industrial purposes. Besides, the starches presented a smooth and elas-

Starch tic gel and a high paste clarity. Overall, the arracacha roots presented attractive properties and can be used as an
alternative botanical source for starch extraction.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction a wide climatic range in Peru [6], if compared with high-altitude species

Starches are biomolecules with many industrial applications and rel-
evant economic importance. They are used in many industries, for food
(human and animal), pharmaceuticals, cosmetics, chemicals, petro-
chemicals and textiles, among others. Consequently, different proper-
ties are demanded, highlighting the importance of characterizing new
natural sources.

Arracacia Bancroft is a genus of about 30 species, Arracacia
xanthorrhiza being the only one cultivated [1]. The Arracacia
xanthorrhiza Bancroft is possibly one of the oldest cultivated plants in
the Andes, earlier even than the domestication of the potato (Solanum
tuberosum) [2, 3]. The name “arracacha” is derived from the Quechua
word “racacha” [4], and has been accepted as a standard term in several
literatures, including in English. According to Hermann [1], other terms
for the arracacha, such as the “Peruvian carrot” or “Peruvian parsnip”,
should be avoided to prevent misunderstandings. Currently, this root
is cultivated in areas from Mexico to South America [1].

If compared to other popular root crops, like cassava and carrots,
arracacha can be considered high perishable, a characteristic that con-
strains its commercial exploitation in natura [5]. In contrast to its cur-
rent low consumption, commercialization and industrialization, which
make this “underutilized”, the arracacha is an Andean crop adapted to
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such as oca, olluco, maca or mashua, with a narrow ecological range [1].
Consequently, industrial applications for this root are highly relevant in
order to boost its commercial importance and thus allow its cultivation.

An alternative for the best use of arracacha would be for starch ex-
traction, since this root has a high starch content that is relatively simple
to extract. In fact, there are some works with very promising results re-
garding the content and characterization of starch from arracacha vari-
eties from Brazil [7-11], Venezuela [12] and Colombia [13]. However,
although the Peruvian germplasm bank is very broad regarding the
arracacha [14], as far as we know, no studies have been published
about starches from the Peruvian varieties. Starch characteristics, such
as granule and molecular size distribution, shape and composition, are
largely influenced by its botanical origin [15], leading to different prop-
erties and possible applications.

Consequently, this work aims to characterize and evaluate starches
from two different varieties of Peruvian arracacha (“arracacha morada”
and “arracacha amarilla”), describing their structure, properties and
possible applications.

2. Material and methods
2.1. Material

The starches were extracted from arracacha roots (Arracacia
xanthorrhiza Bancroft), purchased from farmers in Peru. Two different
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varieties were evaluated in the present work: “arracacha morada”
(“morada” = purple) and “arracacha amarilla” (“amarilla” = yellow).
The roots were collected and transported to the “Universidad Nacional
Agraria La Molina” in Lima (Peru), and starch extraction was performed
immediately.

The arracacha morada was cropped in Huaraz (Peru) and the
arracacha amarilla was harvested in two different parts of the Hudnuco
region (“arracacha amarilla A” = valley region; “arracacha amarilla B”
= high altitude region). It is important to mention that the effect of
the planting site on the starch properties was not focus of the present
study.

Furthermore, starches from other sources were used for compari-
son: potato starch (extracted, characterized as described by Castanha
et al. [16]), maize starch (Argo CS 3400), high-amylose maize starch
(i.e., a starch source with ~72% of amylose - Hylon VII), waxy maize
starch (i.e., a starch source with ~98% of amylopectin - Amisol 4000)
and cassava starch (kindly provided by “Ingredion Brasil Ingredientes
Ltda”). The purpose of analysing these samples, in the same conditions
of analysis used for the arracacha starches, was to provide data from
common and widely known commercial starches, allowing a direct cor-
relation among their properties.

All the chemicals were of analytical grade and used without further
purification.

2.2. Starch extraction

The arracacha roots (composition shown in Table S1, supplementary
material) were washed and cut into slices approximately 5 cm thick and
immediately crushed in a laboratory scale blender for 3 min. The starch
extraction was then performed according to the process described by
Castanha et al. [16]. The starch obtained was dried in an air circulation
oven at 35 °C to a moisture content of approximately 13%. The dried
starch was ground in a mortar and sieved (250 um) for further analysis.
The proximal composition of the obtained starch is shown in Table S1
(supplementary material).

2.3. Roots and starch chemical composition

The protein and ash contents from the arracacha roots and starches
were analysed using the methods described in AOAC [17]: the nitrogen
content (for the crude protein content) was determined by the micro-
Kjeldahl method using factor 6.25, and the ash content was determined
in a muffle furnace at 550 °C until complete calcination.

The starch content of the roots was determined using a total starch
determination kit (Code K-TSTA, Megazyme, Ireland), consisting of the
enzymatic (a-amylase/amyloglucosidase) breakdown of the starch
and subsequent colorimetric evaluation of the remaining glucose. This
kit is based on the AOAC 996.11 [17] and AACC 76-13.01 [18] methods.

The mineral content was determined using an energy dispersive X-
ray fluorescence spectrometer (Shimadzu EDX-720, Japan), according
to Tezotto et al. [19].

The pH of a 10% (m/m) starch slurry was determined in a calibrated
potentiometer (Tecnal, TEC-5 mode, Piracicaba, Brazil), under constant
stirring, according to Adolfo Lutz Institute [20].

24. Starch characterization

2.4.1. Granule morphology: particle size distribution, scanning electron mi-
croscopy (SEM), light microscopy and polarized light microscopy

The size distribution of the starch granules (particles) was deter-
mined using a Laser Analyser (Partica LA-950V2 Laser Particle Size
Analyser HORIBA, Japan) and the LA-950 software for Windows
(HORIBA, Japan). The samples were dispersed in ethanol (99.5%). The
volume-based mean diameter (D [3, 4], Eq. (1)) and the area-based
mean diameter (D [2, 3], Eq. (2)) were evaluated, as was the distribu-
tion. Both area and volume equivalent diameters were evaluated since

the D [3, 4] is more influenced by large particles, whereas the D [2, 3]
is influenced by the smaller ones [21, 22].
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Scanning electron microscopy (LEO 435 VP, Leo Electron Microscopy
Ltd., Cambridge, England) was used to evaluate the starch granule mor-
phology and general appearance. The microscope was operated at an
acceleration voltage of 20 kV. Dry starch was sprinkled onto double-
sided adhesive tape placed in the middle of circular stubs. The stubs
were coated with a 30-nm gold layer and then evaluated in the
microscope.

A light microscope (model L1000, Bioval, Curitiba, Brazil) with a 20-
W halogen lamp was used to evaluate the shape and surface of the
starch granules. A 1% dispersion of starch in distilled water was pre-
pared and immediately observed in the microscope. To better distin-
guish the granules, a drop of Lugol solution (I, and KI in ethanol) was
mixed with a drop of the starch dispersion onto the glass slide, which
was covered by a glass cover slip. The magnification used was 400x
and a 1.3-megapixel portable camera was used to obtain the images.
To observe the Maltese crosses of the starch samples, a polarized light
filter was coupled to the same microscope, and the same starch disper-
sion was used but without the Lugol solution.

2.4.2. Molecular size distribution

The molecular size distribution profile of the starch molecules was
determined by gel permeation chromatography (GPC), according to
Song and Jane [23], with small modifications. A glass column (2.6 cm di-
ameter and 70 cm high) packed with Sepharose CL-2B gel (Sigma,
Sweden) was used. 0.1 g of starch was mixed with 10 mL of
Dimethylsulfoxide (DMSO; 90%, Labsynth, Brazil) and heated in a bath
of boiling water for 1 h and then kept at 25 °C for 24 h under constant
stirring. An aliquot of 3 mL of this solution was mixed with 10 mL of ab-
solute ethanol and then centrifuged for 30 min at 3000 g. The precipi-
tated starch was dissolved in 9 mL of boiling distilled water and
placed in a bath of boiling water for 30 min. An aliquot of 4 mL was
then upwardly eluted in the chromatographic column, with an eluent
solution (25 mmol-L™! of NaCl and 1 mmol-L~! of NaOH), at a rate of
60 mL-h™". A fraction collector (Gilson, model FC203B, Middleton, En-
gland) was used to separate the sample into 4-mL portions, and these
were then analysed for total carbohydrate content at 490 nm by the
phenol-sulfuric [24] and blue value at 620 nm [25] methods, using a mi-
croplate reader (Asys Expert plus, Biochron, England). A glucose sample
was used as a marker to indicate the end of the analysis.

2.4.3. Apparent amylose content

The apparent amylose content was determined according to the ISO
methodology [26]. A reference curve was firstly made using standard
amylopectin (A8515) and amylose (A0512 type III) from Sigma-
Aldrich Pty Ltd. (Castle Hill, NSW, Australia). Starch grains were dis-
persed in ethanol 95% and NaOH 1 mol-L™!, and then gelatinized in a
boiling water bath for 10 min. An aliquot of 18 mL was mixed with
2 mL of NaOH 0.09 mol-L™". Then, an aliquot of 5 mL of this solution
was transferred to a volumetric flask of 100 mL with 1 mol-L™" acetic
acid and iodine solution (0.2% I,, 2% K1), forming a complex of blue col-
our, which was quantified by spectrophotometry at a wavelength of
620 nm (spectrometer Femto, Model 600S, Sdo Paulo, Brazil).
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2.4.4. X-ray diffraction patterns

The starch samples were maintained in a desiccator containing sat-
urated BaCl; solution (25 °C, a,, = 0.900) for 10 days, to ensure a con-
stant activity of water. An X-ray diffractometer (Shimadzu XRD 7000,
Tokyo, Japan) with copper radiation was used at an angle 26 ranging
from 3 to 40°, using the following working conditions: scan rate of
2°-min~!, 40 kV and 30 mA. The curves obtained were smoothed
using the Origin software, version 9.1 (Microcal Inc., Northampton,
MA, USA).

2.4.5. Thermal properties

The thermal properties (gelatinization and retrogradation) were
evaluated using a Differential Scanning Calorimeter (DSC 2010, TA In-
struments, New Castle, DE, USA), operating with the Thermal Advan-
tage V 1.1A software (1999, TA Instruments). The Universal Analysis
2000 V 4.2E (TA Instruments) software was used to analyse the data.
For the gelatinization study, 3 mg of starch (dry basis) was mixed
with 7 pL of deionized water and placed in a hermetically sealed alumin-
ium pan. The samples were kept at room temperature for 1 h before the
measurement. The scanning temperature was from 30 °C to 100 °C and
the heating rate was 10 °C-min~'. An empty pan was used as the refer-
ence. The onset, peak and conclusion temperatures and enthalpy of ge-
latinization (AH), on a dry basis, were obtained. In sequence, the pans
with the gelatinized starch samples were stored for 7 days at 5 + 2 °C
for the retrogradation studies. Then, the same protocol mentioned
above was applied to evaluate the thermal properties after
retrogradation.

2.4.6. Pasting properties

Rapid Visco Analyser equipment (RVA-4, Newport Scientific Pvt.
Ltd., Australia) using the Thermocline for Windows software (ver-
sion 3.0) was used to determine the pasting properties of the starch
samples. A suspension of 3 g (14% moisture basis) of starch in 25 g of
distilled water was homogenized (for 10 s at 960 RPM) and then
analysed under a constant shear (160 RPM), under 2 different
heating protocols. In the first one, the suspension was initially held
at 50 °C for 1 min, then heated to 95 °C at a rate of 6 °C-min~ !,
then kept at 95 °C for 5 min, followed by cooling to 50 °C at a rate
of 6 °C-min~", and finally holding it at 50 °C for 2 min. In the second
protocol, the suspension was first held at 30 °C for 1 min, then heated
to 95 °Catarate of 9 °C-min !, then kept at 95 °C for 5 min, followed
by cooling to 30 °C at arate of 9 °C-min~, and finally holding it at 30
°C for 2 min.

2.4.7. Gel firmness

The firmness of the starch gel was determined by instrumental
texture, using a Texture Analyser (TA.XT Plus, Stable Micro Systems
Ltd., Surrey, UK) with a load cell of 50 kgf (490.3 N). After the RVA
analysis, the gels obtained were stored in plastic cups (40 mm
diameter x 20 mm height) for 24 h at 5 & 2 °C before texture eval-
uation. To ensure uniform moisture of the samples and avoid dry-
ing, they were kept in a desiccator with water at the bottom. The
samples were penetrated using a 0.5-cm cylindrical probe (P/
0.5R) at 1 mm-s~'. The force measured by the equipment as a func-
tion of the penetration depth was then used to evaluate the gel
firmness.

2.4.8. Water absorption index (WAI) and water solubility index (WSI)
The water absorption and solubility indexes were evaluated accord-
ing to the procedure described by Anderson et al. [27], with minor mod-
ifications. 0.5 g of starch (dry basis) and 6 mL of distilled water were
mixed in pre-weighed centrifuge tubes. The tubes were then placed in
a thermal bath with stirring for 30 min at different temperatures (30,
40, 50, 55 and 60 °C) and then centrifuged at 3000 g for 10 min. The su-
pernatant was dried and weighed (DS), and the precipitated retained in
the tube was also weighed (PT). The WAI (Eq. (3)) and the WSI (Eq. (4))

were then calculated considering MS as the mass of the sample, on a dry
basis.

gwater\ PT—(MS—DS)
WA (g starch) - (MS—DS) )
DS
%) = —>.
WSI (%) = 35100 4)

24.9. Paste clarity

The paste clarity of the starches was evaluated by measuring the
transmittance (T%) of the samples as described by Craig et al. [28] and
modified by Aplevicz and Demiate [29]. 0.2 g of starch was mixed
with 20 mL of distilled water in test tubes with screw caps. The tubes
were then placed in a thermal bath with boiling water for 30 min and
stirred individually every 5 min. The tubes were then cooled to room
temperature and evaluated in a spectrometer at a 650 nm wavelength
(Femto, Model 600S, Sao Paulo, Brazil).

2.5. Experimental design

The starch samples were extracted from one batch of arracacha (for
both the starches and roots characterized in this work, Table S1, supple-
mentary material). Each analysis was repeated at least twice, and each
repetition was done at least in duplicate.

3. Results and discussions
3.1. Arracacha starch structure

3.1.1. Roots and starch proximal composition

Both the proximal composition (Table S1) and mineral content
(Table S2) of the arracacha roots and their respective starches are pro-
vided in the supplementary material.

Considering the arracacha roots, it is possible to observe that they
are a rich source of starch (more than 50% of the dry material).

The arracacha starch phosphorus content (~200-270 mg-kg ™) is
relatively low if compared to the potato (Solanum tuberosum) starch, a
rich source with a phosphorus content of approximately 800 mg-kg ™!
[16]. However, Hoover [30] compared the organic phosphorus content
reported in different works, and the arracacha starch phosphorus con-
tent is higher than the content in the starches from 12 other roots and
tubers evaluated (except the potato). It is important to highlight that
phosphorus is a component that, in general, increases paste viscosity
and paste lightness and decreases retrogradation rates of starches [30,
31].

3.1.2. Morphology of the granules
The arracacha starch particle size distribution is presented in Fig. 1.
In general, the arracacha starches granules was around 20 yum (Fig. 1-
C). If compared to starches from different sources (Fig. 1-D), the distri-
bution of the size of the arracacha is similar to that observed for cassava
starch. Maize starch has a higher granular population around 30 pm,
while, with larger granules, most of those in potato starch appear in
the 50 um range. The volume-based mean particle diameter of the
arracacha morada sample is higher than the one observed in the
arracacha amarilla starches (Fig. 1-B), indicating that the diameter of
the granules in this sample is larger than those of the arracacha amarilla.
Fig. 2 shows the general aspect of the arracacha roots and their re-
spective starch granules under different views (light microscopy, polar-
ized light microscopy and scanning electron microscopy). A
complementary figure, containing only the SEM images of the starch
samples, is available in the Supplementary material (Fig. S1).
Considering the morphology of the starch granules (Fig. 2), in gen-
eral, they are round-shaped, with smaller ones with irregular
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Fig. 1. Particle size distribution of the arracacha starches. (A) Area-based mean particle diameter; (B) volume-based mean particle diameter; (C) size distribution of the arracacha starches;
(D) comparison among the size distribution of arracacha starches and starches from maize, cassava and potato starches. Vertical red bars represent the standard deviation. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(polygonal) shapes, the granules of the morada variety being the most
irregular. Besides, some granules in all samples had cracks and fissures
on their surfaces, probably due to being closely packed in the cells of
the arracacha roots in a “Lego-like” conformation, as proposed and dem-
onstrated for arracacha starches from Colombia by Londofio-Restrepo
et al. [13] (this compactness of the granules can be better observed in
the electron microscopy images in Fig. 2 and in Fig. S1).

In fact, Alonso-Gomez et al. [32] presented SEM images of native cas-
sava starches inside the cells and isolated, and it was possible to observe
that the starch granules were “compressed”, presenting a similar format
to those observed in this work.

Furthermore, while studying arracacha starch from Brazilian roots
(Arracacia xanthorrhiza, “Amarela de Senador Amaral” variety), Rocha
et al. [11] also observed round and irregular-shaped granules, with a
tendency to separate and crack, and some depressions on their surfaces
- being consistent with the Peruvian roots.

Pérez et al. [33] argued that, on a macromolecular scale, the surface
of starches can differ significantly between different botanical sources.
The authors also commented that channels and pores can be found in
starch granules affected by plant metabolic activities, such as its growth.
This can be the case here studied.

3.1.3. X-ray diffraction

The X-ray diffraction patterns of the arracacha starches are pre-
sented in Fig. 3-E.

Starches were proved to be a crystalline material by P. Scherrer, al-
most 100 years ago [34]. Since then, studies regarding the starch crystal-
linity have been performed using the X-ray analysis. Several of these
studies classifies the X-ray diffraction patterns of different starch sam-
ples into 3 different types: “A”, “B” or “C” [34, 35]. According to this clas-
sification, the three varieties of arracacha starch can be classified as
presenting a B-type pattern, typical of tubers and roots [34].

However, recent studies [13, 32, 36, 37] have been using a new ap-
proach to analyse the X-ray patterns of different starch samples,
which are based on the comparison of the obtained patterns with stan-
dards from a database of Powder Diffraction Files (PDF-4) [38]. Accord-
ing to this approach, the X-ray diffraction patterns must be compared to

standard patterns of “pure” amylose and amylopectin samples and with
the peaks based on the a-amylose database (PDF 43-1858). It worth be
mentioned that the amylopectin PDF database is still under study, as
well as the amylose source used as reference is different from ours
[32,37].

In this way, when comparing our results with the amylose and am-
ylopectin diffraction patterns obtained by Londofio-Restrepo et al. [37],
we can observe some interesting results. In the arracacha samples, the
peaks located at ~17°, 20°, 22.5° and 24° are correspondent to the amy-
lose crystalline structure, while the ~5.5° peak was not observed in the
PDF database. Alonso-Gomez et al. [32] believe that the 5.5° peak corre-
sponds to nanocrystals.

However, despite using standards, the comparisons and the con-
clusions must be carefully evaluated, since the moisture content and
the amount and conditions of the amylose and amylopectin mole-
cules greatly influence the X-ray patterns [35]. In fact, as precisely
stated by Londofio-Restrepo et al. [13], the crystalline structure of
starches are far from been completely understood, and requires fur-
ther studies.

3.1.4. Molecular size distribution and apparent amylose content

The apparent amylose content and the molecular size distribution of
the arracacha starches are shown in Fig. 3.

The apparent amylose content obtained was high for starches of
arracacha morada (39.0 4 1.5%), amarilla A (35.8 + 0.7%) and amarilla
B (35.7 £ 0.7%). Works in the literature report much smaller amylose
contents than those obtained in this work, with values from 18 to 20%
from the Brazilian [9, 11] and Venezuelan [12] varieties.

However, the limitations of the analytical method and the interpre-
tation of the results must be highlighted once again.

The amylose content obtained by this colorimetric analysis with io-
dine is considered “apparent”, since long chains of amylopectin can
also develop the characteristic blue colour of the amylose-iodine com-
plex, leading to an “overestimated” amylose value [39-41]. Jane et al.
[39] compared the absolute and apparent amylose values obtained for
different starch sources and observed that, in some cases, the difference
could be over 20%. This overestimation took place especially for the B-
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type starches - as is the case of arracacha starches, as shown in Fig. 3-E.
In fact, Rocha et al. [11] observed a high amylopectin-iodine affinity
while studying starch from a Brazilian arracacha, concluding that the
amylopectin in the samples could contribute to the blue colour ob-
served in the apparent amylose analysis.

In such a way, the amylose content based on the iodine complex
could lead to a false interpretation of the amylose value. So, a gel perme-
ation chromatography (GPC) analysis was performed to elucidate better
the proportion and chain length of both amylose and amylopectin in the
arracacha starches.

The GPC analysis consists basically of the separation of the starch
fractions based on their molecular sizes. Thus, the molecules with
higher chain lengths elute first, since they are not able to penetrate
the gel pores. On the other hand, the lower chain-length molecules
are retained in the column and elute later [42].

Normally, the amylopectin molecules are described as being large
and highly branched [42]. Therefore, they are supposed to be mainly
contained in the first fraction, forming the first chromatogram peak,
while the following portions are normally related to the amylose mole-
cules. However, the starch molecules cannot be simply divided into only
two fractions, since a number of small molecules of amylopectin may
elute in the later fraction, or long chains of amylose may elute in the
first. Therefore, the amylose and the amylopectin fractions are not
sharply separated, but blend into each other through intermediate frac-
tions [41, 42].

Considering this, the arracacha starches were evaluated using two dif-
ferent techniques in the GPC: the total carbohydrate method (based on a
phenol-sulfuric colorimetric method) and the blue value method (also
based on the starch-iodine complex). Once more, maize, high amylose
and waxy commercial starches were used for comparison purposes.

Analysing the results (Fig. 3-A and -B), it is possible to observe that
in some cases the amylopectin molecules can form the blue complex
with iodine, as discussed by Jane et al. [39]. For example, while analysing
the results of the blue value (Fig. 3-B), it is clear that waxy starch (which
presents about 98% of amylopectin, thus should not form an intense
blue colour with iodine) presented a distinct peak in the “amylopectin
elution area”, showing that these molecules were coloured by the iodine
in the analysis. Similarly, when analysing the results of the blue value
for the arracacha starches, the first peak is more pronounced when
compared to the first peak in the other samples, indicating high chain-
length molecules (probably amylopectin) that can form the iodine com-
plex. In fact, when comparing the graphs of the total carbohydrate
(Fig. 3-A) and blue value (Fig. 3-B), it is possible to observe that the
arracacha starches do not follow the same patterns as maize starch,
for example. A first peak in the total carbohydrate analysis for maize
starch was higher than the one observed for the arracacha starches,
but lower in the blue value analysis, confirming the theory that the am-
ylopectin chains of the arracacha starches are being complexed with
iodine.

Another important aspect that can be observed in the GPC results
is the presence of a “shoulder” after the first peak in the chromato-
gram of the total carbohydrate results (Fig. 3-A), which is not present
with maize starch (with a thin and well-delimited first peak). This
can indicate a proportion of molecules (probably amylopectin)
with “intermediate” sizes, suggesting an imperfect crystalline struc-
ture [39], which did not necessarily affect the RC of the starch sam-
ples (Fig. 3-F).

To sum up, considering the results shown in Fig. 3 and the literature
[9, 11, 12, 39-41], it is possible to state that the arracacha starches are
not amylose-rich, as could be assumed if considered only the apparent
amylose analysis. Rather, they have amylopectin with long chain
lengths, with the ability to complex the iodine. Also, there are
intermediate-sized molecules that can indicate a defective crystalline
structure.

In fact, this assumption is corroborated by other results in the pres-
ent work: the gelatinization temperatures are low (DSC analysis,
Table 1), the retrogradation tendency is low (DSC analysis, Table 1,
and RVA analysis, Table 2), there was no syneresis even after 30 days
of refrigerated storage (data not shown), the apparent viscosity peaks
are high (RVA, Table 2) and, even at low temperatures (60 °C), these
starches present a remarkable water absorption capacity (Fig. 4-E). Be-
sides, the gels obtained after the gelatinization are elastic (not brittle, as
can be seen in Fig. 4-C and D) and present a high paste clarity (discussed
in the item 3.2.5). These characteristics give the obtained starches inter-
esting properties, especially from an industrial perspective, as described
below.
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Table 1

Gelatinization and retrogradation properties of the arracacha starch samples. Average + standard deviations. The percentage retrogradation (%R) was calculated by [(AHetrogradation/

Al—lgelatinizal‘ion)"l 00]

Samples Onset temperature (°C) Peak temperature (°C) Conclusion temperature (°C) Enthalpy (J/g) %R (%)
Gelatinization

Morada 53.0 £ 0.6 578 £ 0.6 70.4 4+ 0.6 6.1+ 0.9 -
Amarilla A 55.0 £ 0.5 589 + 0.8 719+ 1.8 7.14+0.8 -
Amarilla B 549 £ 0.5 59.1 £ 04 739 +£0.2 88+13 -
Retrogradation

Morada 47.2 £ 0.1 575+ 1.0 66.5 £ 0.2 0.56 + 0.04 9.2
Amarilla A 484405 59.1 £ 0.1 67.5 £+ 0.1 0.66 + 0.01 9.3
Amarilla B 51.8 £ 0.0 59.5 + 0.2 69.2 + 2.4 0.56 + 0.05 6.3
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RVA parameters of the arracacha starch samples. AV = Apparent Viscosity. Average + standard deviations.
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Test conditions ~ Sample

-s)

Breakdown (mPa-s)  Final AV (mPa-s) Setback (mPa-s)

Pasting temperature (°C)

30-95-30 °C Arracacha morada
Arracacha amarilla A
Arracacha amarilla B

50-95-50 °C Arracacha morada
Arracacha amarilla A
Arracacha amarilla B

Peak AV (mPa-s)  Trough AV (mPa
10,708 + 95 2135+ 12
10,833 + 33 1942 + 45
10,429 + 221 1898 + 91
10,684 + 136 2016 + 6
10,720 + 74 1851 + 18
10,989 + 84 1789 + 62

8573 £+ 83 5155 + 147 3021 + 159
8891 + 11 4631 + 12 2689 + 57
8532 + 129 4344 + 57 2446 + 148
8668 + 130 3346 + 99 1331 + 93
8869 + 92 3015 + 21 1164 £ 2
9200 + 23 2904 + 29 1115+ 33

576+ 0.8
58.8 + 0.0
59.1 + 04
56.5+03
57.5+0.1
584 + 0.0

3.2. Arracacha starches structure-properties relationship

The properties of the starch are closely related to the structure of the
starch molecules. The properties of the arracacha starches are described
in the next item and illustrated in Fig. 4. Furthermore, whenever possi-
ble, they are related to the structure of the starches described in the pre-

vious section.

3.2.1. Thermal properties

The gelatinization and retrogradation properties of the arracacha
starches are shown in the Table 1 and illustrated in Fig. S2 (supplemen-

tary material).

Starch gelatinization is a complex phenomenon that occurs in the
presence of sufficient amounts of heat and water, following some
steps: the intermolecular bonds of the starch molecules are weakened
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Fig. 4. RVA curves of the arracacha starch samples (A, B), strength of the arracacha starch gel samples (C, D) and Water absorption index and water solubility index of the arracacha starches
in different temperatures (30, 40, 50, 55 and 60 °C) (E, F). (A) RVA at the heating program: 30 °C - 95 °C - 30 °C; (B) RVA at the heating program: 50 °C - 95 °C - 50 °C; (C) Gel obtained after
the RVA heating cycle illustrated in A; (D) Gel obtained after the RVA heating cycle illustrated in B; (E) Water absorption index; (F) water solubility index. The red * symbol indicates no
detectable value. Vertical red bars represent the standard deviations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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and water penetrates the starch granules, being able to bond with the
molecular hydroxyl groups. In this process, the starch granules swell
and lose their birefringence, becoming more and more fragile until
they disintegrate [43]. Therefore, if the starch structure is naturally
less compact (more “fragile”), less energy (heat) is necessary to cause
a bond weakening.

In fact, the arracacha starches present a low onset temperature
(approx. 53 to 55 °C) and a low enthalpy of gelatinization (approx. 6
to 9 ]/g) if compared to other starch samples, such as potato (58.2 °C;
15.8 J/g), normal maize (64.1 °C; 12.3 J/g), waxy maize (64.2 °C;
15.4]/g) and cassava (64.3 °C; 14.7 ] /g) starches [39]. This result is in ac-
cordance with the imperfect crystalline structure of their granules (as
discussed in the 3.1.3). Besides, the arracacha starch granules present
cracks and fissures on their surfaces (Fig. 2), which may facilitate the
uptake of water in their structure and, consequently, their gelatinization
at lower temperatures.

The observed percentage retrogradation values were small, being
close to those observed by Jane et al. [39] for waxy rice (5%) and waxy
amaranth (5.2%) starches. Other starch samples showed higher retro-
gradation values, including potato (43.4%), tapioca (25.3%) or even
waxy maize (61.6%) [39]. It clearly indicates that not only the amy-
lose/amylopectin proportion, but also their chain lengths, may influence
the retrogradation properties of the starch samples. In the case of the
arracacha starches, the large amount of long-branched chains of amylo-
pectin, which also have a heterogeneous distribution of size, may hinder
to some extent the molecular reassociation after cooling, contributing to
the low retrogradation tendency of the arracacha starches. Besides, to a
degree, the phosphate groups may influence the low retrogradation
tendency, since electronegative groups also hinder molecular
reassociation [28].

Summarizing, when compared with common industrial sources, the
arracacha starch thermal properties are characterized by low gelatiniza-
tion temperatures, gelatinization with a small amount of energy and
low retrogradation and syneresis. Consequently, the arracacha starches
show a behavior of high industrial interest (especially for applications
where refrigeration is used).

3.2.2. Pasting properties

The pasting properties of the arracacha starch samples are given in
Table 2 (AV = apparent viscosity), and their relative curves are repre-
sented in Fig. 4-A and B.

In the RVA analysis, a sequence of events occurs. First, the starch
granules swell until their maximum capacity (reaching the peak AV),
followed by a leaching of polymers from the granules and a granular dis-
ruption. The leached polymers then suffer an alignment with conse-
quent apparent decrease in viscosity (reaching the trough AV) and,
after cooling, there is a reassociation of the molecules with an increase
in the apparent viscosity of the system (reaching the final AV). The dif-
ference between the peak and trough AVs is known as breakdown and
indicates, in a simplified way, the resistance of the starch granules to
disruption. The difference between the final and trough AVs is known
as setback, and indicates the tendency for re-association of the starch
amylose molecules [40].

The RVA analysis was performed in two different heating programs,
starting and ending at 50 °C (standard analysis) and at 30 °C. The latter
temperature was selected because the gelatinization temperatures of
the arracacha starches range between 55 and 60 °C (Table 2). Therefore,
a cooling temperature close to 50 °C could be too high to evaluate the
possible retrogradation tendency (setback) of these starches. In any
case, the setback values of the starches were lower than those observed
in samples with a high retrogradation tendency, such as maize and rice
starches [44]. In fact, the low retrogradation tendency of the arracacha
starches was also observed in the DSC analysis.

Two other characteristics that can be emphasized in relation to the
pasting properties of the arracacha starches are their low gelatinization
temperature (as discussed in the DSC analysis) and their high Peak AV

(with values ranging between 10,500 and 11,000 mPa-s, as shown in
Table 2). The Peak AV values are almost as expressive as those observed
in potato starches (~12,500 mPA s, Castanha et al. [16]), a source that is
known for its high Peak AV. This expressive Peak AV is heavily influ-
enced by the amylopectin content of the granules, which contributes
to granule swelling [45]. Further, the phosphorus content of the
arracacha starches, although not as expressive as in potato starch (as
previously discussed), may also influence this result.

To sum up, considering the arracacha starch pasting properties, be-
sides the low gelatinization temperatures and low retrogradation and
syneresis (discussed in the DSC analysis), they presented a high Peak
AV, which can be useful in applications where a highly viscous paste is
interesting - for example, instant soups.

3.2.3. Water absorption and solubility indexes

The water absorption (WAI) and water solubility (WSI) indexes of
the arracacha starches are presented in Fig. 4-E and F.

At room temperature, the WAI of the starches is related to the amor-
phous regions of the granules, since the crystalline regions are too com-
pact to permit the entry of water [40], this condition being altered at the
beginning of the gelatinization process.

The WALl is an indirect measure of the swelling capacity of the starch
granules. At 30 and 40 °C, the WAI in the granules was negligible, indi-
cating that, at these temperatures (below the onset temperatures mea-
sured in the DSC analysis), the starch granules were not able to absorb
and/or retain any water. At 50 °C, which is slightly higher than the
onset temperature of the samples, it was possible to observe an increase
in the WA, especially for the arracacha morada starch sample (which
also had the lowest onset temperature). After this “changing-point”,
the WAI of the starches grew sharply, reaching its peak at 60 °C under
the conditions studied.

Considering the solubility results, at 30 and 40 °C the soluble portion
of the samples did not present large variations. The WSI presented a
slight increase with increasing temperature (50 °C), which can be ex-
plained by the amylose fractions that may have leached from the gran-
ules at this temperature. However, as discussed earlier, as the
temperature increased, the WAI of the starch samples also increased.
Consequently, at 55 °C there was less available water in the system
and, therefore, there was a lower soluble portion at this temperature if
compared to 50 °C, explaining the lower WSI. Similarly, at 60 °C all
water available for gelatinization was completely absorbed by the gran-
ules, and there was no soluble part to evaluate. For this reason, under
these analysis conditions (0.5 g of starch in 6 mL of water), the samples
were evaluated until 60 °C.

For comparison, we evaluated potato starch under the same condi-
tions: the water absorption capacity of potato starch was below 4 g
water/g starch until 60 °C, reaching a value of 8.4 g water/g starch at
95 °C. Consequently, the potato starch water absorption capacity at 95
°C is significantly below the capacity of the arracacha starch even at
60 °C (approx. 12 g water/g starch, or 100% of the available water),
highlighting this property in arracacha starch.

To resume, the arracacha starches presented a high water absorption
capacity even at low temperatures (60 °C) which, combined with their
low retrogradation tendency, may confer desirable characteristics for
industrial applications. For example, we consider products where a
high incorporation of water is desirable, without affecting texture -
which is the case of many commercial food products, such as meat
products.

3.24. Gel texture properties

The gel strength of the arracacha starch samples is shown in Fig. 4-C
and D.

The gels obtained after the RVA analysis were stored for 24 h at5 4 2
°C for reassociation of the starch molecules (especially amylose) and
consequent stabilization of the gel. After that, a puncture assay was
used to evaluate their texture. In general, the gels of all the samples
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were smooth and elastic (not brittle). It is possible to observe that there
was no difference in the gel strength of the arracacha starch samples ob-
tained in the first heating cycle (30-95 °C). On the other hand, the gel
from the arracacha morada sample was slight harder than the others
in the standard heating cycle (50-95 °C).

Considering the other analysis, it is possible to observe that the ap-
parent amylose content of the arracacha morada is higher than the
arracacha amarilla (Fig. 3-C), and at 50 °C, the morada sample presented
a higher soluble fraction (Fig. 4-F). As discussed, the apparent amylose
content must be interpreted with caution. However, the analysis may
still be used as an indicator for the order of magnitude of the amylose
values among the arracacha starch samples. Considering all the infor-
mation, arracacha morada may have a higher amylose fraction, which
leached from the granule at 50 °C (but not at 30 °C) and, therefore, pre-
sents a higher reassociation after cooling, forming a more rigid gel if
compared to the other arracacha starch samples.

However, if compared to other starch samples analysed under the
same conditions, we observe that the gels from arracacha starches are
softer than those from maize starch, (which required more than 3 N
to be fully penetrated), or potato starch (demanded almost 2 N), but
harder than those from cassava starch (requiring 0.4 N).

In short, for products where a non-brittle, soft and minimally consis-
tent (with shaping capacity) gel is required, arracacha starch may be a
good choice. Examples can be many refrigerated deserts, such as pud-
dings (especially considering the other cited properties).

3.2.5. Paste clarity

The clarity of the arracacha starch pastes was over 90% of transmit-
tance (100% being the equivalent of the transmittance of distilled
water) for all samples: 96.1 + 0.1% for arracacha morada, 92.8 + 2.8%
for the arracacha armilla A and 93.4 4 2.9% for the arracacha amarilla B.

These results indicate a high paste clarity. In fact, the clarity of the
paste from arracacha starches is comparable to potato starch paste
(approx. 94%, Castanha et al. [16]), one of the clearest pastes for a native
starch.

This high paste clarity can be attributed to different factors, including
the high swelling capacity (WAI, Fig. 4-E), repulsion between negatively
changed molecules (phosphate groups, Table S1) and low retrograda-
tion tendency (DSC, Table 1 and RVA, Table 2) [28].

Considering the applications of starch, these are promising results,
especially for the food, paper and textile industries, where a high
paste clarity may be highly desirable. Furthermore, a clear paste ob-
tained through a native (non-modified) starch can also increase the
“natural” claim for the products where it is applied.

4. Conclusion

Considering the starch characteristics, both arracacha varieties
(morada and amarilla) have an intermediate phosphorus content, and
granules with an average size of about 20 pum, round-shaped (with
smaller granules with polygonal shapes) and with some cracks and fis-
sures on their surface. Also, the granules present a B-type pattern (typ-
ical of tubers and roots).

The apparent amylose content (based on iodine affinity) observed in
the arracacha starch sample was high. However, the size-exclusion
chromatography demonstrated amylopectin molecules with long
chains with the ability to complex the iodine. Also, intermediate-sized
molecules of amylopectin were observed, indicating a defective crystal-
line structure.

Considering the properties of the arracacha starches, they presented
a low gelatinization temperature, a low enthalpy of gelatinization, a low
retrogradation tendency and a high Peak apparent viscosity. These re-
sults were described based on the starch structure, and they are very in-
teresting from an industrial perspective.

The water absorption and water solubility indexes indicated a high
swelling capacity of the arracacha starches even at moderate

temperatures (60 °C). Besides, the arracacha starch gels presented a
smooth and “elastic” (not brittle) texture and a high paste clarity.

By comparing the characteristics of the two arracacha varieties stud-
ied in this paper, as well as by comparing the two starch samples from
the “amarilla” variety, no expressive differences were observed among
them.

Summarizing, the most relevant aspects of the arracacha starches
were their low gelatinization temperature, low retrogradation ten-
dency, high water absorption capacity and high paste clarity. From the
industrial point of view, all these aspects being present in a non-
modified starch may be desirable for many applications, especially for
the food industry, since the native starches give a “natural” claim to
processed foods.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2018.06.015.
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