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Abstract

Aim: The Andean tubers Ullucus tuberosus and Arracacia xanthorrhiza are of great international
importance due to their nutritional value (carbohydrates, fiber), functional and phenolic compounds. This
study aimed to determine the proximate composition of the flours of these tubers, their functional
properties, and the phenolic profiles of both the skin and the pulp, since the flour used is a mixture of both.
Methods: The proximal characteristics were determined as established by the Association of Official
Analytical Chemists (AOAC), the functional properties, water holding capacity (WHC), swelling capacity
(SC), and oil holding capacity (OHC); and the profile of phenolic compounds was carried out by high
performance liquid chromatography-mass spectrometry (HPLC-MS).

Results: Results revealed that the tubers contain more than 50% carbohydrates, with U. tuberosus having
14% fiber and A. xanthorrhiza having 4.07% fiber. Notably, they are rich in minerals, such as potassium (K),
with levels of 4.12% and 3.32% for U. tuberosus and A. xanthorrhiza, respectively. In terms of functional
properties, U. tuberosus exhibited a WHC of 0.78 g water/g dry matter (DM), an SC of 1.42 g water/g DM,
and an OHC of 0.44 g oil/g DM. In contrast, A. xanthorrhiza showed a WHC of 0.96 g water/g DM, an SC of
3.86 g water/g DM, and an OHC of 0.18g oil/g DM. Additionally, the study identified various
hydroxycinnamic acids, including caffeic acid 4-0-glucoside and p-coumaroyl glucose, as well as
methoxyflavonols, such as 3,7-dimethylquercetin.

Conclusions: These characteristics suggest that the flours could be valuable for the production of bakery
products, pastries, pastas, or foods requiring high viscosity. Furthermore, U. tuberosus and A. xanthorrhiza
flours have potential applications in the development of functional foods, thus promoting their use and
adding value to these tubers produced in the Andean region.
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Introduction

The Andean region, extending across countries such as Peru, Ecuador, Bolivia, Venezuela, Chile, Argentina,
and Colombia, is renowned for its diverse array of grains, fruits, roots, and tubers. This region encompasses
a variety of climates, ranging from droughts to frosts and saline conditions, significantly influencing the
agronomic management of crops grown there [1-4]. Among the diverse crops cultivated in the Andean
region, certain tubers, such as ulluco (Ullucus tuberosus) and arracacha (Arracacia xanthorrhiza), have been
categorized as marginal due to their ability to thrive under the extreme conditions of the Andes. These
unique adaptations suggest that these tubers could play a crucial role in enhancing global food security [1].

Ulluco and arracacha are notable for their pleasant taste and nutritional value. For instance, arracacha
provides significant amounts of resistant starches, fructooligosaccharides (FOS), vitamin A, calcium (Ca),
phosphorus (P), iron (Fe), niacin, ascorbic acid, proteins, fiber, and carbohydrates [4-8]. Similarly, ulluco is
also a significant source of protein, fiber, vitamin C, and betalains. Nonetheless, the nutritional value of both
tubers varies depending on the cultivar [4, 9-13].

In addition to their nutritional value, these tubers possess other benefits. They contain phytochemicals,
such as carotenoids, anthocyanins, and phenolic acids, which suggest their potential to contribute to the
treatment of various health conditions [3, 8]. Extracts from ulluco have shown potential in reducing
inflammation and promoting tissue regeneration due to their high starch content (approximately 65%),
which is easily digestible and valuable for producing edible films and coatings [4, 9-13]. Various betalains
have been identified in ulluco, including betaxanthins (22-96 pg/g) and betacyanins (64 pg/g), without the
presence of carotenoids and anthocyanins. Furthermore, ulluco contains phenolic compounds,
predominantly hydroxycinnamic acids [14-18]. Likewise, arracacha is rich in phenolic compounds that
contribute to its diuretic and antiseptic activities, as well as saponins with anticancer and cholesterol-
lowering properties [19, 20]. Additionally, it has been described that this tuber has a lower glycemic index
and acts as a substrate for gut microbiota [21]. Consequently, current research efforts have focused on
promoting the consumption of these tubers and extracting specific phytochemicals, such as anthocyanins,
carotenoids, phenols, and starch [14].

Traditionally, these tubers are consumed as staple foods by rural populations, valued for their high
carbohydrate content, particularly starch [5]. However, consumption levels of certain tubers, including
mashua (Tropaeolum tuberosum), oca (Oxalis tuberosa), and ulluco (U. tuberosus), remain relatively low,
with their use largely confined to local dishes [6, 7]. Despite their potential, these tubers face significant
post-harvest losses due to the lack of adequate processing. Their characteristics that would allow for
diverse food processing are still unknown. Therefore, the objective of this study was to determine the
proximal composition of flours from these tubers, their functional properties, and the phenolic profiles of
both the skin and pulp of U. tuberosus and A. xanthorrhiza, to elucidate potential uses once they are
processed.

Materials and methods
Vegetal material

Tubers of ulluco (U. tuberosus) and arracacha (A. xanthorrhiza) were procured from a market in Popayan
City, Colombia. The tubers were then selected and washed to remove any solids and impurities, and
subsequently stored at room temperature until further processing.

To produce flour from U. tuberosus and A. xanthorrhiza, the tubers were thoroughly washed using
friction with water. The samples were then chopped and subjected to convection drying at 45°C for 24
hours in a BINDER convection oven, until a moisture content of approximately 8% was achieved. The
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dehydrated samples were then ground using an IKA™ mill (basic microfine grinding unit MF10) and sieved
to a particle size of 0.5 um. The resulting flours were stored in zip-lock bags at room temperature.

For species identification and phenolic compound analysis, 0.5 kg of fresh roots were processed. The
outer shells were removed using an ILKO vertical vegetable peeler. The shells were then dried at 50°C a
BINDER convection oven for 12 hours. These dried samples were used for species identification and
phenolic compound extraction. The identification of the tubers was conducted by sequencing the
chloroplast genes ribulose-1,5-bisphosphate carboxylase (rbcL) and Maturase K (matK). For this purpose,
the tuber shells were first frozen in liquid nitrogen and then ground to a fine powder for DNA extraction
using the DNeasy Mericon kit (Qiagen). The polymerase chain reaction (PCR) reaction was performed in a
final volume of 25 pL, containing 12.5 pL of DreamTaq Green PCR Master Mix (2X) (ThermoFisher
Scientific), which included DNA polymerase DreamTaq, DreamTaq Green 2X buffer, deoxynucleoside
triphosphate (ANTP) and 4 mM MgCl,, and 0.5 pL of each primer at a concentration of 10 mM, 10.5 pL of
water, and 1 pL of DNA template (100 pg/pL). For the amplification of the rbcL gene, the following primers
were used: Rbcla-F 5’-ATGTCACCACACAAACAGAGAGAGACTAAAGC-3’ and Rbcla-R 5’-
GTAAAATCAAGTCCACCRCG-3’. The PCR conditions were as follows: an initial denaturation at 95°C for 2
minutes, followed by 35 cycles of denaturation at 95°C for 30 seconds, annealing at 55°C for 30 seconds,
and extension at 72°C for 1 minute, with a final extension at 72°C for 2 minutes. For the amplification of the
matK gene, the same reagent concentrations were used. The primers employed were: matK-F 5’-
CGTACAGTACTTTTTTGTGTGTTTACGAG-3’ and matK-R 5’-ACCCAGTCCATCTGGAAATCTTGGTTC-3’. The
PCR conditions included an initial denaturation at 94°C for 5 minutes, followed by 35 cycles of denaturation
at 94°C for 30 seconds, annealing at 52°C for 30 seconds, and extension at 72°C for 1 minute, with a final
extension at 72°C for 2 minutes. Gel electrophoresis images were captured using a Transilluminator
Ultraviolet Spectroline UVP mini Darkroom (Spectroline), with image analysis performed via
VisionWorksTMLS software. Sequencing of the amplified DNA fragments was carried out using an Applied
Biosystems Model 3730 sequencer (ThermoFisher Scientific), employing the Taq FS Dye Terminator Cycle
Sequencing method. All obtained DNA sequences were compared with those in the GenBank database of the
NCBI (National Center for Biotechnology Information) using the BLAST tool (Basic Local Alignment Search
Tool) to identify highly similar sequences.

Proximal analysis

The physicochemical properties of the two tuber flours were analyzed using standard methods
recommended by the Association of Official Analytical Chemists (AOAC, 1990). The analyses included the
determination of total dry matter (TDM) and moisture percentage (AOAC method 920.39), total ash content
(AOAC method 923.03), fat percentage (AOAC method 920.39), and crude fiber content (AOAC method
985.29). Crude protein content was determined using the Kjeldahl method (AOAC method 962.10), which
involves converting nitrogen to ammonium sulfate and applying a conversion factor of 6.25. The
carbohydrate content was calculated by difference, following the equation recommended by de Camargo et
al. [22] (2014).

Mineral identification and quantification were conducted using the methodology described by Michel-
Michel et al. [23] (2020). The analyses were performed with an Epsilon 1 X-ray fluorescence (XRF)
spectrometer from Malvern Panalytical, located in Madrid, Spain.

Functional properties
Water holding capacity

Dry powder (1 g) was accurately weighed and transferred into a graduated tube. Subsequently, 10 mL of
distilled water was added and thoroughly mixed using a vortex mixer (Labnet). The mixture was allowed to
hydrate for 24 hours. Following hydration, the suspension underwent centrifugation at 3,000 g for 15
minutes using a Sorvall ST 8R centrifuge (ThermoFisher, Germany), and the volume of the supernatant was
measured. Water holding capacity (WHC) was calculated as grams of water per gram of sample [24], using
the equation:
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P, — Py
Py
Where P, is the weight of the sediment, Py, is the initial weight.

WHC =

Swelling capacity

This characteristic was determined following the method described by Requena et al. [25] (2016). Dry
powder (0.2 g) was accurately weighed and transferred into a graduated tube. The initial volume occupied
by the powder was measured. Subsequently, 5 mL of distilled water was added and thoroughly mixed using
a vortex mixer (Labnet) and left to hydrate for 24 hours. After hydration, the final volume occupied by the
hydrated powder was measured. Swelling capacity (SC) was calculated as milliliters of water per gram of
sample [25]:

. =V
~ Sample weight

Where V; is the final volume, V is the initial volume.

Oil holding capacity

Dry powder (1 g) was accurately weighed and transferred into a graduated tube. Subsequently, 10 mL of
soybean vegetable oil (density = 0.89 g/mL) was added and thoroughly mixed using a vortex mixer
(Labnet). The suspension was then centrifuged at 3,000 g for 10 minutes at 4°C using the Sorvall ST 8R
centrifuge (ThermoFisher, Germany). After centrifugation, the supernatant was carefully removed, and the
remaining sediment was weighed. Oil holding capacity (OHC) was calculated as grams of oil per gram of
sample [26]:

v, —V;

OHC = ———— X
Sample weight

p

Where V;is the final volume, V; is the initial volume, p is the density of the oil.

Identification of phenolic compounds by reverse phase-high performance liquid chromatography-
electrospray ionization-mass spectrometry

Sample preparation

Ethanolic extracts were prepared by mixing 1 g of sample with 7 mL of solvent (distilled water:absolute
alcohol, 1:1). The samples were subjected to ultrasound-assisted extraction for 20 minutes at a frequency of
60 Hz, followed by centrifugation at 420 g for 10 minutes to recover the supernatant. The obtained extracts
(supernatants) were then filtered using 0.45 pm nylon membranes and transferred into 1.8 mL vials for
subsequent analysis.

Reverse phase-high performance liquid chromatography

Phytochemical analyses were conducted using reverse phase-high performance liquid chromatography
(RP-HPLC) employing a Varian HPLC system (Palo Alto, USA), which included an autosampler (Varian
ProStar 410, USA), a ternary pump (Varian ProStar 2301, Palo Alto, USA), and a photodiode array (PDA)
detector (Varian ProStar 330, Palo Alto, USA). Additionally, a liquid chromatograph ion trap mass
spectrometer (Varian 500-MS IT Mass Spectrometer, Palo Alto, USA) equipped with an electrospray ion
source was utilized. Samples (5 pL) were injected onto a Denali C18 column (150 mm x 2.1 mm, 3 pm,
Grace, USA) maintained at 30°C oven temperature.

The mobile phase consisted of formic acid (0.2%, v/v; solvent A) and acetonitrile (solvent B), applied
with the following gradient: initial, 3% B; 0-5 min, 9% B linear; 5-15 min, 16% B linear; 15-45 min, 50% B
linear. Subsequently, the column was washed and reconditioned. The flow rate was set at 0.2 mL/min, and
elution was monitored at 245, 280, 320, and 550 nm.
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Electrospray ionization-mass spectrometry

For mass spectrometry (MS) analysis, the entire effluent (0.2 mL/min) was introduced into the MS source
without splitting. All MS experiments were conducted in negative ion mode [M-H]™. The nebulizing gas
used was nitrogen, while helium served as the damping gas. Specific ion source parameters included a
spray voltage of 5.0 kV, and capillary voltage and temperature were maintained at 90.0 V and 350°C,
respectively.

Data acquisition and processing were performed using MS Workstation software (Version 6.9).
Initially, samples were analyzed in full scan mode over the range of 50-2,000 m/z [27].

Statistical analyses

All experiments were conducted following a randomized complete block design with three replications.
Statistical analysis was performed using a two-sample T test at a significance level of 5%. Data analysis was
conducted using InfoStat software version (2020). In addition, a principal components analysis was carried
out, where the species were considered as classification variables, using the OriginPro 2021 software.

Results
Raw material characterization

Upon comparison of the obtained sequences from the rbcL (RuBisCo) and matK genes of the tubers with
sequences deposited in GenBank, it was verified that the tubers used in this study corresponded to U.
tuberosus (Figure 1A) with 100% identity with sequence HQ620896.1 (U. tuberosus) and A. xanthorrhiza to
(Figure 1B) with 100% similarity with sequence NC-032364.1 (A. xanthorrhiza).

Figure 1. Edible Andean tubers used in this research. (A) U. tuberosus; (B) A. xanthorrhiza

Physicochemical properties

The physicochemical composition of U. tuberosus and A. xanthorrhiza flours is presented in Table 1,
showing percentages of moisture, total ash, lipids, and crude fiber that align with previously reported
values for these tubers [12, 28]. Both tubers exhibit starch content exceeding 50%, confirming starch as the
predominant carbohydrate in their structure [29, 30]. This characteristic suggests their potential
application in the food industry, particularly in baking, where starch serves as a significant energy source
[31-33].

Proximate characterization reveals significant statistical differences (p < 0.05) in fiber content among
tubers, with U. tuberosus exhibiting the highest value (14.0%), surpassing reported values for tubers from
the Andean region. Lipid content in these tuber flours is notably low (Table 1), consistent with previous
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Table 1. Proximate composition of U. tuberosus and A. xanthorrhiza flours

Variable U. tuberosus (%) A. xanthorrhiza (%) p values
Humidity 5.93 + 0.05° 7.60 £ 0.37° 0.025
Fat 0.25 + 0.00° 1.02 +£0.16° 0.022
Fiber 14.0 £ 0.00° 4.07 £ 0.09° 0.002
Protein 6.28 + 0.39° 9.64 + 0.25 0.010
Ash 6.25+0.41° 5.16 £ 0.24° 0.093
Carbohydrates 67.04 +0.28° 72.28 £0.18° 0.004

Data represent the mean + standard deviation of the experiment. In each row, equal letters indicate that the means are not
significantly different (p < 0.05)

reports ranging from 0.1% to 1% [9-12, 29], making them suitable for developing foods aimed at
maintaining healthy cholesterol levels [34].

Mineral content

Potassium (K) is the most abundant mineral in both U. tuberosus (4.12%) and A. xanthorrhiza (3.32%)
(Table 2), likely due to their role as reservoirs for K in flowers, developing fruits, and tubers [35], consistent
with findings from other studies [8]. Studies have indicated higher proportions of Ca, P, and K, averaging
around 2%, with slightly lower levels observed in Arracacia. K plays essential roles in fluid balance, nerve
function, and muscle and cardiac contractions [36].

Table 2. Mineral content of U. tuberosus and A. xanthorrhiza flours

Mineral A. xanthorrhiza (%) U. tuberosus (%) p values
K 3.32+0.01% 412 +£0.02° 0.010
Mg 1.12+0.01° 1.22 +0.03° <0.01
Ca 0.29 + 0.00° 0.15 £ 0.00° <0.01

P 0.22 £ 0.00° 0.32 £ 0.00° <0.01

S 0.09 + 0.00° 0.15+0.00° < 0.001
Cl 0.06 + 0.00° 0.13+0.00° < 0.001
Fe 0.02 + 0.00° 0.03 +0.00° 0.012
Mn 0.01 £ 0.00° 0.01 £ 0.00° 0.312

K: potassium; Mg: magnesium; Ca: calcium; P: phosphorus; S: sulfur; Cl: chlorine; Fe: iron; Mn: manganese. Data represent the
mean + standard deviation of the corresponding experiment. In each row, equal letters indicate no significant differences (p <
0.05)

Additionally, both flours exhibit high magnesium (Mg) content (1.22% and 1.12% for U. tuberosus and
A. xanthorrhiza, respectively), followed by Ca, P, sulfur (S), chlorine (Cl), Fe, and manganese (Mn).

Functional properties

The functional properties assessed in tuber flours establish parameters for their diverse applications in
food [37]. Parameters such as WHC and SC indicate the flours’ ability to retain water or other substances
upon partial rehydration [34]. U. tuberosus flour exhibited significantly higher WHC compared to A.
xanthorrhiza flour (see Table 3). Both flours also demonstrated a high capacity to increase volume upon
water addition (1.42 and 3.86 g H,0/g flour for U. tuberosus and A. xanthorrhiza, respectively), potentially
enhancing satiety due to their hydrophilic nature and influencing starch behavior related to water
absorption and gelation processes [34]. In terms of OHC, A. xanthorrhiza flour exhibited higher values than
U. tuberosus flour, suggesting its potential in structural interactions within foods, particularly in retaining
flavors, aromas, improving quality, and extending shelf life [17].

Principal component analysis

The principal component analysis indicates that the amount of described information is substantial, as the
first component represents 87.53% and the second component 6.34%, summing up to a total of 93.87%.
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Table 3. Functional properties of U. tuberosus and A. xanthorrhiza flours

Property Unit U. tuberosus A. xanthorrhiza p values
WHC g of water/g of sample 0.78 £ 0.02° 0.96 + 0.00° 0.0003
SC mL of water/g of sample 1.42 +0.40° 3.86 £ 0.23° 0.0001
OHC g of oil/lg of sample 0.44 +0.00° 0.18 £ 0.04° 0.0001

WHC: water holding capacity; SC: swelling capacity; OHC: oil holding capacity. Data represent the mean + standard deviation of
the experiment. In each row, equal letters indicate that the means are not significantly different (p < 0.05)

The Biplot displays the grouping of variables and their relationship with each of the tubers, indicating that
certain variables are associated with specific species (Figure 2). K, P, Mn, S, Mg, and Cl are the minerals
directly associated with U. tuberosus. Additionally, the inorganic matter content (ash percentage), oil
retention capacity, and fiber content are related to this tuber.

0.0
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A..xanthorrizha 110
Mn
14
SC 405
;\? ] %Fat Fe u. tuberosus
3 %Carbohydrates K P, u. tuberosusf
S | CaWHCZ ' %Ash oo
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o %Protein Mg CIOHC
U. tuberosus
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-14 A. xanthorrizha
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-2 T . T T
-1 0 1

PC 1 (87.53%)

Figure 2. Principal component analysis the Andean tubers and response variables

A. xanthorrhiza is observed to be related to the variables of moisture, carbohydrate content, protein,
and fat. Additionally, water retention capacity and SC are related to this tuber. It is important to highlight
that the variables associated with U. tuberosus and the variables associated with A. xanthorrhiza exhibit a
negative correlation.

Phenolic compounds profile

Various phenolic compounds were identified in both the skin and flour of U. tuberosus and A. xanthorrhiza
tubers, employing HPLC-MS due to the raw material composition of skin mixed with pulp. Table 4 presents
the identified compounds, highlighting hydroxycinnamic acids (caffeic acid 4-0-glucoside and p-coumaroyl
glucose) and methoxyflavonols (3,7-dimethylquercetin), which were consistently found in all samples. U.
tuberosus also exhibited flavonols (kaempferol 3-0-xylosyl-rutinoside) in both peel and flour. In addition,
catechol was identified in the peel of U. tuberosus, scopoletin and tectorigenin 4’-sulfate were also detected.

For A. xanthorrhiza, 1-caffeoylquinic acid was identified in both the peel and flour. Additionally, d-
viniferin was found in the peel of this tuber, a dihydro derivative of resveratrol with significant implications
in the food industry. Also, lignans such as secoisolariciresinol and sesamolinol were identified in A.
xanthorrhiza flour, while lariciresinol was found in U. tuberosus peel.
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Table 4. Compounds identified by HPLC-MS in U. tuberosus and A. xanthorrhiza

RT (min) m/z Compound Family U. tuberosus A. xanthorrhiza

Flour Husk Flour Husk

4.39 341.1 Caffeic acid 4-O-glucoside Hydroxycinnamic acids + +

5.22 353.1 1-Caffeoylquinic acid Hydroxycinnamic acids - - + +
6.09 110.9 Catechol Other polyphenols - + - -
6.23 191.0 Scopoletin Hydroxycoumarins - + - -
18.34 380.1 Tectorigenin 4’-sulfate Flavonols - + - -
19.13  382.1 Quercetin 3’-sulfate Flavonols - - + -
19.56  365.1 Secoisolariciresinol Lignans - - + -
20.74 359.0 Lariciresinol Lignans - + - -
21.01 371.2 Sesamolinol Lignans - - + -
31.34 355.1 Ferulic acid 4-O-glucoside Methoxycinnamic acids - + - -
32.68 755.1 Quercetin 3-O-rhamnosyl-rhamnosyl-glucoside Flavonols - + - -
34.90 739.2 Kaempferol 3-O-xylosyl-rutinoside Flavonols + + - -
35.33  371.2 Sinensetin Methoxyflavones + - - -
35.78 385.2 5-5-Dehydrodiferulic acid Methoxycinnamic acid dimers - - + -
36.05 609.1 Quercetin 3-O-rutinoside Flavonols - + - -
38.10  453.2 d-Viniferin Stilbene dimers - - - +
40.95 341.1 Tetramethylscutellarein Methoxyflavones - - + -
41.24 329.3 3,7-Dimethylquercetin Methoxyflavonols + + + +
46.57 325.3 p-Coumaroyl glucose Hydroxycinnamic acids + + + +
48.41 325.1 Feruloyl tartaric acid Methoxycinnamic acids + - - -
49.86 325.2 p-Coumaric acid 4-O-glucoside Hydroxycinnamic acids + - - -
51.81 327.2 p-Coumaroyl tyrosine Hydroxycinnamic acids - + - -
53.96  311.3 Caffeoyl tartaric acid Hydroxycinnamic acids - - + -

Ratio of solid/liquid (1:14, absolute ethanol 50% and water 50%). RT: retention time; HPLC-MS: liquid chromatography-mass
spectrometry. +: presence; -: absence

Discussion
Differences in physicochemical properties

Both tubers are known for their high content of resistant starch and FOS [38]. Different rheological studies
indicated that U. tuberosus starch could serve as an effective thickening or gelling agent in various food and
biomaterial applications [14]. Variability in fiber content can be attributed to factors such as variety,
geographic location, climate, soil type, and cultivation practices [39]. The fiber contents reported in these
tubers typically range from 1% to 9% [9-12, 29]. The fiber content of ulluco and arracacha flours positions
them as promising raw materials for food development [40], capable of meeting dietary fiber requirements,
moderating glycemic response, and promoting gastrointestinal health due to their association with FOS and
prebiotic activity, beneficial to probiotic bacteria [41, 42].

The nutritional composition of these tubers plays a crucial role in conserving Andean tuber
biodiversity and promoting their use as novel raw materials for developing functional snacks. This
approach not only supports socioeconomic sustainability in the region but also addresses current consumer
demands, demonstrating the potential to diversify the utilization of these Andean tubers rich in primary
metabolites such as starch, protein, fat, ash, and fiber.

U. tuberosus and A. xanthorrhiza are rich in various minerals essential for human nutrition, including
Ca, Mg, Cl, P, and sodium (Na), among others. The contribution of K from these flours can meet
recommended daily intake levels and benefit individuals with hypertension, as K intake has been linked to
reduced blood pressure and antihypertensive effects [23, 43, 44].

Variations in macro and micronutrient content are influenced by soil fertility practices, with organic
cultivation typically resulting in higher levels of P, K, Mg, S, Fe, Mn, and Cu, while conventional methods may
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yield higher nitrogen and Mn levels. Agroecological conditions also impact mineral absorption and content,
as well as the specific plant species [45, 46].

The presence of these minerals in Andean tubers positions them as potential sources for developing
functional foods that can promote human health. Ca, for example, exhibits hypoglycemic effects and
stimulates insulin secretion, while other minerals contribute to bone health, hormone production, and
carbohydrate metabolism, thereby supporting blood sugar regulation and appetite control [12, 34, 47].

The functional properties determined for each of the tubers, the WHC of U. tuberosus flour makes it
suitable for industrial use as a thickening or gelling agent [14]. This characteristic is attributed to the
hydrogen bonding between water molecules and matrix proteins [17].

The SC found in both flours makes them suitable for bakery products, pastries, pastas, or other high
viscosity foods [17]. These values contrast with the low swelling power reported for three other Andean
tubers [48], and with the negative correlation presented in the principal component analysis. Some authors
have reported that when the flour has a lower water retention capacity, it has a greater oil absorption
capacity [17].

Based on the results from U. tuberosus and A. xanthorrhiza flours, the development of foods using these
raw materials could offer beneficial effects for human health [34]. Furthermore, promoting their use as
novel sources in the food industry is encouraged [49].

Impact of identified phenolic compounds

The hydroxycinnamic acids, methoxyflavonols, and flavonols identified are known for their
cardioprotective effects, antioxidant properties, and potential benefits in glycemic control, neuroprotection,
anti-inflammatory, antidiabetic, antimicrobial, and anticancer activities. Consumption of these compounds
may help reduce the risk of several types of cancer, such as skin, liver, colon, ovarian, pancreatic, and
bladder cancers [50, 51].

U. tuberosus, suggesting potential applications in pharmaceuticals, plastics, dyes, and cosmetics.
Catechol is recognized for promoting skin wound healing and possessing hydrating and antimicrobial
properties due to its physicochemical and biological characteristics [52, 53]. Of the compounds scopoletin
and tectorigenin 4’-sulfate are reported to have antioxidant, antidiabetic, hepatoprotective, neuro-
protective, and antimicrobial activities mediated through various intracellular signaling mechanisms [54,
55], which enhances the use of these tubers in different industries.

Hydroxycinnamic acids identified in arracacha are beneficial for health as they mitigate oxidative
damage by enhancing the endogenous antioxidant system through scavenging free radicals, chelating
metals, and modulating enzymatic activity [56]. So far, it has been reported that d-viniferin exhibits
anticancer, neuroprotective, antioxidant effects, serves as a modulator of lipid and lipoprotein metabolism,
functions as a platelet antiaggregant, and shows estrogenic activity [57, 58].

Quercetin, one of the flavonols found in U. tuberosus peel and A. xanthorrhiza flour, plays a crucial role
in human health due to its antioxidant properties, which neutralize free radicals [34]. These flavonols are
significant as their consumption has been linked to reduced risks of certain cancers, neuronal damage, and
cardiovascular diseases [59]. These findings align with previous research using HPLC-diode array detection
(DAD)-electrospray ionization (ESI)/MS on three Andean tubers, which identified flavonols such as
quercetin-3-0-rutinoside [40.6 pg/g dry matter (DM)], kaempferol-O-dirhamnosylhexoside (29.5 pg/g DM),
and kaempferol-0O-dihexoside (46.22 ug/g DM). These tubers are thus suggested as natural antioxidant
sources for both food and non-food applications [60].

The lignans can be metabolized by human intestinal microflora, potentially reducing the risk of breast,
prostate, and colon cancers due to their (anti)-estrogenic and antioxidant activities [61, 62]. Furthermore,
5-5’-dehydrodiferulic acid, known for its inhibitory effects on P-selectin expression compared to its
phenolic precursors, suggests enhanced efficacy in modulating platelet activation through phenolic
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compound metabolism [63]. Tetramethylscutellarein, identified for its bioactive role in blood coagulation
and anti-inflammatory activity, was also detected [64].

Andean tubers are known for their richness in phytochemicals such as carotenoids, anthocyanins,
phenolic acids [14], and glucosinates [9], all of which possess potential antioxidant properties [65]. U.
tuberosus has been reported to contain betalains in the form of betaxanthins and betacyanins [9, 15],
including betanidin- and isobetanidin-5-0-(4’-0-malonyl--glucoside), 2-decarboxyphyllocactin, betanidin-
and isobetanidin-6-0-(6’-0-feruloyl)-B-glucoside (gomphrenin and isogomphrenin III), dehydrophilocactin
and isophilocactin, as well as arginine and glycine-betaxanthins (portulacaxanthin III). A. xanthorrhiza
contains limonene and myrcene [66], yet a comprehensive phenolic profile of these tubers remains to be
fully documented. The presence of these diverse compounds underscores Andean tubers’ potential as raw
materials for developing healthy snacks with functional properties [10, 21, 67-69].

Conclusions

The characterization of flours from two Andean tubers, U. tuberosus and A. xanthorrhiza, revealed them to
be significant sources of starch, dietary fiber, and minerals such as K, Mg, Ca, and P. Moreover, these tubers
exhibit functional properties that facilitate their application in both the food and non-food industries.
Phenolic compound characterization identified primarily hydroxycinnamic acids, highlighting the potential
of these tubers as sources for developing functional foods known for their health-promoting effects.
Additionally, their content of FOS, related to fiber and starch structures, suggests potential prebiotic
activity, as supported by literature findings.
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