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Abstract: Shallots are a perennial plant from the Alliaceae family, classified with the common onion
under the name of the Allium cepa Aggregatum group. The term shallot is also used for diploid and
triploid viviparous onions, known as Allium x proliferum (Moench) Schrad and Allium x cornutum
Clementi ex Vis., respectively. In this study, we compared the dry matter, pyruvic acid content, sugar
content, flavonoid content, antioxidant capacity and mineral composition of 34 shallot accessions
falling into three shallot species (Allium x cornutum, Allium X proliferum and A. cepa Aggregatum).
Shallot accessions belonging to the A.x cornutum and A. x proliferum groups are characterized
by high dry matter content (around 25%), of which a little less than 50% is formed of inulin-type
sugars, polysaccharides, considered an excellent prebiotic with beneficial effects on human health.
On the other hand, accessions belonging to the A. cepa Aggregatum group have lower dry matter
content and, as a result, lower pungency (measured as pyruvic acid content), making them more
suitable for fresh consumption by a broader range of consumers, but, at the same time, abundant in
phenolic compounds, especially quercetin and isorhamnetin glycosides. We also observed a greater
biodiversity among accessions within the A. cepa Aggregatum group in all the analyzed physico-
chemical parameters compared to the other shallot groups. The investigated shallot accessions have
an excellent in vitro antioxidant capacity, as well as excellent nutritional properties.

Keywords: shallot; flavonoid; inulin; FOS; antioxidant; mineral composition; pungency; agroclimatic
conditions

1. Introduction

Alliums are widely cultivated around the world and are consumed either as vegetables
or as a condiment due to their distinctive aroma and health benefits. Onions (Allium cepa L.)
are often consumed cooked in warm dishes and even raw in salads [1]. Several studies have
demonstrated that onion consumption has a very broad list of health benefits, including
antimicrobial, anti-inflammatory, anticancer, anti-diabetic and cardiovascular protection
properties [2-6].

The health benefits come from the phytochemicals present in all Alliums, including
cultivated species such as garlic, leek, the common onion and shallots, as well as wild
species, such as Allium ursinum L. These phytochemicals are organosulfur compounds, phe-
nolic compounds, polysaccharides and saponins. Shallots are known for their high content
of phenolics, especially the flavanol quercetin, in its conjugated form, with saccharides [7].

Organosulfur compounds are also responsible for the aroma and pungency of onions
and can be easily measured by their pyruvic acid content, which is a byproduct of the
breakdown reaction of S-alk(en)yl-L-cysteine sulfoxides into volatile and non-volatile
organosulfur compounds upon tissue damage [8].
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Polysaccharides are abundant in several Allium species, such as garlic and shallots, but
less so in common onions [9]. The polysaccharides found in shallots are inulin-type fructo-
oligosaccharides [10]. These saccharides are soluble, resistant to hydrolysis in the human
gut, and can be fermented by human gut microbiota to produce short-chain fatty acids and
other by-products that possess immunomodulatory effects [11,12]. These saccharides have
a low antioxidant capacity compared to powerful antioxidants such as vitamin C [13], but
are known to enhance the antioxidant capacity of the human plasma [14].

Shallots are a perennial plant from the Alliaceae family, formerly considered a separate
species (Allium ascalonicum) but now classified within the common onion group under the
name A. cepa Aggregatum [15].

In Croatia, the term shallot is used for diploid and triploid viviparous onions, also
known as Allium x proliferum (Moench) Schrad (A. x proliferum) and Allium x cornu-
tum Clementi ex Vis., respectively [16]. The A. cepa Aggregatum group is the most cul-
tivated shallot species in Europe and, based on their morphological traits, can be catego-
rized into two subgroups: one has narrow, pear-shaped bulbs (Shallot type—SH), making
it distinguishable from the other, which has rounder bulbs (Potato onion type—PO) [15,17].
The categorization into these two groups seems quite simple, being based on the morpho-
logical bulb traits, but the great biodiversity of the A. cepa Aggregatum group is responsible
for the occurrence of many intermediate types of varying bulb size, shape, and number of
clusters [18].

Two main factors influence the phytochemical composition of any plant species: the
genetic material [19] and the environment in which it grows [20]. More specifically, the
composition of phytochemicals is regulated by environmental factors, such as temperature,
available light, precipitation and humidity, which in turn entrain the plant’s circadian
clock in an orchestrated effort to finely tune the phytochemicals to the specific needs or the
current demands of the plant [21]. Thus, the seasonal changes in environmental conditions
can greatly affect the current phytochemical status of the plant, and there is a need for
studies which take this aspect into consideration.

The aim of this study is to provide a comprehensive phytochemical and nutritional
characterization of shallot accessions from the ex-situ collection of the Institute of Agri-
culture and Tourism, Pore¢, Croatia, over two harvest years, with an emphasis on the
differentiation of the A. cepa Aggregatum SH and PO subgroups, as well as the A. X cor-
nutum and A. x proliferum groups, using multivariate statistical analysis. We build upon
our previous work [22] by increasing the number of accessions studied, including two
harvest years” worth of data, and by expanding the list of analytical methods used to map
the phytochemical biodiversity of the shallot accessions. Additionally, we also build upon
the work by Perkovi¢ et al. [17], where shallot morphological descriptors were used to
successfully discriminate between various shallot groups, including the differentiation of
the A. cepa Aggregatum SH and PO subgroups.

2. Materials and Methods
2.1. Plant Material

In the years 2018 and 2019, 34 shallot accessions belonging to the ex situ collection of
the Institute of Agriculture and Tourism were planted at the Institute’s experimental farm.
The procedure was described by Perkovic et al. [17]. Briefly, bulbs of a standard size were
chosen for each accession and planted at the beginning of October at a distance of 20 cm
in rows with 30 cm between rows, and 40 bulbs in total were planted for each accession.
Agricultural practices for onion growing without irrigation were applied, and the weeds
were removed manually. Fertilizer NPK (5:20:30) was incorporated at 500 kg ha~! before
planting, and 45 kg ha~! N was applied (urea source) at the beginning of March each year.
The shallots were harvested at the begging of July, when 50% of the pseudo stems were
bent over and left to cure under shade for a month.
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The fresh bulbs were frozen at —80 °C, freeze-dried (Labogene Coolsafe 95-15 Pro,
Allerod, Denmark) and finely milled to 0.2 mm (Retsch ZM200, Haan, Germany) prior to
the extraction process.

The ultrasound-assisted extraction of sugars and phenolic compounds was performed
by sonicating 75 mg of the freeze-dried tissue in 1,5 mL of 80% aqueous methanol for
30 min (MRC DCG-250H, Holon, Israel). Afterwards, the extracts were left to macerate
on an orbital shaker (GFL 3005, Lab Unlimited, Dublin, Ireland) at 150 rpm at 20 °C for
3.5 h. The extracts were centrifuged at 15,000 x g for 5 min (Domel Centric 350, Zelezniki,
Slovenia) and the supernatants were filtered through a 0.22 pm nylon filter into an HPLC
vial. The samples were stored at —80 °C until the time of analysis. The methanolic extracts
were used to determine the total antioxidant capacity, total phenolic content, as well as the
sugar and flavonoid profile.

The dry matter was determined by hot air drying (Memmert UF160, Schwabach,
Germany) at 105 °C until a consistent weight was obtained in three replications.

2.2. Determination of the Shallot Sugar Profile

The analysis of the inulin, sucrose, fructose and sucrose content was carried out us-
ing an HPLC system, consisting of a solvent delivery unit (Shimadzu Nexera LC-40DX3,
Kyoto, Japan), an autosampler (Shimadzu Nexera SIL-40CX3, Kyoto, Japan), a column
oven (Shimadzu Nexera CTO-40C, Kyoto, Japan) and a refractive index detector (Shimadzu
RID-20A, Kyoto, Japan). Chromatographic separation was achieved by injecting 10 uL
of the sample into a 300 X 8 mm calcium ion exchange column of a 9 um particle size
(Dr. Maisch ReproGel Ca, Ammerbuch, Germany), held at 80 °C using deionized water
as the mobile phase (1 mL/min, isocratic elution). The retention times and peak areas of
the investigated sugars were compared to the analytical standards for identification and
quantification. Linear calibration curves were obtained with serial dilutions of 0.25, 0.50,
1.00, 2.50, 5.00, 7.50 and 10.00 g/L of inulin (y = 1850.07x + 109.39, coefficient of determi-
nation, R? = 0.9998, recovery: 100.4 £ 0.2%), sucrose (y = 2265.73x + 29.97, coefficient of
determination, R% = 0.9998, recovery: 99.9 + 2.3%), glucose (y = 2224.75x + 28.33, coefficient
of determination, R% = 0.9999, recovery: 99.8 £ 1.8%) and fructose (y = 2233.53x + 47.37,
coefficient of determination, R? = 0.9998, recovery: 100.0 & 0.6%).

2.3. Determination of the Shallot Flavonoid Profile

The analysis of the flavonoid profile was performed using an HPLC system consisting
of two solvent delivery units (Shimadzu Nexera LC-40DX3, Kyoto, Japan), an autosam-
pler (Shimadzu Nexera SIL-40CX3, Kyoto, Japan), a thermostated column compartment
(Shimadzu Nexera CTO-40C, Kyoto, Japan) and a photo diode array detector (Shimadzu
Nexera SPD-M40, Kyoto, Japan). The reversed-phase separation of the targeted com-
pounds was achieved by injecting 5 uL of the sample extract into a C18, 2.1 mm x 150 mm,
2.7 um core-shell column (Advanced Materials Technology, Wilmington, DE, USA), held
at 37 °C, using a linear binary gradient elution of mobile phase A (water/0.1% formic
acid) and mobile phase B (acetonitrile/0.1% formic acid) at 0.35 mL/minute, for 0 min
to 2 min: 95%A; 2 min to 20 min: 95%A to 50%A; 20 min to 21 min: 50%A to 5%A;
21 min to 23 min: 5%A; 23 min to 24 min: 5%A to 95%A; and 24 min to 30 min: 95%A.
Additionally, the identification of the target compounds was performed by comparing
the retention times and characteristic parent/product ions to the analytical standards
(quercetin, quercetin-3-glucoside, quercetin-4’-glucoside and quercetin-3,4’-diglucoside)
using an LC-ESI-QqQ, which consisted of two solvent delivery units (Shimadzu Nexera
LC-40DX3, Kyoto, Japan), an autosampler (Shimadzu Nexera SIL-40CX3, Kyoto Japan), a
thermostated column compartment (Shimadzu Nexera CTO-40C, Kyoto, Japan) and a QqQ
mass spectrometer (Shimadzu LCMS8045, Kyoto, Japan). The reversed-phase separation
was performed by injecting 1 pL of the sample extract into a C18, 2.1 mm x 150 mm,
2.7 um core-shell column (Advanced Materials Technology, Wilmington, DE, USA), held
at 37 °C, using a linear binary gradient elution of mobile phase A (water/0.1% formic
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acid) and mobile phase B (acetonitrile /0.1% formic acid) at 0.35 mL/minute, for 0 min to
0.75 min: 98%A; 0.75 min to 15 min: 98%A to 50%A; 15 min to 15.1 min: 50%A to 0%A;
15.1 min to 20 min: 0%A; 20 min to 20.1 min: 0%A to 98%A; and 20.1 min to 25 min: 98%A.
Quercetin-7,4’-diglucoside and isorhamnetin-4’-glucoside were tentatively identified by
LC-ESI-QqQ, using the characteristic parent/product ions obtained by the fragmentation
of the quercetin-3,4’-glucoside and isorhamnetin-3-glucoside analytical standards, respec-
tively, while isorhamnetin-3,4’-diglucoside was identified using published parent/product
ions from the literature sources [23,24]. The compounds were quantified at 360 nm against
calibration curves obtained with 1, 5, 10, 25, 50, 75 and 100 mg/L serial dilutions of
the quercetin (y = 1.5997x — 0.12402, coefficient of determination, R? = 0.9994, recovery:
100.3 £ 1.3%), quercetin-3-glucoside (y = 1.58060x — 0.03397, coefficient of determination,
R? = 0.9999, recovery: 98.7 + 0.2%), quercetin-4’-glucoside (y = 1.09028x — 3.63246, coeffi-
cient of determination, R? = 0.9994, recovery: 99.2 4 0.8%) and quercetin-3,4'-diglucoside
(y = 1.78920x — 0.41645, coefficient of determination, R? = 0.9988, recovery: 99.3 £ 0.3%)
standards. Quercetin-7,4’-diglucoside and isorhamnetin-3,4’-diglucoside were quantified
using the calibration curve of quercetin-3,4’-diglucoside, while isorhamnetin-4'-glucoside
was quantified using the calibration curve of isorhamnetin-3-glucoside (y = 0.4792x — 0.0581;
serial dilutions of 1.0, 2.5, 5.0, 7.5 and 10.0 mg/L; coefficient of determination, R? = 0.9999).

2.4. Total Phenolic Content and Total Antioxidant Capacity

The total phenolic content (TPC) was evaluated using the Folin-Ciocalteu assay [25].
Briefly, 20uL of the sample was mixed with 140 uL of 0.2 M Folin-Ciocalteu reagent, and,
after 1 min, 140 uL of 6% sodium carbonate was added. The reaction mixture was incubated
at 25 °C for 60 min and the absorbance was read at 750 nm (Tecan Infinite 200 Pro M Nano+,
Maénnedorf, Switzerland). The TPC was standardized against the gallic acid and expressed
as the mg of gallic acid equivalents per g sample in DW. The results were calculated against
a standard curve of gallic acid (y = 3.7867x — 0.2144; serial dilutions of gallic acid: 12.5,
25, 50, 75, 100, 150 and 250 mg/L; coefficient of determination, R? = 0.9999, recovery:
102.0 £ 2.9%) and expressed as mg GAEQ/g DW.

The total antioxidant activity was evaluated using the FRAP assay [26] and the DPPH
radical scavenging activity assay [27]. Briefly, 100 uL of the sample was mixed with 200 pL
of either freshly prepared FRAP reagent or 0.02 M DPPH radical for the FRAP or DPPH
assays, respectively. The antioxidant capacity using the FRAP assay was evaluated after
10 min of the reaction time, at 25 °C, by reading the absorbance at 593 nm (Tecan Infinite
200 Pro M Nano+, Médnnedorf, Switzerland), while the DPPH radical scavenging capacity
was evaluated after 30 min of the reaction time, at 25 °C, by reading the absorbance at
517 nm (Tecan Infinite 200 Pro M Nano+, Mannedorf, Switzerland).

FRAP values were calculated against an Fe?* calibration curve (y = 0.0168x — 0.002;
serial dilutions of Fe*: 20, 40, 80, 120, 160, 200 and 250 uM; coefficient of determina-
tion, R? =0.9999, recovery: 101.8 & 1.6%) and expressed as umol Fe?* /g DW. DPPH
radical scavenging ability values were calculated against a standard curve of Trolox
(y = —0.0137x + 0.0133; serial dilutions of Trolox—2, 5, 10, 25, 50, 75 and 100 puM; coef-
ficient of determination, R? = 0.9997, recovery: 103.7 & 1.2%) and expressed as umol TEQ/g
DW), respectively.

2.5. Pyruvic Acid Content

Pyruvic acid was extracted by macerating 75 mg of freeze-dried plant tissue in 1.5 mL
of deionized water at 25 °C for 30 min. The extract was centrifuged at 15,000x g for
5 min and the supernatant was filtered through a 0.22 pm nylon filter into an HPLC vial.
The samples were analyzed immediately after extraction. The pyruvic acid content was
determined by HPLC, consisting of a solvent delivery unit (Varian 230, Palo Alto, CA,
USA), an autosampler (Varian 410, Palo alto, CA, USA) and a UV /Vis detector (Varian 325,
Palo Alto, CA, USA). The chromatographic separation was achieved by injecting 10 uL
of the sample into an aqueous C18, 4.6 mm X 250 mm column of a 3 pm particle size
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(Bischoff Analysentechnik, Leonberg, Germany), held at 35 °C, with the isocratic elution
of the mobile phase (25 mM phosphate buffer, pH 2.5) at 0.7 mL/minute. The pyruvic
acid was identified and quantified against its analytical standard with a linear calibration
curve, obtained with serial dilutions of 0.20, 0.40, 0.60, 0.80 and 1.00 g/L of pyruvic acid
(y = 0.07782x — 0.58921, coefficient of determination, R? =0.9994, recovery: 100.1 & 0.7%).

2.6. Determination of the Shallot Mineral Composition

The determination of the macro- and micro-elements (calcium—Ca, potassium—K,
phosphorus—DP, sulfur—S, magnesium—Mg, aluminum—aAl, boron—B, copper—Cu, iron—
Fe, lithium—Li, manganese—Mn, molybdenum—Mo, sodium—Na, and zinc—Zn) was
carried out with inductively coupled plasma-optical emission spectroscopy (ICP-OES),
with both axial and radial viewing (ICPE-9800 Shimadzu, Kyoto, Japan) after microwave-
assisted digestion (Ethos Up, Milestone, Sorisole, Italy). Briefly, 200 mg of the freeze-dried
sample was digested with 6 mL of concentrated HNO3 and 2 mL of 30% H,O,, transferred
to a polyethylene 25 mL volumetric flask and filled to the mark with ultrapure water. The
samples were stored at 4 °C until the time of analysis. The method accuracy evaluation was
carried out using four certified reference materials from the WEPAL dried plant material
program (WEPAL, Wageningen, The Netherlands). The operating parameters were as
follows: 1.20 kW of RF power, 10.0 L min~! of plasma flow rate, 0.6 L min~! of auxiliary
gas flow rate and 0.7 L min ! of carrier flow rate. The sample solutions were introduced into
the plasma using a nebulizer and a cyclonic spray chamber. Argon (99.999% purity, Messer,
Zapresi¢, Croatia) was used to form the plasma. Elemental analytical lines were determined
and quantitation was achieved by plotting linear calibration curves with spectral and
background corrections of single element standards (Inorganic Ventures, Christianburg,
Virginia, USA), using serial dilutions of Ca (1 mg/L to 100 mg/L), K (1 mg/L to 100 mg/L),
P (1 mg/L to 100 mg/L), S (0.1 mg/L to 5 mg/L), Mg (1 mg/L to 100 mg/L), Al (0.1 mg/L
to5mg/L), B (0.1 mg/L to 5mg/L), Cu (0.1 mg/L to 5 mg/L), Fe (0.1 mg/L to 5mg/L), Li
(0.1 mg/L to 5mg/L), Mn (0.1 mg/L to 5 mg/L), Mo (0.1 mg/L to 5mg/L), Na (1 mg/L to
100 mg/L) and Zn (0.1 mg/L to 5 mg/L).

2.7. Statistical Analysis

All analyses conducted in this study were performed in three biological repetitions.
The obtained data were analyzed by analysis of variance (ANOVA) and Partial Least
Square Discriminant Analysis (PLS-DA) using Statistica 13.4 (Tibco, Inc, Palo Alto, CA,
USA). Significant differences were determined at a value of p < 0.05, and the homogenous
group means were compared using Tukey’s post hoc test.

The main application of PLS regression is the prediction of dependent variables based
on information on the independent variables, while reducing the dimensionality of the
dataset in the form of new components [28]. Unlike unsupervised multivariate methods,
such as Principal Component Analysis, PLS also uses information from the dependent
variables in the formation of new components [28,29]. In the case of a PLS-DA model,
a regression is formed between a set Y of binary variables, describing the categories of
a categorical variable on a set X of predictor variables, and this method is especially
suitable for dealing with a much larger number of predictors than observations, and with
multicollinearity [30]. In this study, the PLS-DA model was used as an exploratory tool to
discriminate among the studied shallot species based on the analyses performed.
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3. Results
3.1. Dry Matter, Sugar Profile and Pyruvic Acid Content in Shallot Accessions

Significant effects of the harvest year, the species and their interactions were observed
in the content of dry matter, pyruvic acid, inulin, sucrose, glucose and fructose in the shallot
bulbs (Table 1). The highest dry matter content was observed in the A. x cornutum species in
2018, while in 2019 this species had a comparable dry matter content to the A. x proliferum
species from both harvest years. The PO and SH types of the A. cepa Aggregatum group
had comparable dry matter contents in the harvest year 2018, while in the harvest 2019 the
dry matter was significantly lower in both subgroups.

All accessions belonging to the A. x cornutum and A. x proliferum species had com-
parable dry matter content, ranging from 26.4% in IPT211 to 24.5% in IPT245. Accessions
from the A. cepa Aggregatum group had significantly lower dry matter content and ranged
from 18.2% in IPT217 to 12.1% in IPT241.

Overall, the A. cepa Aggregatum PO type had significantly lower pyruvic acid content
compared to the other species, albeit that this depended on the harvest year and the
specific accession. The pyruvic acid content was significantly higher in the harvest year
2019 (27.6, 22.7 and 33.1 mmol/kg DW for A. x cornutum, A. cepa Aggregatum PO and
A. cepa Aggregatum SH, respectively) compared to the harvest year 2018 (16.6, 18.1 and
14.8 mmol/kg DW for A. x cornutum, A. cepa Aggregatum PO and A. cepa Aggregatum SH,
respectively) in all species, except in A. x proliferum, where a higher pyruvic acid content
was observed in 2018 (35.5 mmol/kg DW) compared to 2019 (19.2 mmol/kg DW).

The highest pyruvic acid content was observed in accession IPT021, belonging to
the A. x cornutum species (39.5 mmol/kg DW), followed by accession IPT210 from the
A. x proliferum species (33 mmol/kg DW), and the lowest content was observed in accession
IPT243 (16.4 mmol/kg DW), belonging to the A. cepa Aggregatum PO type.

A higher inulin content was observed in the A. X cornutum and A. X proliferum
in 2019 (54.3 and 54.5 g/100 g DW, respectively), with lower values in 2018 (40.7 and
35.2 g/100 g DW, respectively), compared to the A. cepa Aggregatum SH and PO types. On
the other hand, the inulin content was comparable between the harvest years for the A. cepa
Aggregatum PO type (29.3 and 29.9 g/100 g DW in the years 2018 and 2019, respectively).
The lowest inulin content was recorded in the A. cepa Aggregatum SH type from the
harvest year 2019 (18.7 g/100 g DW), with higher inulin values in the harvest year 2018
(26.4 g/100 g DW).
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Table 1. Shallot dry weight, pyruvic acid content and sugar content by harvest year and species, their interactions and individual accessions.

Dry Weight Pyruvic Acid Inulin Sucrose Glucose Fructose
% mmol/kg DW !
Harvest year
2018 199 £ 0.5 184+ 0.7 31.7 £ 05 1.56 + 0.07 0.98 £ 0.06 279 £0.11
2019 16.6 £ 0.6 248 £0.9 351+14 4.36 £ 0.16 191 £0.17 1.57 £ 0.09
p'Value %% %% *%% *%4% %% %%
Species
A. X cornutum 254+ 04a? 221+2ab 475+ 11a 1.64 £0.18 c 0.59 £ 0.06 b 1.2+0.07b
A. cepn Aggregatum 16 +02b 204 +05¢ 29.6 +0.5b 348 +0.17a 1.734+0.13a 243+0.09a
potato onion type
A cepn Aggregatum 141 +08¢ 24 +2ab 25+11c 3.02 + 0.29 ab 187 +03a 3.00 +0.36a
shallot type
A. x proliferum 251£03a 274+35a 448+3.0a 2.07 £0.29 bc 0.64 +0.14Db 1.37£0.17b
p_value *3%% *% *%% *%4% %% 3%
Harvest year X species A. X cornutum
2018 273+£03a 16.6 £ 05c¢ 40.7+0.6b 0.51+0.04 £ 0.38 £ 0.06 d 142 +£0.08 cd
2019 23.6£02c 27.6 + 3.6 ab 543 +18a 277 +012c¢ 0.79 £ 0.24 cd 0.99 £0.2d
A. cepa Aggregatum potato onion type
2018 175+£02d 181+0.8¢c 29.3+0.3cd 1.9 £0.07 de 1.27 = 0.06 c 299+0.1b
2019 145+02e 227+ 04D 299 +£0.8cd 5.05+0.13a 2.18 + 0.06 ab 1.87 £0.18 c
A. cepa Aggregatum shallot type
2018 16.6 £0.1d 148+ 05¢c 264+06d 1.89 £ 0.03 cde 0.61 £ 0.09 cd 463+011a
2019 11.6 £ 03 f 331+08a 187+ 05e 4.16 +0.05 ab 313+£0.14a 1.37 £0.11cd
A. X proliferum
2018 256 +0.2ab 355+53a 352+ 1bc 1.12+0.19f 0.82 £ 0.23 bed 1.81 £0.12cd
2019 245+ 0.6 bc 19.2 £0.2bc 545+ 14a 3.02 +0.32 bed 0.47 £0.31 cd 0.92 +0.17 cd
p'Value *3%% %% *%% *3% %% 3%k
Accessions A. X cornutum
IPT021 252+07a 395+122a 46 +=4.1a-d 1.69 £ 047 b 0.43 +0.07d 0.8+0.16c
IPT022 249+06a 195+21b 473 4.2 a—c 174+ 04b 081+01d 1.09 £ 0.16 bc
IPT211 264+12a 163+05b 511+3a 1.54 £048b 0.25+0.03d 0.82+023c
IPT212 26+ 15a 181+05b 46.7 =2 a—c 176 £05b 053+02d 1.04 £ 0.12 bc
IPT213 258+ 14a 19.6 £0.1b 469 3.4 a—c 1.59 £ 0.54b 0.74+£023d 1.37 £ 0.02 bc
1PT214 254+16a 219+21ab 456+t 1.7a-d 1.66 £ 0.6 b 0.63+0.16d 1.59 £ 0.07 a—
IPT215 245+08a 197 £0.7b 48.7 £ 3.1ab 149 +£053b 0.71+0.18d 1.71 £0.15a—<
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Table 1. Cont.

Dry Weight Pyruvic Acid Inulin Sucrose Glucose Fructose
% mmol/kg DW !
A. cepa Aggregatum potato onion type

IPT176 15.5 £ 1.3 bc 278 £53ab 30.1 £2.6e-i 5.04 + 0.99 ab 141 £0.12b-d 23+0.04a—c
IPT208 152 £ 0.1bc 26.1 +3.6ab 392+ 35af 4.6 £0.39 ab 1.02 £0.04 b—d 2.89 +0.27 a—c
IPT216 17 £09b 193 £0.5b 34+14d-h 404+ 111ab 0.63+0.16d 1.75 £ 043 a—
IPT217 182+£19b 20.7+03b 35.1+19c-h 431+ 1.28ab 125 £0.18 b-d 2.7 £0.08a—c
IPT218 17 £05b 17£17b 375+ 32b-f 3.95+ 091 ab 0.86 0.1 cd 241+0.11a—<
IPT225 16.8 £1.3b 196 £1.2b 327+ 0.7 e-i 5.68 = 1.58 a 0.91 £ 0.07 cd 1.8 +£0.17 a—
IPT226 16.4 £ 0.6 bc 20.6 +£04b 31+12e- 3.73 £ 0.93 ab 129 £0.12b-d 239+ 0.35a—c
IPT228 14.8 £ 1.7 bc 21.5+25b 264 +1g5 3.64 + 0.67 ab 2.61 £0.75a-d 2.45 4 0.09 a—c
IPT229 16.6 = 0.9 bc 198+1b 30+ 0.7 4 2.55 4+ 0.36 ab 2.05+0.23 b—d 3.06 +1.05 a—
IPT230 144 +£1.1bc 22.1+2ab 209 £1.9ij 4.29 + 0.95 ab 446+09a 246 £ 029 a—c
IPT231 15.7 £ 1.1bc 209+16Db 271+ 0415 3.08 + 0.63 ab 171 £0.19b-d 2.57 + 0.47 a—c
IPT232 16 £ 0.8 bc 191+1b 29+ 0.2f5 2.96 + 0.48 ab 1.67 £0.25b-d 374+071a

IPT233 16.8 £0.7b 183 £19b 284 +2115 2.8 £0.41ab 2.19 £ 0.95 a-d 1.81 £ 0.2 a—<
IPT234 16.5 = 0.8 bc 222+ 25ab 277 £1915 2.84 + 0.57 ab 1.11 £0.18 b-d 2.57 £ 0.43 a—c
IPT235 149 £ 09 bc 169 £1.6b 30.1+0.1e-i 2.92 +0.39 ab 1.7 +0.23 b-d 25+025a—c
IPT236 15.8 £1.2bc 184 +17b 29.5+ 0.8 5 3+ 0.56 ab 1.8 +0.18 b—d 25+059a—c
IPT237 15 £ 0.7 bc 19£27b 26.6 = 0.5 g-j 2.75+ 0.52 ab 0.93 +0.04 b—d 2.34+0.52 a—
IPT238 16 £ 1bc 20.6+35b 26.9 + 0.9 f5 2.72 +0.63 ab 1.02 £0.12b-d 224+ 04a—c
IPT242 16.3 £ 0.8 bc 228 +28ab 23.7 £ 1.6 g 294+ 0.6 ab 328+ 1.24ab 217+ 0.18 a—c
IPT243 16.6 = 1bc 164 +1.6b 276 1115 2.25+0.38 ab 321+ 08a—c 229+ 03a—c
1PT244 153 £ 1bc 198 £21b 285+ 0.8 5 2.89 + 0.53 ab 1.15 £ 0.09 b—d 2.06 +0.39 a—

A. Cepa Aggregatum shallot type
IPT239 151+ 1.2bc 22.7+43ab 25.6 1.3 g 3.46 + 0.62 ab 112 £0.37 b-d 2.86 + 0.64 a—
IPT240 152 +1.2bc 224+ 38ab 258 + 1.6 g 3.48 + 0.53 ab 1.66 £ 0.56 b—d 3.08 +0.41 a—
IPT241 121 £23¢ 265+ 4.8 ab 17.1 £2.5]j 3.34 + 0.65 ab 2.24 +0.61 a-d 2.83+094a—c
IPT245 14 £1.2bc 242 +34ab 21.6 + 1.7 hj 1.82+0.27b 244 4+ 0.81 a-d 3.23 £ 0.95 ab
A. X proliferum

IPT023 251+01a 21.8+1ab 424+5a- 2.26 + 0.39 ab 1.01 £0.18 b-d 1.67 £0.27 a—
IPT210 25+ 0.6a 33+ 6.4ab 472+ 3.7 a—c 1.87 £0.46b 027 +£0.01d 1.06 & 0.14 bc
p_value k%% *% *%4% *%% k%% *%

! DW—Dry Weight; 2 Different small letters indicate different homogenous groups using Tukey’s post hoc test. **—p-value < 0.01; ***—p-value < 0.001.
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The inulin content was divided into three groups among all the investigated accessions,
where the high-range group was represented by accessions IPT023, IPT214, IPT021, IPT212,
IPT213, IPT210, IPT022, IPT215 and IPT211 (ranging from 42.4 g/100 g DW in IPT023 to
51.1 g/100 g DW in IPT211), belonging to the A. x cornutum and A. X proliferum species.
Accessions IPT241, IPT230, IPT245, IPT242, IPT239, IPT240, IPT228, IPT237, IPT238, IPT231,
1PT243, IPT234, IPT233, IPT244, IPT232, IPT236 and IPT229 represented the lower range
group of accessions, where the inulin content ranged from 17.1 g/100 g DW in IPT241
to 30.0 g/100 g DW in IPT229, belonging to the A. cepa Aggregatum SH and PO types,
respectively. The mid-range group of accessions was represented by IPT235, IPT176, IPT226,
IPT225, IPT216, IPT217, IPT218 and IPT208 from the A. cepa Aggregatum PO type, where
the inulin content ranged from 30.1 g/100 g DW in IPT235 to 39.2 g/100 g DW in IPT208.

Significant differences were observed in the sucrose content between harvest years,
where higher values were observed in the harvest year 2019 compared to the harvest
year 2018 in all investigated species and types. In both growing years, a significantly
higher sucrose content was found in the A. cepa Aggregatum PO (5.05 and 1.90 g/100 g
DW in 2019 and 2018, respectively) and SH (4.16 and 1.89 g/100 g DW in 2019 and 2018,
respectively) types compared to the A. x cornutum (0.79 and 0.38 g/100 g DW in 2019
and 2018, respectively) and A. x proliferum (3.02 and 1.12 g/100 g DW in 2019 and 2018,
respectively). Among individual accessions, the highest sucrose content was observed in
IPT225 (5.68 g/100 g DW) and the lowest in IPT215 (1.49 g/100 g DW).

The A. cepa Aggregatum PO and SH types from the harvest year 2019 had significantly
higher glucose and fructose contents compared to the same types from the harvest year
2018 and the A. x cornutum and the A. x proliferum groups from both harvest years (except
for the glucose content in A.x proliferum from the harvest year 2019). Both glucose and
fructose were found to be most abundant in accession IPT230, while the least amount of
glucose and fructose was observed in accessions IPT215 and IPT211, respectively.

3.2. Phenolic Compound Content and Antioxidant Activity

Phenolic compound content and antioxidant activity were affected by the growing
year (except quercetin-3,4’-diglucoside, quercetin-3-glucoside, and sum of flavonoids),
accessions and their interaction (Table 2). The quercetin-7,4'-diglucoside content was
comparable between the A. x proliferum from both harvest years, the A. x cornutum and A.
cepa Aggregatum SH type, both from the harvest year 2019, with the A. cepa Aggregatum
SH from the harvest year 2018 and PO from the harvest year 2019 being very close. The
least amount of quercetin-7,4’-diglucoside was detected in A. x cornutum and A. cepa
Aggregatum PO, both from the harvest year 2018. The highest quercetin-7,4’-diglucoside
content was observed in IPT023 and the lowest in IPT243.

Quercetin-3,4’-diglucoside was the second most abundant flavonoid in the investi-
gated shallot accessions. In the harvest year 2018, the A. cepa Aggregatum SH type had the
highest quercetin-3,4’-diglucoside content, followed by the A. x proliferum and A. x cornu-
tum species, while A. cepa Aggregatum PO had the lowest one. In the harvest year 2019,
the A. x cornutum had the highest quercetin-3,4’-diglucoside content, while the accessions
belonging to the other species and types were significantly lower.

Regardless of the harvest year, the highest quercetin-3,4-diglucoside content was
observed in accessions IPT023 from the A. x proliferum, IPT021, IPT022 and IPT215 from
the A. x cornutum, and IPT241 from the A. cepa Aggregatum SH type, ranging from
119.9 4+ 17.4 mg/100 g DW in IPT023 to 143.2 £+ 17.5 mg/100 g DW in IPT241.
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Table 2. Flavonoid compounds, total phenolic content and antioxidant capacity, measured by FRAP and DPPH radical scavenging in shallots by harvest year and
species, their interaction and individual accessions.

Quercetin-

Quercetin-

Isorhamnetin-

7,4'- 3.4/ 3.4 Quercetin3- Q“le“eﬁ.‘;"l/' sorbamnetin Quercetin Sum of DPPH FRAP TPC
diglucoside diglucoside diglucoside glucoside giucoside 4 -glucoside Flavonoids
TEQ pumol/; Fe?* EQ GAEQ mg/
mg/100 g DW W umol/g DW pw o
Harvest year
2018 1.14 £ 0.05 86.8 £3.3 1.96 £0.11 8.07 £ 0.46 156.6 £5.3 257+1.6 8.14 £ 0.69 288 £ 9 9.93 £0.26 21.8 £ 0.6 4.42 +0.10
2019 1.96 + 0.04 875+t24 3.09 £0.12 8.53 £ 0.43 142.1 £ 4.2 302+14 12.3 +0.95 286 £ 7 6.03 £0.22 19.7 £ 0.5 6.09 £ 0.13
p'Value 3% n.s. A% n.s. *% % %% n.s. A% %% X%
Species
A. X cornutum 1.68 +0.11b 2 1184 +29a 1.34 £ 0.08 b 443 +03c 163 +4.7b 104 +0.7c¢ 8.124+0.84b 307+£9b 6.83 +£0.31b 20.7 £ 0.6 b 4.63 £0.16 ¢
A. cepa
I‘f(;‘tga’iig;;‘i‘(’i‘l 137 £ 0.05¢ 718 +12¢ 295+011a  801+019b 1353 +22c 333+09b 812+021b 261 +4c 7.624+021b 195+ 03b 517 +0.1b
type
A. cepa
Aggregatum 1.89 £ 0.1ab 110 £ 7.6 ab 278 £0.28 a 1738 £1.13a 236.7 = 11.6a 41+39a 26.63 +=3.26a 436 £20a 1295+ 0.78 a 306 +13a 7.36 £0.32a
Shallot type
A. X pmlitf};rl’oum 231+02a 93.6 = 11.6b 1.76 £ 0.14b 6.72 £ 0.69 b 73.8+7.1d 6.8+08c 6.73 £0.36 b 192 £20d 579+ 047 Db 13.8+04c 4.03+022c¢
p_value %% bt 3% %4 4k 3% 3%k 4k 3% 3%k 4k
Harvest year
X species A. X cornutum
2018 1.08 +0.04 ¢ 1082+ 43Db 0.93 +£0.08 d 459 4+0.32d 1479 £5.7c¢ 76 +06¢c 57+0.19c 276 £ 11 ¢ 8.44 +£0.23 20.1 £0.7cd 3.82+£0.1
2019 229+035a 128.6 £19a 1.75+£0.22¢ 426 +1.11d 1782+ 12.3b 133+£14c 10.54 £ 051 ¢ 339 £35b 7.17 £0.36 214+08¢ 3.37 £0.17
A. cepa Aggregatum potato onion type
2018 093 £0.04 ¢ 68.1+21d 212+011c¢ 727 £023c¢ 1457 £35¢ 299+ 13D 6.69 £0.19 ¢ 261+7c¢ 9.68 = 0.17 21+04c 4.32 +0.07
2019 1.81+0.17b 755+ 9.5cd 378 £04a 875+149b 1249 £16d 36.6 £58a 9.56 £4.33c 261 £24 ¢ 15.19 £ 0.92 181+ 1.5de 6.47 £ 0.44
A. cepa Aggregatum shallot type
2018 1.82+0.11b 1348 £25a 3.15 £ 0.07 ab 18.6 £0.52a 2664 +6a 443+ 1a 21.06 +1.52b 490+10a 5.21 +£0.27 33+11a 5.44 +0.18
2019 1.96 £ 0.22 ab 85.1+88¢ 241 +0.16 b 16.17 £ 0.71a 2071+ 6.6b 37.7 £ 0.7 ab 3221+034a 383 +£17b 441 +0.25 282+02b 4.69 + 0.06
A. X proliferum
2018 2.16 +0.04 ab 1128 £ 1.1ab 1.55 £+ 0.1 cd 7.63 + 0.26 bed 821+21e 67+t11c 6+0.27c 219 +4cd 5.56 £0.13 139+ 03e 6.02 £ 0.13
2019 246 +£0.12a 743 + 6.2 cd 197 £0.39bcd  5.81 £ 1.69 bed 654 +123e 69+52c¢ 7.46 +£447c 164 £25d 10.71 £ 0.88 13.7+£19e 8.24 +£0.29
p_Value Extd %k % *3% ok * * Ak n.s. *3% 3k
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Table 2. Cont.

Quercetin- Quercetin- Isorhamnetin- . e .
7,4 3,4'- 3,4’ Q‘ie“eti‘g's' Q“Ie“et‘.‘&"l - IZ?_ﬂiam“‘i’:lm' Quercetin FIS““I‘I of 4 DPPH FRAP TPC
diglucoside diglucoside diglucoside glucoside glucoside glucoside avonoids
TEQ pmol/g Fe?* EQ GAEQ mg/g
1
mg/100 g DW DW umol/g DW DW
Accessions A. X cornutum
IPTO21 169+016ab 1275+08ac 122+018fh 481+021id 157+17dg  78+07ef  656+034d  307+2cg 712+082ce 182+06d-g 398+024e
IPT022 1774£025ab 130 £38a< 16+009d-h  41+08kl  1714+77cf 106+09ef  608+019d  326+13cg 7.07+138ce 197+12dg 4264023 de
IPT211 162+028ab 1077 +21ag 112+009h  25+0351  1446+3dh  74+07ef  516+019d  270+4dg  632+091de 188+15dg 4dd=02ce
IPT212 Lagzoaap  PREILLAAEO0I 5606060 165'2;; B4 25431ef 1534+495cd  3l4+45cg 741 +£027ce 218+32df 4944073 ce
IPT213 1614+032ab 1087 +97a-g 118+026gh 422+ 044j1 153%1—2 49 s9415ef  863+138d  286+28dg 585+077de  21.1+£05df 479+ 049 ce
IPT214 1874036ab  1098+86af 50 agirotein  THEIT peiaier 749+407d 312430y 6754058ce  Wéilee  507+056ce
IPT215 1784£029ab 133+ 6ab PTEM 4oy 051hd 175341504 1324 1lef  7574035d 3 i8cf  7284077ce  219409df  491+028ce
A. cepa Aggregatum potato onion type
IPT176 135+025b  685+52g4 282+032ah 617+05g1 133+£18dh  311+15bd  746+049d  250+9fh  601+107de 17.6+03eg 409+014de
IPT208 1554036ab  723+3ed o0 E0M TR0 31890 h 296+12bd  8074074d  251£13fh 7 E1l6ce 172+15eg 435+028ce
IPT216 138+024b  e86+51gi ot 0% esiaosark 727 297431bd 95+£104d  25+lleg  7614097ce 193+ 16dg 505+ 046ce
IPT217 136£017b  719+£29ei  206+048ch 611+018g1 00 %7 197135ce  743+014d  24+3fh 701+ 143ce 199+ 14dg  514+019ce
IPT218 141402b  733+3led 3324057a%e 671+023f1 1171+462f4  362+07b  693+£0.67d  24548fh  7.14+083ce 177+08eg 4334021 ce
IPT225 1214£026b  711+15fi 304+07lah 688+0.82fk 1058+42gi 31+29bd  663+058d  226+1l1gf 705+063cee 173+06eg 454+ 0.55ce
IPT226 1254024b  723+36ed 308+076ah di_rgo.zz PP082 311441bd  7494046d  26145eg  734E1ce 193£05dg  508+043ce
IPT228 1340150 77x57ed o0 L0P gzaoz;aq 80002 33 + 1 be 7194055d  265+15dg 774+ llce 198+17dg 522+026ce
IPT229 1334021 6514391 33x06af O 195539 34+44b  873+124d  256+7eg  752+07lce 195+02d-g 488 + 051 ce
IPT230 1514035ab  804+68d4 050 POELIP imeasieh  134x26ef  794+131d  27+120h  698+054ce 191+11dg  646+091ad
IPT231 141£035b 5854661  266+04dah 77x074dk 07 10 34+35b 773+£09d 258+ 13e-g 7214089 ce 196+05dg 524057 ce
IPT232 144+£018b 6524761  286+043ah 632+066g1 117+£23fi 291+39b-d 617+036d  28+15gh  7+047ce 183+04dg 49+033ce
IPT233 141+023b  757+56ei 333+038ad 829+13dk 1297+83eh  34+46b  803+126d 2600+22eg  7+068ce  189+07dg 546+ 051 ce
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Table 2. Cont.
Quercetin- Quercetin- Isorhamnetin- . N .
7,4 3,4'- 3,4’ Q‘;e“eti‘g'g" Q“Iercetfg 4 IZ?_HE';I::;: Quercetin Fli‘]‘;‘l‘u‘:lf ds DPPH FRAP TPC
diglucoside diglucoside diglucoside glucoside glucoside &
TEQ pmol/g Fe?* EQ GAEQ mg/g
1
mg/100 g DW DW umol/g DW DW
1PT234 1.6 £ 0.3 ab 727 £4.6e-i 293 +0.68a-h 1121 +1.23de 146&7_i 25 389+4.1Db 9.28 £1.08d 283 +£10d-g 8.15+0.88 c—e 21.1+£05d-f 5.62+054b—e
1PT235 1.34 £0.07b 739 £ 42e-i 3.64+011a—c 6.82+037fk 126'i_ih 14.6 362+ 18b 742 +£0.28d 256 21 e-g 764+1.06ce 184+13d-g 534+0.12c-e
1IPT236 117 £0.15b 749 £ 3 e-i 32+036a-g 7.68 £0.2d-k 150 £24.3d-h 365+1.6b 717 £0.57d 281 £28d-g 8.85 + 0.9 b-e 225+ 13de 5.6 £0.72b—e
1IPT237 1.62 £ 0.08 ab 98.2 £ 89b-i 456 +0.19a 10.63%80.62 180'2C_j; 155 56.7 19 a 844 +049d 360 £ 27 b—e 9.84 £159a—e 24.6 +29b-e 6.13 £ 0.39 a—e
IPT238 1.36 £ 0.12b 64 +391 3.03+034a-h 874+056d-i 146.5+2d-h 367+ 13D 871 +1.11d 269 £ 6d-g 8714+093b—-e 208+09d-f 552+048b-e
IPT242 115+£02b  702+£39f 289 +024ah 9'77dj_[g0'32 20062 348409b  109+19cd  28247dg  82+062ce 202+02df 575+048b-e
1PT243 1124+0.21b 63.1£45i1 276 £037a-h 734+0.19e-k 1223+82e-h 314+ 12b-c 89 +£1.08d 237 £ 4 f-h 748 £1.04ce 183+07d-g 475+032c-e
1PT244 1.51 £ 0.22 ab 748 £ 3.6 e-i 3.82+034a-c 837+0.81d 138'3_? 45 413+1.6Db 10.49 £ 0.35cd 279 +2d-g 853+ 113b-e 195+05d-g 526+0.33c-e
A. Cepa Aggregatum shallot type
1IPT239 1.99 £ 0.1 ab 1075+ 64a-h 3.76 £ 0.23 a—c 178 £049Db 248.6 + 5.2 ab 59.2+2a 232 £3.32bc 462 + 11 ab 11'87a_ic 132 312+ 09ab 6.73 £0.44 a—
1PT240 143 +02Db 91.8 £ 3.5 c-i 425+ 0.14 ab 11.62 £ 04 cd 191§_§ 52 563+ 11a 15.77 £ 2.64 cd 372 £9b-d 10.9i—id 0.67 255+ 13b-d 6.24 £053a-e
1PT241 2.33 £0.13 ab 1432 +£175a 1.3 £0.04 e-h 2449 +0.7a 2879+ 19a 185+ 1.9d-f 36.15+92a 514 + 26 a 1523 +£0.13a 357+12a 7.92 £+ 0.65 ab
1PT245 1.81 £ 0.21 ab 97.3 £ 19.5b- 1.82 £ 04 c-h 15.62 £2.27bc  219.1 +32.5bc 299 + 5b—c 31.41 £+ 6.63 ab 397 £ 65 be 13.76 + 2.58 ab 302 +4a<c 853 +0.53a
A. X proliferum

IPT023 279 +022a 119'9a_idl7'4 1.96 £ 0.16 c-h 8'18(1%1(1'07 914 £ 9.8 hi 8.6 £ 0.9 ef 734+0.3d 240 + 29 f-h 6.22 £ 0.8 de 144+ 0.6 fg 4.16 £0.2de
1IPT210 1.84 £ 0.2ab 672 +2.5hi 1-57d%h0.23 526 £0.25h-1 56.1 +1.41 50£0.7f 6.12 £0.59 d 143 £3h 536 +049d 132+04¢g 391+04d
p'Value *3% %% A% 3% X% %% %% X% %% %% X%

1 DW—dry Weight; *—p-value < 0.05; **—p-value < 0.01; ***—p-value < 0.001. 2 Different small letters indicate different homogenous groups using Tukey’s post hoc test. n.s.:

not significant.
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The isorhamnetin 3,4’-diglucoside content was found to be higher in the harvest year
2019 in the A. x cornutum and A. cepa Aggregatum PO type compared to the harvest year
2018, while its content did not differ between harvest years in the A. cepa Aggregatum
SH type and A. x proliferum. The A. cepa Aggregatum group (both the PO and SH types)
had a higher isorhamnetin-3,4’-diglucoside content compared to the A. x cornutum and
A. x proliferum. The highest isorhamnetin-3,4’-diglucoside content was observed in IPT 237
from the A. cep Aggregatum PO type, while the lowest content was detected in accession
IPT211, belonging to A. x cornutum.

The quercetin-3-glucoside content did not differ between harvest years, except in
the A. cepa Aggregatum PO type, where a higher content was observed in the harvest
year 2019 compared to harvest year 2018. On average, the A. cepa Aggregatum SH type
had the highest quercetin-3-glucoside content, while the lowest content was detected in
the A. x cornutum species. Regarding the individual accessions, the highest quercetin-3-
glucoside content was detected in IPT241 (A. cepa Aggregatum SH type) and the lowest in
IPT 211 (A. X cornutum).

The most abundant flavonoid in all shallot accessions was quercetin-4’-glucoside,
and it ranged from 287.9 mg/100 g DW in IPT241 (A. cepa Aggregatum SH type) to
56.1 mg/100 g DW in IPT210 (A. x proliferum). A higher quercetin-4’-glucoside content was
observed in the harvest year 2018 in the A. cepa Aggregatum SH and PO types compared
to the harvest year 2018. The opposite effect was observed for the A. x cornutum, while
there was no significant difference between harvest years in the A. x proliferum species. On
average, the highest quercetin-4’-glucoside content was observed in the A. cepa Aggregatum
SH type, followed by the A. x cornutum species, the A. cepa Aggregatum PO type and,
finally, the A. x proliferum species.

The isorhamnetin-4'-glucoside was found to be higher in content in the A. cepa Ag-
gregatum SH and PO types in both harvest years compared to the A. x cornutum and
A. x proliferum species, also from both harvest years. The isorhamnetin-4'-glucoside con-
tent ranged from 59.2 mg/100 g DW in accession IPT239 (A. cepa Aggregatum SH type) to
5.0 mg/100 g DW in accession IPT210 (A. x proliferum).

The quercetin content ranged from 36.15 mg/100 g DW in accession IPT241 (A. cepa
Aggregatum SH type) to 5.16 mg/100 g DW in IPT211 (A. x cornutum). On average, the
highest quercetin content was observed in the A. cepa Aggregatum SH type in the harvest
year 2018, followed by the harvest year 2019. There were no significant differences in the
quercetin content between other shallot accessions from both harvest years.

The highest flavonoid content was observed in accession IPT241, belonging to the
A. cepa Aggregatum SH type which, on average, also had the highest flavonoid content
in the harvest year 2018, followed by the same type in the harvest year 2019 and the
A. X cornutum from the harvest year 2019. The lowest flavonoid content was observed in
the A. x proliferum species.

The highest total antioxidant capacity, measured by both FRAP and DPPH radical
scavenging, as well as the total phenolic content, was observed in the A. cepa Aggregatum
SH type, among which the accessions IPT241 and IPT245 had the highest values. The total
antioxidant activity was higher in the harvest year 2018 compared to harvest year 2019. On
the other hand, the total phenolic content was higher in the harvest year 2019 compared to
the harvest year 2018.

3.3. Mineral Content

Individual accessions’ macro- and micro-mineral compositions are shown in
Tables 3 and 4, respectively. On average, the A. cepa Aggregatum SH type had the highest
macro-element content (Ca, K, P, S and Mg), but the differences between harvest years were
significant for all elements except for P, where significant differences between harvest years
were observed only for the A. cepa Aggregatum SH type (Table 3).
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Table 3. Shallot macro-element composition by harvest year and species, their interaction and individual accessions.

Ca K P S Mg
g/kg DW1
Harvest year
2018 2.16 £ 0.06 10.6 = 0.3 3.13 + 0.55 0.91 + 0.02 0.71 £0.01
2019 1.89 + 0.06 158 £ 0.3 318 £1.14 2.18 £0.07 0.88 £0.01
p'Value *%4% %% n.s. *%4% %%
Species
A. X cornutum 2.04 4 0.04 be ? 9.6 £05¢c 233 £0.26c 125+ 0.07 c 0.62£0.01c
A- cepa Aggregatum potato 1.87 £ 0.04 137 £03b 324 4+054b 1.53 £ 0.07b 0.81+0.01b
onion type
A. cepa Agg:;ggt“m shallot 26+022a 166+1a 442 +148a 223+026a 0.97 +0.03a
A. x proliferum 2.41+0.12ab 129+ 0.8b 2.62+0.32c¢ 1.47 £ 0.07 be 0.86 +0.03b
p'Value *%4% %% *%% *%% %%
Harvest year X species
A. X cornutum
2018 2.16 £ 0.04 a— 6.7+02e 248 +£0.04c 0.84 £0.02e 0.54 £ 0.01
2019 1.92 £0.07 cd 126 £0.2d 218 +0.05¢ 1.66 £ 0.05c 0.69 £ 0.01
A. cepa Aggregatum potato onion type
2018 2.08 £ 0.06 bc 11.5+02d 3.25£0.06 b 0.86 £ 0.02e 0.73 £ 0.01
2019 1.67 £0.05d 16 +£0.3Db 3.22+0.08b 2.19 £0.06 b 0.89 £0.01
A. cepa Aggregatum shallot type
2018 2.57 £ 0.36 ab 12.6 £ 0.5 cd 37£017b 1.05 + 0.09 de 0.85 £ 0.02
2019 2.64 +0.28a 207+t1a 515+ 05a 341+£0.12a 1.09 £ 0.04
A. X proliferum
2018 222 £0.18 a-d 10.3+04d 2.92 £ 0.01 bc 1.42 +0.14 cd 0.76 £ 0.03
2019 2.6 £0.13a—c 15.5 £ 0.3 bc 232+£0.03c 1.51 £0.01 cd 0.96 £ 0.02
p'Value * %% *3%% *%% n.s.
Accessions
A. X cornutum
1PT021 1.94 £+ 0.01 d5 9.7 £1.3de 2.18 +0.04 jk 142 +£0.25 0.63 £ 0.03 f-k
1PT022 2.09 £ 0.01 d-i 10.7 £ 1c-e 2.39 £ 0.16 h-k 122 £0.21 0.67 £ 0.01 e-k
1IPT211 228 +0.05c-¢g 88+ 1.4d-e 2.04 +0.09 k 1.06 + 0.12 0.59 £ 0.03 jk
1IPT212 2.09 £ 0.07 d-i 10.5 £ 1.8 c-e 2.51 £ 0.03 f-k 1.27 £0.15 0.6 +0.04i-k
1PT213 2.00 £ 0.16 d-i 85x11e 2.53 £ 0.08 e-k 1.24 +£0.14 0.63 &+ 0.04 g-k
1PT214 1.85 %+ 0.08 d—j 9.8+ 15de 2.43 £ 0.03 g-k 1.39 £ 0.26 0.62 £+ 0.05 h-k
1IPT215 2.03 +£0.21 d-i 94 £1.2de 2.23 £ 0.06 i-k 1.13 £0.16 0.57 £ 0.02 k
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Table 3. Cont.

Ca K P S Mg
g/kg DW1
A. cepa Aggregatum potato onion type
IPT176 1.69 + 0.18 e 134+ 0.7 a— 2.78 £0.04 d—k 1.25+0.10 0.84 £ 0.05 a—i
IPT208 3.09 £0.27b 121 £ 0.3 b—e 2.77 £0.25d-k 1.13+0.11 0.78 £ 0.03 b-k
IPT216 246 £0.1b-d 146+ 17a-e 3.52 £0.07 c-g 1.35+0.16 0.89 £0.06 a—e
IPT217 1.57 £ 0.16 g 10.7 £ 1.5b—e 3.11 £0.26 -k 1.31+0.15 0.69 £ 0.06 d—k
IPT218 1.59 + 0.06 f- 11 £ 0.8b—e 3.24 £0.34 1.3 £0.19 0.66 £ 0.04 e-k
IPT225 1.43 £ 0.01 jj 135+ 15a-e 3.11 £ 0.06 c—k 1.65+ 04 0.72 £ 0.09 d-k
IPT226 1.58 + 0.14 g 14+12a-e 3.73£0.32b-d 147 +0.24 0.77 £ 0.05 b-k
IPT228 1.67 £ 0.1e5 15+2a-e 3.61 £ 0.14 c—f 1.9+043 0.88 £ 0.05 a—f
IPT229 1.81 £ 0.18 d+j 124 +13b-e 2.89 £ 0.08 d—k 1.47 £ 0.39 0.76 £ 0.01 c—k
IPT230 1.77 £ 0.06 dj 121+ 04 b—e 3.01 £0.01 d-k 1.5+ 041 0.85 £ 0.02 a-h
IPT231 2.3+ 011 cf 15+19a—-e 3.33 £0.16 c-i 149+03 0.86 £0.04 a-h
IPT232 1.9 +£0.12 d+ 128 £ 0.8 a— 2.77 £0.03 d-k 1.36 £ 0.21 0.81 & 0.01 bk
IPT233 1.72 £ 0.04 e 139+ 11a-e 321 £0.14 5 1.75+0.38 0.86 £ 0.03 a-h
IPT234 1.8 £ 0.05 d+ 15.7 £ 0.9 a-d 3.26 £0.27 1.75 £ 0.39 0.84 £ 0.08 a—i
IPT235 2.01 £0.02d- 141+ 0.6 a— 2.77 £0.11d-k 1.43 +£0.22 0.72 £ 0.01 d-k
IPT236 1.8 +0.21 d5 142+ 0.7 a— 2.85 £ 0.03 d-k 1.58 +0.33 0.79 £ 0.05 b-k
IPT237 1.9 £ 0.06 d+ 16.8 £ 1.2a—c 3.56 £ 0.06 c—f 172+ 05 0.83 £ 0.04 b
IPT238 1.97 £ 0.13 d5 153+ 0.8 a— 3.4 +0.05c-h 172+ 0.53 0.88 £0.06 a-g
IPT242 2 £ 0.03 d+j 157+ 1.2 a-d 3.66 £+ 0.07 b—e 2.04+£0.43 0.98 £ 0.03 a—c
IPT243 1.76 £ 0.17 d+ 11.7 £ 0.4 b—e 3.27 £0.13 cH 1.18 £ 0.2 0.74 £ 0.01 -k
1IPT244 1.53 &+ 0.05 h—j 144+ 09a-e 414+ 0.32bc 1.67 £ 0.27 0.87 £0.02a-g
A. cepa Aggregatum shallot type
IPT239 2.18 £ 0.07 d-i 137+ 13 a-e 2.9 £+ 0.08 d-k 214 £0.7 0.86 £ 0.04 a-h
IPT240 2.96 £0.23b— 156 £1.2a-d 4.15 4 0.06 bc 2.3 £0.52 0.92 £ 0.03 a—d
IPT241 399 +021a 17.7 £ 2.8 ab 475+043Db 1.92+0.38 1.08 £ 0.08 a
IPT245 1.29 £ 0.01j 196+2a 589+ 0.74a 2.57 £0.51 1.02 + 0.07 ab
A. X proliferum

IPT023 2.37 £0.23 c— 132+ 09a-e 2.6 £0.15e-k 1.32+0.1 0.85 £ 0.07 a-h
IPT210 245+ 0.11b-d 126+ 14a-e 2.64 £0.12d-k 1.61 £ 0.06 0.86 £0.02 a-h
p_Value *%% k%% %% n.s. k%%

! DW—dry Weight; *—p-value < 0.05; ***—p-value < 0.001. 2 Different small letters indicate different homogenous groups using Tukey’s post hoc test.
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Table 4. Shallot micro-element composition by harvest year and species, their interaction and individual accessions.

Al B Cu Fe Li Mn Mo Na Zn
mg/kg DW 1
Harvest year
2018 31.9£0.8 7.98 + 0.09 6.67 £ 0.12 27.6 £0.6 63.3 £3.8 109 £0.2 0.51 +£0.01 102 £ 4 16.6 = 0.4
2019 27.7£0.7 6.78 £ 0.09 6.07 £0.15 29.6 £ 0.6 42+ 0.8 105 £ 0.1 0.43 £0.01 147 £5 13.8 £ 0.5
p'Value *%4% *%4% 3% %% *3%% *%4% *%4% %% %%
Species
A. X cornutum 289 £0.7 7.86 +0.11b 2 568 £0.19¢ 239+05¢ 454+11b 10£02c 0.62+0.01a 83 £5b 112+ 03¢
A cepa Aggregatum 30.2 4 0.7 74009 ¢ 6324+01b 2884+ 05b  581+32a 109 +£02b 0.42 £ 0.01 ¢ 142 +5a 155+ 03b
potato onion type
A Cef}faﬁgtg:;gzt“m 29.6 +0.9 853 +024a 818 +0.32a 3B+1la 47 £09ab 11.84+02a 0.49 +0.02b 139 + 6a 208+1a
A. x proliferum 29.1 £39 7.33 £ 0.18 bc 571 +£0.17 be 301+19b 326+4b 89+03c 0.49 £0.03b 60£4Db 151+09b
p'Value n.s. *%4% 3% 344 *3%% *%4% *%% 3% %%
Harvest year X species
A. X cornutum
2018 292 +0.8b 8.54 + 0.07 6.36 £0.25¢ 214+ 05e 51.7 £1.0 88=*0.1e 0.66 = 0.02 a 63 +£7 123 £ 04 cd
2019 287+ 12D 7.19 £ 0.05 54+0.19d 265+ 05d 39.1£0.6 11.14+02b 0.58 + 0.01 ab 102 £ 6 102 £03d
A. cepa Aggregatum potato onion type
2018 321+1ab 7.61 £ 0.12 6.58 £0.15¢ 28.1 £0.7cd 723 +£59 11.8 £ 0.2 ab 0.48 £0.01c 116 £ 5 175+ 04b
2019 283+ 1b 6.39 + 0.09 6.06 £0.14 c 29.5+ 0.7 b-d 439 £ 0.6 10.1£02cd 0.36 £0.01d 168 £ 6 135+ 04c
A. cepa Aggregatum shallot type
2018 32.1 £0.9ab 8.99 + 0.24 792 +£0.29 ab 329+ 0.7 ab 464+ 04 11.2 £ 03 a—c 0.48 +0.02 ¢ 118 £ 6 187+ 0.6b
2019 272+1b 8.08 £ 0.38 8.44 + 0.57 a 371+£19a 476 £1.7 125+ 03a 0.51 +0.04 be 159 £ 8 229+18a
A. X proliferum
2018 399+45a 7.86 £ 0.06 6.26 £0.07b-d  33.8£29a-c 443+14 88+t 05ed 0.44 £ 0.04 cd 56 £3 178 +£0.2b
2019 182 +04c 6.81 + 0.19 5.16 + 0.05 cd 264+ 1.1b-e 209 £35 9+03ed 0.54 +0.02 be 64 +7 123+ 04 cd
p-value ok n.s. * ** n.s. ok ok n.s. ok
Accessions
A. X cornutum
1IPT021 273 £ 2.6a<c 7.56 £+ 0.33 a—f 4.85+032fg 23 £02f-h 408 +21d 1009 c-g 0.63 +0.03 a—d 109 £4d- 99+02¢g
1PT022 325+ 09a<c 7.96 £ 0.35 a—e 52+ 042d-g 274 +13c-h 43+14d 10.5 £ 0.5b-g 0.57 £0.02 a-g 106 £ 5 d-k 10.6 = 0.8 fg
1PT211 26.3 £ 0.9 bc 7.76 = 0.35 a—e 5.06 =044 e-g 22.8 £ 1.8 f-h 4544+19d 10+ 05c-¢g 0.55 £0.02 a—i 59 +1jk 97+£07g
1IPT212 262+ 0.2bc 8.09 £0.21 a—e 597 +019c-g 243+18e-h 478+18b-d 10.4 + 0.7 b—g 0.69£0.01a 68 =11 h-k 114 £ 03e-g
1PT213 294 +1.0a—<c 774 £ 0.24 a—e 595+028c-g 2444+06e-h 4714+39b-d 104 £ 05b-g 0.66 £ 0.03 ab 98 £+ 27 f-k 129 £05c-¢g
1PT214 28.1 £03a—c 771 £0.22 a—e 6£025c¢g 225+12gh 472+45b-d 9.8+ 0.6d-g 0.65 £ 0.05 a— 66 £12i-k 12+ 02d-g
IPT215 32.7+33a—<c 8.23 +0.41a-d 6.75+092b-g 233+ 14f-h 465+ 4.2 cd 87+ 01e-g 0.58 + 0.01 a—f 75+ 11g-k 122+ 13d-g
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Table 4. Cont.
Al B Cu Fe Li Mn Mo Na Zn
mg/kg DW 1
A. cepa Aggregatum potato onion type
IPT176 271+ 14bc 6.98 £ 0.35 b—f 626 £025c-g 258 +£0.5d-h 43+2d 127 £ 04 a—c 0.46 £ 0.03 d—j 242 £ 24 a 13.6 £ 0.7 b-g
IPT208 30.5+2a—c 7.23 £0.71 b 482+026¢g 30.2£3.4b-h 449 +26d 134+ 0.7 a— 0.47 £0.05 d— 234 +£20ab 152+ 2.6b-g
IPT216 31.6 £ 0.4 a— 8.03 £0.25a-¢ 629 £028c—g  35.6+0.7a< 522 £ 3a-d 129+ 0.6 ab 0.39 £0.02 g 133 £15c- 157+ 1.1b-g
IPT217 31+22a—c 7.28 £0.75 a—f 6.87+£057b-g 279+12b-h 101 £28a—c 11.3 + 0.4 a—f 0.36 - 0.02 199+ 1la<c 153 +24b-g
IPT218 30.4 £ 0.7 a—c 6.34 £0.29 d-f 59+ 08cg 24.6 £03e-h 102 £ 28 ab 9.6 £05d-g 0.41 £0.04 f5 143 £ 2 c-g 164 +3.2b-g
IPT225 324 +03a=c 5.66 +0.22 f 569 £026c-g 248 £28e-h 104 £29a 84+0g 0.45 £ 0.05 dj 146 + 20 cf 15.6 £ 0.8 b—g
IPT226 26.8 £ 0.9 bc 6.53 £ 0.44 c—f 7.65 £ 1.1a<c 25,5+ 0.2d-h 104 £29a 102+ 0.7 b-g 0.38 £ 0.01 hj 157 £ 9 £ 19.5+3.1bc
IPT228 426+95a 6.93 + 0.16 b—f 632+ 017c-g 334 +28a-e 59'7a:—td13.4 102+ 0.7 b-g 0.4 +0.02f5 128 £ 5dj 17 £ 0.7 b—f
1PT229 39.8 £3.3ab 6.27 £0.32 d-f 591+026c-g 306+ 1.1b-h 434+13d 9.8+ 09d-g 0.4 £ 0.05 98 + 12 ek 129 £ 0.7 c—g
IPT230 3l.1+5a—c 752 £0.11 a—f 647 £019b-g 346 +23a-d 45+09d 122+ 04 a-d 0.4 £0.01f5 173 £27a-d 158+ 09b-g
IPT231 24.6 £ 0.6 bc 7.54 £ 0.39 a—f 738 £022a-d 28.6+=15b-h 471+£03b-d 11+04a-g 0.42 £ 0.03 f 110 £14d-k  16.6 =03 b-g
IPT232 25+ 1.1bc 7.09 £ 0.12 b—f 562+042c-g 264+04c-h 457 +08d 12+ 09a-d 0.47 £ 0.1 cH 123 £ 5d+j 132+ 16cg
1PT233 259 £ 2.3 bc 6.53 £0.21 c—f 596+ 011c-g 272+14ch 459+ 11cd 105+ 04b-g 0.36 £ 0.02 jj 97 £ 12 f-k 148 £ 0.6 b-g
1IPT234 25+ 0.9bc 6.57 +0.03 c—f 648 +036b—g 293 +26b-h 465+ 1cd 115+ 03a-e 0.39 £ 0.03 g 121 £20d-k 155 £0.7b-g
1IPT235 252 +£1.5bc 7.37 £0.37 a—f 587 +025c-g 248+06e-h 482+0.7b-d 99+02d-g 0.42 £0.04 5 113 £7d-k 142+ 04b-g
IPT236 245+19c 709 +£033bf  531+£022d-g 259+02d-h 458+ 1cd 10.8 £ 0.1 a-g 0.43 £ 0.02 ej 111 £8d-k 126+ 0.8 c—g
1IPT237 35.6 £3.5a—c 6.12 +0.14 ef 712+ 041b-e 31.7+28a-g 48+02b-d 101 £0.1b-g 0.41 £ 0.04 £ 127 £12d5 158 £ 0.6 b—g
1IPT238 38.1+34a—c 6.95 £ 0.58 b—f 707 £042bf 344+36a-d 468+11cd 10.5+ 0.3 b-g 0.43 £ 0.04 5 152 £+ 22 cf 16 + 0.6 b—g
1IPT242 28 +21a—c 7.37 £ 0.65 a—f 6.52£0.19b-g 303 £03b-h 4424+09d 112+ 0.6 a-g 0.36 £ 0.01 120 £11d-k 174+ 05b-f
1PT243 26.7 £ 0.3 bc 7.9 £0.08 a—e 6.23 £0.28 c—¢g 21.8 £0.3h 513 £19ad 104 £ 0.6 b-g 0.46 £ 0.01 d+j 129 £ 7 13.8 £ 0.5b-g
IPT244 32+04a—c 7.72 £ 0.07 a—e 698 +£038b-g 31.6+03a-g 51.6+21a-d 108 £ 03 a-g 0.49 £ 0.02 b 125 £ 2 dj 18.7 + 0.8 b—
A. cepa Aggregatum shallot type
IPT239 292+ 3a—c 7.62 £ 0.63 a—f 6.1+£022c-g 40.5+23a 45+05d 12 £ 0.8a-d 0.37 £ 0.01 jj 124 £15d+ 178 £ 0.4 b—e
1PT240 29.2+03a—c 8.86 & 0.55 ab 8.68 £ 0.31 ab 369 £1.3ab 454+02d 112+ 0.1 a—f 0.42 £0.02 f5 122 £ 7 d+ 20.6 £ 0.3 ab
IPT241 30.3 £ 0.7 a— 924 £012a 8.57 £0.37 ab 31.1£09b-h 465+ 1cd 128 £ 0.1ab 0.62 £0.04 a— 169 £ 14b—-e 179 £0.6b-e
1PT245 299 £19a—<c 8.4 £+ 0.26 a— 9.38 £0.57 a 314+ 09a-g 51+28ad 113 £ 0.3 a—f 0.56 +0.02 a-h 139 £1c-h 269 +£29a
A. X proliferum

IPT023 245+26¢ 748 £0.12 a—f 5.6 £0.23 c-g 28.1 £0.6b-h 303£75d 87+£05fg 0.52 £ 0.02 aj 71 £ 4h-k 148 £ 15b-g
IPT210 33.6 =73 a—c 7.19 £ 0.36 b—f 582+ 026c—g  321+37af 348+32d 91+04e-g 0.45 4 0.05 d+j 50+1k 154+ 1b-g
p'Value *%% *%% L] %% %% *%% et L %%

1 DW—dry Weight; *—p-value < 0.05; **—p-value < 0.01; **—p-value < 0.001. 2 Different small letters indicate different homogenous groups using Tukey’s post hoc test.
y g P P P g group. g ysp
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The most abundant macro-element in the shallot bulbs was K and the highest content
was observed in the A. cepa Aggregatum SH type in the harvest year 2019, while in the
harvest year 2018 this type showed comparable K levels to the other tested shallots (Table 3).
The Ca content was comparable between harvest years in the A. x cornutum, A. x proliferum
and the A. cepa Aggregatum SH type, while in the PO type a higher Ca content was
observed in the harvest year 2018 (Table 3). The S content was higher in the harvest year
2019 compared to the harvest year 2018 in all species except in the A. x proliferum (Table 3).
The Mg content was higher in the harvest year 2019 compared to the harvest year 2018 in
all shallots (Table 3).

The A. cepa Aggregatum SH type was also the most abundant in the micro-elements B,
Cu, Fe, Mn and Zn in both harvest years (Table 4). The Al content did not differ between
harvest years or shallot groups, except for the A. x proliferum, where the harvest year 2018
was higher in Al compared to the harvest year 2018 (Table 4). Of the shallot species, the
most abundant in Li was the A. cepa Aggregatum PO type, while both A. cepa Aggregatum
types were the most abundant in Na (Table 4). The A. x cornutum group was the most
abundant in Mo content (Table 4).

3.4. Discrimination of the Shallot Species and Subtypes Based on a PLS-DA Model

Based on the 31 analyzed physicochemical parameters, a PLS-DA model was built
to discriminate between the investigated shallot species and types, as shown in Figure 1.
Among the 31 parameters used to build the model, 15 had a VIP value greater than one
and, as such, were considered significant. The most important variables which separated
the A. cepa Aggregatum types from the A. x cornutum and A. X proliferum groups were dry
weight, fructose, inulin and isorhamnetin-4’-glucoside content. Subsequently, quercetin-
3,4'-diglucoside, quercetin-4'-glucoside, the sum of flavonoids, quercetin-3-glucoside and
the Zn content were the most important variables in the differentiation between the A. cepa
Aggregatum SH and PO types, as well as between the A. x cornutum and A. x proliferum
species. Additionally, FRAP, DPPH radical scavenging and TPC were used to distinguish
between the A. cepa Aggregatum SH and PO types. The Mg and Mo were used to separate
the A. x cornutum species, while the quercetin content was employed to distinguish the A.
cepa Aggregatum SH types from the other groups.

e AC
e AP
® AGG-PO
® AGG-SH
+ Loadings (VIP)
Isorhamnetin-4'-glucoside (12)
+ 4 &
N Mg (4) ° ‘ oo
S + Fructose (7) 4 .‘
é 00 j@ © o4 Po ® e
[
5 ° o “
3 TPC (13) ‘ [} L
+ ° °
Quercetin-3-glucoside (6) ..‘. +
+ ° Inulin (10)
® DPPH (15) +
[ ]
L ° + + co ® ° Dry Weight (1)
° Quercetin (8)
+
+ Mo (9)
FRAP (11)
Quercetin-4'-glucoside (3)
Sum of Flavonoids (5) +
Quercetin-3,4'-diglucoside (2)

Component 1

Figure 1. Discrimination of shallot species based on their phytochemical profiles using the PLS-DA
model. AC—A. x cornutum; AP—A. x proliferum; AGG-PO—A. cepa Aggregatum potato onion type;
AGG-SH—A. cepa Aggregatum shallot type.
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4. Discussion

The genetic diversity of shallots in Croatia was studied by Puizina [16], with all
landraces being determined as belonging to one of the three main species: the A. cepa
Aggregatum group (2n = 2x = 16), the A. x proliferum (Moench) Schrad (2n = 2x = 16) and
the A. x cornutum Clementi ex Vis. (2n = 3x = 24). In our previous work, we studied
13 shallot landraces from the Croatian coastline for their morphological, biochemical and
nutritional diversity [22]. The most important attribute for the shallot species differentiation
was flower morphology, but several other morphological, nutritional and biochemical
parameters can be used for the discrimination of shallot species [22]. Additionally, two
subtypes of A. cepa Aggregatum were identified, the A. cepa Aggregatum PO type and
the A. cepa Aggregatum SH type. The A. cepa Aggregatum SH type is characterized by
an ovate bulb shape and yellow skin color, compared to the broad oval shape and light
violet skin color of bulbs of the PO type [17]. In this research, we extended the number
of shallot landraces to 34, conducted the experiments over two consecutive harvest years,
and included additional biochemical and nutritional parameters to build upon the findings
presented in our previous work [22].

4.1. Dry Matter, Sugar Profile and Pyruvic Acid Content in the Shallot Accessions

The dry matter content was deemed to be the most important parameter for the
differentiation between the A. cepa Aggregatum group and species A. X cornutum and
A. x proliferum. The higher dry matter content in the species A. x cornutum and A. x pro-
liferum was evident in both harvest years, while there was no difference between the A. cepa
Aggregatum SH and PO types. The obtained values for the A. cepa Aggregatum group’s
dry matter content were in line with reported values (between 12.6% and 18.9%) from the
literature sources [31-33]. Sinclair et al. [34] investigated the dry matter content in 49 A.
cepa varieties and reported values between 7.4% and 21.5%. The impact of the dry matter
on fresh bulb storage is crucial in determining the bulb shelf-life, since higher dry matter
content increases the longevity of the product [35].

The most abundant saccharide in shallot bulbs was inulin, with the A. cepa Aggregatum
accessions having lower inulin content compared to the A. x cornutum and A. x proliferum
accessions. Inulin is a fructan, which consists of the main unit 3-(2—1) fructofuranosil
and one «-glycopiranose (1—2) terminal unit with a degree of polymerization between
2 to 70, whereas inulin molecules with the degree of polymerization of 2-10 are called
fructooligosaccharides [36]. Inulin is recognized as a very important prebiotic [37,38], a non-
digestible food constituent that is selectively metabolized by beneficial intestinal bacteria,
enhancing their growth and activity. Jaime et al. [39] investigated the sugar profiles of
several A. cepa varieties and reported a range from 4.02% to 45.8% DW of fructans, 13.7% to
21.4% DW of fructose, 4.7% to 26.38% DW of glucose and 2.7% to 13.6% DW of sucrose.
Moongngarm et al. [10] studied the sugar compositions of 13 different foods from Thailand,
among which the sugar composition of A. cepa Aggregatum was examined, and reported
that the bulbs of A. cepa Aggregatum contained 33.2% inulin, 6.46% FOS, 11.4% sucrose,
2.91% glucose and 1.57% fructose [10]. The reported values are within the range from
our work, except that for sucrose, which they reported with a two-fold higher value. The
antioxidant capacity of inulin as a molecule is rather low, as shown by Shang et al. [13].
Nevertheless, there are many studies that show how increased inulin consumption can
elevate human plasma antioxidant activity [14,40,41].

Shallots are known and consumed as food and as a condiment due to their pungent
flavor. The flavor is produced by the hydrolysis of S-alk(en)yl-L-cysteine sulfoxides and
catalyzed by the enzyme alliinase upon tissue damage [42]. Pyruvic acid is a byproduct in
this reaction and is widely used as a measure of pungency in Allium species [43-45]. The
pyruvic acid content varied between harvest years, as well as between shallot species. In
fact, we observed an almost two-fold increase from the harvest year 2018 to the harvest
year 2019 for all tested shallots except for A. x proliferum, where the opposite occurred.
On average, A. X cornutum, A. X proliferum and the A. cepa Aggregatum SH type had
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comparable pungency levels on a dry weight basis. Unlike the dry matter or sugar content,
which were comparable among accessions from the same species, the pyruvic acid content
range was very broad among the studied accessions and widely overlapped between
species. However, if the lower dry matter content is taken into account, we can conclude
that both A. cepa Aggregatum types are lower in pungency compared to the A. X cornutum
and A. x proliferum. Soinien et al. [46] reported on the pyruvic acid content in several
edible Allium species, among them the long and round bulb shallots. The authors reported
results of 0.14 and 0.36 g/kg fresh weight of pyruvic acid in the long and round shallot
bulbs, respectively, which is in line with our findings.

Jadczak et al. [47] studied the effects of different coverings on shallot bulb qual-
ity, including the pyruvic acid content. The authors reported a range between 6.30 to
12.25 umol/g of pyruvic acid per fresh weight over two harvest years, where the content
of pyruvic acid doubled in the second harvest year. According to the Schwimmer and
Weston [48], with respect to the ranking of onion pungency in our study, the A. cepa Aggre-
gatum PO and SH types fall within the extremely mild category (from 2 to 4 umol pyruvic
acid/g fresh weight), whereas the A. X cornutum and A. x proliferum groups are considered
as having mild to intermediate pungency (up to 10 umol pyruvic acid/g fresh weight).

4.2. Antioxidant Activity and Phenolic Compounds Content

Shallots are abundant in phenolic compounds, especially flavonoids, which are respon-
sible for their antioxidant capacity [49]. The obtained values for the TPC and antioxidant
capacity of the studied shallot accessions are in line with the values reported in our previous
work [22], with several differences. As previously reported, the TPC and antioxidant capac-
ity was higher in A. X cornutum and A. x proliferum compared to the A. cepa Aggregatum
group. In our current study, we introduced considerably more shallot accessions, especially
from the A. cepa Aggregatum group (both PO and SH subgroups), and monitored the TPC
and antioxidant capacity over two harvest years. According to our previous work [22], as
well as the studies by other authors [7,46,50], the main flavonoid compounds in shallots
belong to the flavanol group, among which quercetin-3,4’-diglucoside and quercetin-4'-
glucoside are the most abundant. Fredotovi¢ et al. [51] studied the bulb flavonoid pro-
file of an Allium x cornutum landrace and reported values of 240.01 mg/100 g DW and
159.86 mg/100 g DW for quercetin-3,4’-diglucoside and quercetin-4’-glucoside, respectively.
Soininen et al. [46] reported values of 419.8 mg/kg fresh weight and 428.7 mg/kg fresh
weight of quercetin-3,4'-diglucoside and 243.3 mg/kg fresh weight and 277.2 mg/kg fresh
weight of quercetin-4'-glucoside in round and long bulb shallots, respectively. In our pre-
vious work, we reported quercetin-4’-glucoside values ranging from 26.2 to 193.8 mg/kg
fresh weight in A. cepa Aggregatum bulbs, from 133.5 to 845.0 mg/kg fresh weight in
A. x cornutum bulbs, and of 213.2 mg/kg fresh weight in A. x proliferum [22]. In the present
work, we reported values for quercetin-3,4’-diglucoside ranging from 27.0 to 107.0 mg/kg
fresh weight in A. cepa Aggregatum, from 142.6 to 213.5 mg/kg fresh weight in A. x cor-
nutum, and of 124.4 mg/kg fresh weight in A. x proliferum [22]. The results obtained in
this study are in line with the values reported in our previous work, as well as values
reported by the abovementioned authors. Beside the major flavonols, there are several
minor quercetin moieties present in the shallot bulbs, such as quercetin-3,7,4’-triglucoside,
quercetin-7,4’-diglucoside and quercetin-3-glucoside, as well as isorhamnetin glucosides,
such as isorhamnetin-3,4’-diglucoside and isorhamnetin-4’-glucoside [50]. We found that,
despite the yearly changes in flavonol content among all the studied shallot accessions,
both the A. cepa Aggregatum PO and SH types contained significantly more isorhamnetin
glucosides based on dry weight compared to the A. X cornutum and A. x proliferum species.
The main difference between the A. cepa Aggregatum PO and SH types was the flavonoid
content, whereby every flavonoid was more abundant in the SH type compared to the
PO type, except for isorhamnetin-3,4’-glucoside. The difference was also obvious in the
antioxidant capacity assays, whereby the SH type consistently exhibited higher antioxidant
capacity values.
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The antioxidant capacities of individual flavonoid molecules have been extensively
studied. Zhao et al. [52] showed how isorhamnetin can protect cells from injury by attenu-
ating apoptosis and oxidative stress, while Ganbold et al. [53] studied its hepatoprotective
activity. The glycosylated isorhamnetin moieties exhibit an even higher antioxidant activity
compared to the aglycone [54]. Quercetin has been shown to have excellent antioxidant
properties and has, under specific circumstances, even been deemed comparable in its
activity to Trolox [55]. Williamson et al. [56] demonstrated that quercetin glucosides have
lower antioxidant and anticancer activity properties compared to the aglycone; however,
in the work by Zheng et al. [57], quercetin-4’-glucoside was shown to have the highest
antioxidant activity compared to quercetin and its other monoglucosides. Nevertheless, this
is another reason why shallots and other Allium species rich in quercetin and its glucosides
are considered one of the most health-promoting vegetables and are a ubiquitous part of
the Mediterranean diet.

4.3. Mineral Content

Averaged over two harvest years, the macro-element (Ca, K, Mg, P, and S) content
in accessions belonging to the A. x cornutum and A. x proliferum groups were largely
consistent, while greater diversity was observed in the accessions within both the A. cepa
Aggregatum SH and PO types. This may be due to the genetic variability in the larger
A. cepa Aggregatum group compared to the other investigated shallot groups. On the other
hand, this variation may be affected by the immobilization of specific minerals in soil, as
in the case of Cu, whose uptake by plants depends on the extent of the root’s interception
with copper-enriched zones, and the physical properties of the soil, such as the presence
of Fe and Mn oxides [58]. Nevertheless, the A. cepa Aggregatum SH type had higher
concentrations of all macro-elements (Ca, K, Mg, P, and S) as well as several micro-elements
(B, Cu, Fe, Mn, and Zn) based on dry weight compared to the other shallots. Building on
our previous study [22], we expanded the elemental analysis, encompassing five macro-
elements and nine micro-elements in shallots, and the obtained results are within the range
of the data published by the USDA [59], as well as with previously published data [60].
From a nutritional standpoint, shallots are abundant in S and K, while at the same time
low in Na. They are an excellent source of micronutrients, including Cu, Li, Fe, Mn and
Zn. Compared to the common onion, shallots have a five-fold higher Fe concentration and
double the amount of Mg, P, K, Zn and Mn [59].

Beside antioxidant activity, such as radical scavenging, flavonoids possess a strong
chelating ability for transition metals, such as Cu and Fe. It is assumed that, if the Fe?* ion is
still active, free radicals are formed in the immediate vicinity of the metal-flavonoid complex
and are scavenged immediately, in which case the flavonoid has a double synergistic action,
making it an extremely powerful antioxidant [61]. Among flavonoids, quercetin, which
has strong reducing capabilities, has been shown to exhibit a high Fe chelation ability [62].
Furthermore, Kostyuk et al. [63] demonstrated how chelated metal-flavonoid complexes
have higher superoxide dismutase activities compared to parent flavonoid molecules, and
Porfirio et al. [64] demonstrated that Fe?*-quercetin complex has a significantly higher
antioxidant activity in the CRAC assay compared to quercetin alone, probably due to
the existence of two chelating sites on the quercetin molecule, which promote electron
displacement onto the substituents. The combination of the abundance of both the Cu and
Fe transition metals, together with high concentrations of quercetin-derived flavonoids,
places shallots in a unique position as a potential antioxidant superfood.

5. Conclusions

Shallot accessions belonging to the A. x cornutum and and A. X proliferum groups are
characterized by their high dry matter content (around 25%), of which a little less than
50% is formed of inulin-type sugars, polysaccharides, considered an excellent prebiotic
with beneficial effects on human health. On the other hand, accessions belonging to the
A. cepa Aggregatum types have a lower dry matter content and, as a result, lower pungency
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(measured as the pyruvic acid content), making them more suitable for fresh consumption
by a broader range of consumers, but, at the same time, they are abundant in phenolic
compounds, especially in quercetin and isorhamnetin glycosides. We also observed greater
biodiversity among the accessions within the A. cepa Aggregatum group in all the analyzed
parameters compared to the other shallot groups. The investigated shallot accessions have
an excellent in vitro antioxidant capacity, as well as excellent nutritional properties.
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