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Abstract

BACKGROUND: Quality properties of 14 saffron samples from Iran, Spain, and Tiirkiye were compared.

RESULTS: Significant differences were observed between anthocyanins, volatile compounds, fatty acids, total phenolic content,
and antioxidant activity of saffron samples (P < 0.05). Besides, significant differences in color parameters were observed. More-
over, a total of 13 volatile compounds were identified in the saffron samples using. headspace-solid-phase microextraction-gas
chromatography-mass spectrometry, safranal and a-isophorone being the two predominant aroma compounds. Regarding
fatty acids, significant differences were seen in the fatty acid profiles of saffron samples (P < 0.05), while linoleic acid was
the most concentrated fatty acid. In terms of sensory properties, different concentrations of safranal, a-isophorone and
4-ketoisophorone may lead to significant differences in the odor and taste attributes of saffron samples (P < 0.05).

CONCLUSION: Changes in corm origin along with climate and agricultural conditions may affect the quality characteristics of
saffron cultivated in different geographical areas to a significant degree.

© 2024 The Authors. Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
Chemical Industry.
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INTRODUCTION

Saffron (Crocus sativus L.), known as ‘red gold’, is a perennial herb
with various functional properties such as antioxidant, anticarci-
nogenic, anti-inflammatory, antitumor, and antidepressant char-
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acteristics due to the function of bioactive compounds mostly
presented in the stigma portion of the C. sativus plant.? Alto-
gether, the chemical composition of saffron includes major and
minor components. Among the minor components identified in
saffron, crocetin (a natural carotenoid dicarboxylic acid as a pre-
cursor of crocin), crocin, picrocrocin (monoterpene glycoside
precursor of safranal and a product of zeaxanthin degradation),
and safranal are the four main bioactive compounds which con-
tribute not only to the organoleptic features of saffron (pigment,
pigment, taste, and odor, respectively), but also have health-
progressing properties.®>™ Indeed, in addition to containing croce-
tin, crocin, picrocrocin, safranal, anthocyanins, essential oils, and
fatty acids as bioactive components, saffron also contain trace
amounts of B1 and B2 vitamins, which extend its functional fea-
tures and makes it attractive for the production of nutraceuticals.®

Saffron usage is, nowadays, well known both for flavoring as a
color, taste, and/or odor agent of food and for therapeutic bene-
fits even in the mediation of several health disorders.® Therefore,
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it is widely used in the food industry and especially by the semi-
industrial food-producing sector as a food-grade flavoring agent
during the manufacture of a wide range of foods, including bever-
ages, bakery and dairy products.”®

Iran is the largest producer worldwide, with almost 80% of total
world production (i.e.,, 220 000 kg); however, the cultivation of
saffron is increasing in several countries around the world - for
example, in Spain, China, Italy, Tirkiye, India, and Switzerland.>®
It is well established that the quality properties and yield of saf-
fron, as the final product offered to consumers, are dependent
on important parameters such as the geographical origin of the
corm, altitude of the cultivation place, agronomic acts, employ-
ment of biostimulants, climate (temperature and rainfall rate),
conditions of drying (temperature and time), and storage.®'*""
Because the climate and cultivation conditions are different in
producing countries, there is a range of differences among the
quality characteristics of saffron produced in various countries.

Therefore, the current research was conducted to compare and
characterize saffron samples collected from Iran, Turkiye,
and Spain using anthocyanin profile, antioxidant capacity, total
phenolic content (TPC), water activity, color parameters, volatile
compounds, fatty acid profile, and sensory properties. Therefore,
LC-DAD-ESI-MS/MS (liquid chromatography coupled to diode
array detection and electrospray ionization tandem mass
spectrometry) and HS-SPME-GC-MS (headspace solid-phase
micro-extraction coupled with gas chromatography-mass spec-
trometry) were used to characterize the anthocyanin and volatile
compound profile of samples, respectively. To the best of our
knowledge, although there are some studies in the literature con-
ducted on the volatile compounds and antioxidant activity of saf-
fron cultivated in different countries,*'*'* comparison and
characterization of the product cultivated in different countries
based on the various analysis implemented in the present study
have not been reported previously.

MATERIALS AND METHODS

Collection of saffron samples

Saffron stigma (Fig. 1(a)) is composed of (i) a red part containing
three filaments and can be classified according to their length into
three classes — Sargol, Negin, Pushal - and (ii) a yellow part con-
taining one filament known as the Style.'> Fourteen samples of
saffron stigmas - eight belonging to the Pushal class (red parts)
and six belonging to the Style class (yellow parts) - were analyzed
in this study and are presented in Fig. 1(b). All studied samples
were coded and their collected locations are shown in Fig. 1(c),
as follows: (i) samples one to six, including both red and yellow
parts of saffron stigma - five samples marked with R1/Y1, R2/Y2,
R3/Y3, R4/Y4, and R5/Y5 - were collected from different regions
of Iran, which were Fariman, Torbat-e-Jam, Khaf, Torbat-e-Heydar-
iyeh, and Roshtkhar, respectively, located in the Khorasan Razavi
Province, and one sample labeled with R6/Y6 was collected from
the Safranbolu region of Turkiye; (ii) the two remaining samples
(including only the red part of saffron), were provided by the
Spanish company Jesus Navarro, SA - one, labeled R7, was
imported from Iran, and the other, labeled R8, was collected from
the Castilla La Mancha region of Spain. This last sample
(R8) belonged to the Protected Designation of Origin ‘DOP Aza-
frdn de La Manchd'. Therefore, eight red parts and six yellow parts
of saffron samples were provided in 2022 from Iran, Turkiye, and
Spain.

Water activity

Water activity was analyzed using an AW meter (Novasina aw-
Sprint TH500; Pfaffikon, Zurich, Switzerland). For measurements,
0.5 g samples were used.

Color analysis

Color parameters, expressed in CIE color space, were analyzed by
instrumental colorimetry, using a Minolta colorimeter (CFRC400,
Minolta Camera Co., Tokyo, Japan) with CIE L*, a*, b* coordinates.
An online color converter was used to visually present the saffron
color, with L*, a*, b* color coordinates converted via Pantone Nix
color sensor (Hamilton, ON, Canada).

Determination of anthocyanins

Extraction and identification of the saffron anthocyanins were car-
ried out following the method described by Hong et al., with some
modifications.'® Briefly, 0.5 g saffron was mixed with 4 mL cold
extractant (methanol-water—formic acid; 80:19.9:0.1, v/v) and
shaken for 10 min in an orbital bath. Then, the mixture was soni-
cated using an ultrasonic bath for 10 min and centrifuged
(Sigma 2-16K, SciQuip Ltd, Wem, UK) at 1500 x g for 10 min. The
supernatant was removed, and the pellet residue was re-
extracted twice using the same procedure. Two milliliters of the
supernatant were filtered through a 0.45 pm nylon Millipore
membrane filter and used for analysis.

The analysis was carried in a high-performance liquid
chromatograph-triple-quadrupole mass spectrometer (LC-MS/
MS 8050, Shimadzu, Kyoto, Japan). Atmospheric pressure ioniza-
tion or electron spray ionization (ESI) was used for molecular ion-
ization, and a (C18 column (Mediterranean  SEA
18,10 mm x 0.21 mm i.d., 2.2 pm particle size) from Teknokroma
(Barcelona, Spain) for chromatographic separations. The ESI
source was operated with a nebulizer gas flow of 3 L min™", dry-
ing gas flow of 10 L min~', a desolvation line temperature of
250 °C and heat block temperature of 400 °C. Selected ion moni-
toring was used with a collision energy of —35 V and full MS scans
in positive mode between 100 and 1000 m/z. For the analysis a
Mediterranea Sea18 column (10 mm L X 0.21 mm id., 2.2 pm
particle size; Teknokroma, Barcelona, Spain) was used, maintained
at a temperature at 50 °C. The mobile phase A was composed of
0.1% (v/v) formic acid (FA) in water (MilliQ), while B consisted
of 0.1% (v/v) FA in acetonitrile with a flow rate of 0.400 mL min™".
The injection volume of the sample was 10 pL and the oven tem-
perature was 50 °C. The gradient conditions were as follows: (i) 0—
2 min 5% B; (ii) 2-10 min 95% B; (iii) 10-11 min 95% B; (iv) 11-
12 min 5% B; and (v) 12-16 min 5% B. For the quantification, four
anthocyanins were used as external standards: petunidin-3-O-glu-
coside; delphin-3,5-di-O-glucoside; delphinidin-3-O-glucoside,
and cyanidin-3-O-glucoside. The calibration curve consisted of
the preparation of the standard stock of 100 ppm, from which five
concentrations (0.1, 0.3, 0.5, 0.8 and 1 ppm) were prepared. The
analyses were carried out in triplicate.

TPC and antioxidant activity

TPC was analyzed by the Folin-Ciocalteu method.'” The antioxi-
dant activity was determined by the ABTS* and DPPH
methods.'®"?

Determination of fatty acids

Fatty acid profiles were obtained by direct transmethylation.® A
0.1 g sample (red and yellow parts) was mixed with 100 pL
dichloromethane and 1 mL sodium methoxide 0.5 mol L™' and
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Figure 1. (a) Anatomic scheme of saffron flow. (b) Saffron samples used in the analysis. (c) Sampling sites, adapted from Google Earth.

held for 10 min at 90 °C. Samples were colder in ice by 3 min and
1 mL of BF; added, keeping the mixture in darkness for 30 min.
Then, 1 mL ultrapure water and 0.6 mL hexane were added; sam-
ples were mixed for 1 min and centrifugated for 10 min at
1500 X g. The supernatant was recovered and placed in an amber
chromatography vial.

For separation, a gas chromatograph (Shimadzu GC-2030)
coupled with a flame ionization detector with an automatic injec-
tor (AOC-20i) was used. Helium was used as carrier gas, and nitro-
gen as a make-up gas (40 mL min~"). Flame ionization detection
used hydrogen and air at rates of 35 and 350 mL min™", respec-
tively. The GC system used a Supelco SP-2380 capillary column
(length 60 m, internal diameter 0.25 mm, and film thickness
0.20 pm; Supelco, Bellefonte, PA, USA). The injector and detector
temperatures were 250 and 260 °C, respectively, and a 1:20 split
ratio was used; a helium lineal flow velocity of 28.4 cm s™' was
used. The oven temperature started at 70 °C and increased up
to 250 °C at a rate of 3 °C min~'. Methyl fatty acids were identified
as compared with retention times with Supelco FAME 31MIX
(Merck KGaA, Darmstadt, Germany). Results were calculated as a
percentage of each fatty acid in the total fatty acid profile.

Volatile compound profile

Volatile compounds were extracted by headspace solid-phase micro-
extraction (HS-SPME). For the extraction, 0.1 g dried sample (only the
red part given that the number of samples of the yellow part was
extremely small) was placed in a 15 mL glass vial with 10 pL benzyl
acetate as internal standard (1000 mg L™") using 50/30 pm
DVB/CAR/PDMS  (divinylbenzene/carboxen/polydimethylsiloxane)

fiber (Supelco). Vials were maintained in a temperature-controlled
oven at 40 °C for 60 min (10 min for equilibration and 50 min for
extraction) After that, the fiber was inserted into the injector at
250 °C over 3 min, to directly desorb volatile compounds into the
gas chromatograph column. A gas chromatograph (GC2030,
(Shimadzu Scientific Instruments, Inc., Columbia, MD, USA)), coupled
with a triple-quadrupole mass spectrometer detector (Shimadzu
TQB8040 NX). To separate volatile compounds, a Sapiens X5MS col-
umn (30 m X 0.25 mm id., 0.25 um film thickness; Teknokroma)
was used. Injector and detector temperatures were 250 and 230 °C,
respectively. The oven program was as follows: initial temperature
35 °C for 5 min; rate of 5°C min~" up to 150 °C; rate of 10 °C
min~" until 280 °C and held for 5 min.

To characterize the volatile compounds, the chromatograms
were analyzed using GCMS Postrun Analysis (Shimadzu Corpora-
tion, Kyoto, Japan) software, and individual compounds were
identified by three methods: (i) mass spectrum (original chemical
compound and collection of the Wiley 229 and NIST 14 spectrum
libraries); (ii) retention index of standards; and (iii) retention
indexes calculated using a C7 to C16 n-alkane mix (Sigma-Aldrich,
Steinheim, Germany). The experimental retention index was com-
pared with the literature index obtained from the National Insti-
tute of Standards and Technology.

Descriptive sensory analysis

Sensory analysis was done using a trained panel of the Food Qual-
ity and Safety (CSA) research group of Miguel Hernandez Univer-
sity. This trained panel consisted of eight panelists (four males and
four females, between 25 and 50 years old) with more than 1000
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training hours in food sensory analysis, specifically in vegetables
and fruits. Before analysis, the panel worked together to establish
a list of principals and most important sensory attributes based on
previous literature®' and panel experience. The developed list
consisted of six odor attributes: odor intensity, saffron ID, fruity,
floral, grassy/vegetal, and dried tomato; and nine flavor descrip-
tors: taste intensity, saffron ID, fruity, floral, grassy, sweetness, bit-
terness, astringency, and pungency. Only the red parts of samples
were analyzed. Samples were presented in two ways: (i) a dilution
of 1g L™ was placed in a transparent glass tube to analyze the
colorant and intensity of colored water; and (ii) the sensory analy-
sis was done directly on the fresh sample. In this case, 0.2 g of
sample was served in a transparent tub with lid. All samples were
codified with three-digit codes and were presented according to a
randomized block designed to avoid biases. The scale used by the
panelists to quantify the intensity of saffron sensory attributes
ranged from 0 to 10 with increments of 0.5 (where 0 represents
no intensity and 10 extremely high intensity).

Statistical analysis

One way analysis of variance (ANOVA), Tukey's multiple range test,
and principal component analysis (PCA regression map) were carried
out using XLSTAT Premium 2016 (Addinsoft Inc,, New York, NY, USA).

RESULTS AND DISCUSSION

Water activity

Water is known as the main factor in the prevention and/or con-
trolling of food spoilage caused by both microbial and enzymatic
agents. Thus, awareness of the rate of water availability in the
food structure can help in considering appropriate strategies for
extending the preservation of food for longer times. Thus, a

significant relationship has been reported between increasing
the water activity value and a decrease in the quality characteris-
tics of saffron, especially regarding reduction in the desirable
color of the product."?? As shown in Table 1, significant differ-
ences were determined in the water activity values of the red
parts of saffron samples (P < 0.05). In this sense, R7 was the sam-
ple with the highest value (0.548), and R1 and R2 presented the
lowest values (0.429 and 0.443, respectively) of water activity. It
has been established that some harmful reactions - that is, lipid
oxidation, enzymatic activity, and Maillard reaction - could be
retarded in the range between 0.2 and 0.4 of water activity.'
Therefore, all experimental saffron samples (except sample R7)
were desirable in terms of water activity.

Color parameters

Both crocetin (a natural carotenoid dicarboxylic acid as a precur-
sor of crocin) and crocin together with high water solubility are
the main compounds responsible for color production in saf-
fron." Color parameters obtained by colorimetry are shown in
Table 1. This method showed significant differences in all param-
eters (P < 0.05). With respect to the Pushal class (red parts) of
samples, the highest value for brightness (L = 30.1) was reached
by sample R5 and the darkest sample was R6 (L = 22.2). This sam-
ple, obtained from Tirkiye, also had the lowest a* (23.8) and b*
values (15.6), meaning that, besides being the darkest sample, it
was also less red and yellow. Sample R8 had the highest b* value
(23.7). Chroma (C*) was lower in samples R6 and R7 (28.4 and 30.9,
respectively) and hue angle (h*) was higher in sample R8 (38.8)
than R1 (30.2). On the other hand, in the yellow parts of saffron
samples, L* values were determined between 67.5 (Y5) and 50.2
(Y6). Y6 obtained the highest a*, b*, and C* values (16.4, 55.2,
and 57.6, respectively). The values of a* and b* in all saffron

Table 1. Water activity and instrumental color and of Pushal (red) and Style (yellow) parts of saffron samples

Ay L* a* b* Chroma Hue alb
ANOVA test®
Tukey multiple range test®
Red saffron
R1 0.429c 26.9¢ 34.4a 20.1c 39.9a 30.2¢c 1.7a
R2 0.443c 28.2bc 35.0a 21.0bc 40.8a 31.0bc 1.7ab
R3 0.447bc 28.1bc 34.7a 21.0bc 40.5a 31.2bc 1.7ab
R4 0.447bc 28.8ab 31.3ab 22.7ab 38.6a 36.0ab 1.4bc
R5 0.460bc 30.1a 32.5ab 21.3abc 38.9a 33.3abc 1.5abc
R6 0.454bc 22.2e 23.8d 15.6d 28.4b 33.3abc 1.5abc
R7 0.548a 23.9d 25.6¢cd 17.3d 30.9b 34.0abc 1.5abc
R8 0.487b 28.7ab 29.6bc 23.7a 37.9a 38.8a 1.2c
Yellow saffron
Y1 0.499 58.4b 10.0b 42.1b 43.3b 76.7bc 0.2ab
Y2 0.495 59.5b 10.5b 38.9bc 40.3bc 74.9c 0.3a
Y3 0.486 59.5b 5.2c 35.5¢ 35.9cd 81.7ab 0.1bc
Y4 0437 57.8b 9.7b 36.4c 37.7cd 75.1¢ 0.3a
Y5 0474 67.5a 3.9¢ 33.7¢ 33.9d 83.5a 0.1c
Y6 0.443 50.2¢c 16.4a 55.2a 57.6a 73.5¢ 0.3a
@ NS, not significant at P < 0.05; asterisks indicate significance at **P < 0.01 and ***P < 0.005.
P Values followed by the same letter, within the same column, are not significantly different (P > 0.05), according to Tukey's least significant differ-
ence test.
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Figure 2. Pantone of each sample combining L*, a*, b* color coordinates values in a color converter: (a) Pushal (red part) and (b) Style (yellow part) saffron

classes.

samples were positive and represented a range of colors from red
to yellow that are specific to saffron. Determination of red to yel-
low colors in the experimental samples also indicated the pres-
ence of carotenoids, including crocin and crocetin, which might
be responsible for the red, orange, and yellow colors in saf-
fron.""?* Furthermore, the degradation rate of carotenoids
(in particular, crocin) and, in consequence, the intensity of saffron
specific color, is dependent on the growing and processing
parameters — that is, temperature, water activity, pH, light, and
oxygen.?? For ease of understanding, L*, a*, and b* color coordi-
nates were converted to Pantone, as presented in Fig. 2. Here,
the difference in color, mainly between R5 (the brightest sample)
and R6 (the darkest sample) for the Pushal and Style class of saf-
fron, can be visibly appreciated.

Anthocyanins
Anthocyanins are natural pigments belonging to the flavonoid
group and possess antioxidant characteristics. Saffron petals are

considered to be an important source of natural anthocyanin
and can be used in the formulation of functional foods because
of their antioxidant capacity.>* pH, temperature, oxygen, and light
are destructive factors that can have negative effects on these
natural coloring agents.>'*?*> Anthocyanin compounds and their
amounts are presented in Table 2. Significant differences were
observed in all anthocyanin components of saffron samples
(P < 0.05). Petunidin-3-O-glucoside content ranged between
039 and 1.11mgkg™', the sample cultivated in Tirkiye
(R6) having the lowest content, and the sample cultivated in the
Khaf area of Iran (R3) the highest content. Similar results were
observed for delphin-3,5-di-O-glucoside, which ranged from
0 for sample R6 from Tiirkiye (Safranbolu city) to 5.02 mg kg™
for sample R4 from Iran (Torbat-e-Heydariyeh city). In addition,
the R3 and R5 samples from Iran, belonging to the areas Khaf
and Roshtkhar, also registered high concentrations of this com-
pound (4.59 and 4.09 mg kg~"). Regarding delphinidin-3-O-glu-
coside, this only appeared in samples R3 (0.80 mg kg™"), R4
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Table 2. Anthocyanin profile of Pushal class of saffron (red part) and total phenolic content and antioxidant activity of both Pushal (red part) and

Style (yellow part) saffron classes

Petunidin-3-O-glucoside

Delphin-3,5-di-O-glucoside

Delphinidin-3-O-glucoside Cyanidin-3-O-glucoside

Anthocyanin (mg kg™ (mg kg™ (mg kg™ (mg kg™
ANOVAa * XX XX% KX
Tukey multiple range test®
R1 0.66abc 1.69 cd 0.00d 78.2b
R2 0.82abc 2.69bc 0.00d 77.8b
R3 1.11a 4.59ab 0.80a 89.6ab
R4 0.98ab 5.02a 0.64b 90.0ab
R5 0.59abc 4.09ab 0.61b 85.7ab
R6 0.39c 0.00d 0.00d 89.2ab
R7 0.45bc 0.31d 0.00d 76.8b
R8 0.67abc 0.48cd 0.13c 105a
TPC(mg GAE 100 mg”) ABTS(mmol Trolox g”) DPPH(mmol Trolox g’1)
ANOVA test®
Red part i i NS
Yellow part il il **
Tukey multiple range test®
Red part
R1 4796ab 58.6b 295
R2 5735a 88.3a 320
R3 4623ab 58.9b 316
R4 5045ab 57.7b 321
R5 5529a 67.2b 310
R6 3256¢ 28.6¢ 282
R7 4200ab 34.1c 303
R8 4289ab 35.0c 289
Yellow part
Y1 1787b 10.8¢ 243ab
Y2 1256b 14.9bc 251ab
Y3 1130b 22.9b 248ab
Y4 1144b 15.6bc 268a
Y5 1181b 9.9¢ 247ab
Y6 4627a 46.8a 216b

@ NS, not significant at P < 0.05. Asterisks indicate significance at *P < 0.05, **P < 0.01, and ***P < 0.005.
b Values followed by the same letter, within the same row, were not significantly different (P > 0.05), according to Tukey's least significant differ-

ence test.

(064 mgkg™), and R5 (061 mgkg™") from Iran, and R8
(0.13 mg kg™") from Spain. Finally, cyanidin-3-O-glucoside ranged
from 77.8 to 105 mg kg™' and was the compound found in the
greatest amount, representing 96% of the total anthocyanins.
Spanish saffron from PDO ‘DOP Azafrdn de La Manchd', showed
the highest content of cyanidin-3-O-glucoside, followed by sam-
ples R3 (89.6 mg kg™"), R4 (90.0 mg kg™ "), and R5 (85.7 mg kg™")
from Iran, and R6 from Tirkiye (89.2 mgkg™), while R1
(782 mg kg™"), R2 (778 mg kg™"), and R7 (76.8 mg kg™") from
the other areas of Iran showed the lowest amounts of this com-
pound. The differences in the anthocyanin value of saffron sam-
ples may be due to differences in climatic conditions such as
rainfall rate and temperature, agricultural practices, drying, and
storage processes.®%°

TPC and antioxidant activity
Saffron has a remarkable free radical scavenging activity and anti-
oxidant activity owing to the presence of bioactive compounds,

including polyphenols.®' The TPC and antioxidant activity of
the experimental saffron samples are presented in Table 2. Signif-
icant differences were observed in TPC of both red and yellow
parts of saffron samples (P < 0.05). In addition, red parts of saffron
samples had higher TPC compared to the yellow parts. In red parts
of saffron samples, higher concentrations were obtained in R2
and R5, with 5735 and 5529 mg gallic acid equivalents (GAE)
100 mg™", respectively. It is important to highlight that sample
R6, cultivated in Tirkiye, had the lowest amount of TPC. This
aspect might be related to the anthocyanins, as explained in the
paragraph above. On the other hand, in yellow parts of saffron
samples, the highest concentration of TPC was achieved in sam-
ple Y6, with 4627 mg GAE 100 mg", and all the other samples
were similar among themselves. Phenolic compounds are sec-
ondary metabolites with high antioxidant capacity that can elim-
inate or prevent the creation or activity of oxidizing agents such as
singlet oxygen free radicals.?” Cultivation, climate, and soil condi-
tions along with genetic background are parameters that
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influenced the content of phenolic compounds in saffron and
caused differences in TPC of experimental saffron samples.?®
Regarding antioxidant activity determined using both ABTS and
DPPH methods, the red part of studied saffron samples had
higher values than the yellow part, except in Y6. According to
the results obtained by the ABTS method, while in the red part
of the saffron samples the highest antioxidant activity was
observed in the R2 sample with 88.3 mmol Trolox g™, in the yel-
low part of the saffron samples antioxidant activity reached the
highest value, with 46.8 mmol Trolox g~' in sample Y6. On
the other hand, based on the DPPH method result, the red part
did not show statistical differences, and in the yellow part, Y4 with
268 mmol Trolox g~' showed the highest value of antioxidant
activity among the experimental samples. It was reported that
the existence of antioxidant capacity in saffron is due to the pres-
ence of bioactive compounds like polyphenols, flavonoids, and
carotenoids. In this context, anthocyanins, which are a group of
flavonoids, have a remarkable role in the antioxidant properties
of saffron. Moreover, carotene, a main group of carotenoids,
consists of two major types of a-carotene and f-carotene and
influences positively the antioxidant capacity of saffron.'*?32°

Fatty acid profile

Fatty acids are distributed in various parts of saffron, such as stig-
mas, stamens, petals, and stems.” The fatty acid profile of both red
and yellow parts of saffron samples is presented in Table 3. A total
of 34 fatty acids were identified in all saffron samples. The most
predominant fatty acids in all samples were linoleic acid (C18:2),
linolenic acid (C18:3), and palmitic acid (C16:0). This result is con-
sistent with the results reported by Chichiricco et al. (2019)*° and
Zara et al. (2021),*" who reported high quantities of the above-
mentioned fatty acids in saffron. In the red part of saffron, 12 fatty
acids presented significant differences. Linoleic acid was higher in
R8, with 41.4% of total fatty acids, and lower in R3, with 38.1%.
Linolenic acid was higher in R1 saffron sample (15.8%) and lower
in R8 (12.12%). Pentadecanoic acid also appeared in higher con-
centration in R1, R3, and R7, with 11.330%, 13.3%, and 13.1%,
respectively. In the yellow part, significant differences were found
in 12 fatty acids. Linoleic acid, the most concentrated fatty acid,
appeared in concentrations between 33.8% (Y4) and 47.6% (Y2).
The second most concentrated fatty acid was palmitic acid, with
the highest concentration in Y6 (19.8%) and lowest concentration
in Y4 (13.9%). The third most important fatty acid was linolenic
acid, with concentrations between 8.75% and 15.1% (Y4 and Y6,
respectively). The differences in quantity of fatty acids in saffron
samples may be due to the initial content of fat as a consequence
of differences in origin of the corm, agronomic practices, temper-
ature, and rainfall rate.'®""

Volatile compound profile

Volatile profiles of the red part in saffron samples are presented in
Table 4. A total of 13 compounds were characterized and quanti-
fied in the red part of saffron and the results are similar to those
reported in saffron by previous studies.***** However, there were
differences between the present study and previous research
regarding quantities of volatile compounds identified in the saf-
fron samples.* !> Safranal, with saffron note, was the main vola-
tile compound with the highest concentration among the
identified compounds in all red saffron samples, followed by
a-isophorone and 4-ketoisophorone, related to saffron and herbal
notes. In this sense, the highest and lowest concentrations of
safranal were observed in R7 (107 mgkg™') and R8

(32.9 mg kg™') samples, respectively. Based on the previous stud-
ies, 30-70% of the different saffron essential oils are mostly com-
posed of safranal.>*3> Regarding the aroma chemistry of saffron
spice, safranal as the key aroma compound is formed from picro-
crocin and 4-hydroxy-2,6,6-trimethyl-1-cyclohexen-
1-carboxaldehyde (HTCC) during the drying process of saffron.*
On the other hand, the highest concentration of a-isophorone
was observed in sample R7 (16.3 mg kg™"), while samples R3
and R8 had the lowest concentrations (4.54 mgkg™' and
6.08 mg kg™, respectively). 4-Ketoisophorone concentrations
ranged between 1.96 and 9.99 mg kg™ in this study. Derivatives
of isophorone are the other key aroma compounds responsible
for the characteristic notes of whole saffron aroma.**” According
to the biosynthesis mechanism of p-isophorone, it can occur
simultaneously with the degradation of zeaxanthin and the
creation of both (1R)-3,5,5-trimethyl-3-cyclohexen-1-ol O-b-b-
glucopyranoside and of (4R)- and (45)-4-hydroxy-3,5,5-trimethyl-
2-cyclohexen-1-one O-b-p-glucopyranoside. The latter two glyco-
sides are possible precursors of isophorone derivatives such as a-
and p-isophorones.®

Sensory analysis

A range of bioactive compounds existing in the matrix of saffron
effectively influence the sensory characteristics of the final prod-
uct besides their potential health properties. In this context, while
compounds like crocin, crocetin, lycopene, and carotene have an
important role in the color of saffron, the odor and taste of the
product are affected by safranal, isophorone, and picrocrosin.>>°
Descriptive sensory profiles of the red parts of saffron samples
relating to their appearance and flavor attributes are shown in
Table 5. Odor attributes of samples are indicated by six odor
descriptors: odor intensity, saffron ID, fruity, floral, grassy/vegetal,
and dried tomato. Flavor attributes consisted of nine descriptors:
taste intensity, saffron ID, fruity, floral, grassy, sweetness, bitter-
ness, astringency, and pungency. As seen, only five descriptors
presented significant differences among the saffron samples.
Sample R8 was the most intense saffron in the nose and R5 was
the least intense. Samples R6 and R7 recalled dried tomato (5.2
and 5.9 scores, respectively). Regarding flavor attributes, the sam-
ple with highest taste intensity was R6 (6.1) and the lowest inten-
sity was R4 (2.9).

Another interesting point was the detection of relatively high
bitterness in samples R6 and R7. Picrocrocin, with a chemical
structure of 4-(f-p-glucopyranosyl)-2,6,6-trimethyl-1-cyclohex-
ene-1-carboxaldehyde, is known as the main compound responsi-
ble for the creation of bitter taste in saffron. This chemical
compound is created via the degradation of zeaxanthin and
described as the precursor of safranal. It was reported that oxida-
tive hydrolysis of zeaxanthin leads to the creation of picrocrocin.
Safranal with high aromatic characteristics is also formed by
changes in picrocrocin under drying temperatures and the action
of glycosidases.?

Color attribute of saffron samples was analyzed as saffron
capacity to color water, and was evaluated from orange (the low-
est value) to red (the highest value). In this sense, the sample with
the highest capacity was R2 (9.0), and the lowest value was
achieved by R4 sample (4.1). Comparing these results with the
instrumental color, we observed that the samples with the high-
est value of a* color coordinate (red notes) were R1, R2, and R3
which corresponded to the sample with the highest saffron
capacity to color the sample, while the samples with the lowest
values of a* color coordinate were R6, R7, and R8, which
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Table 4. Volatile profiles of Pushal (red) class of saffron samples (mg kg™")

R1 R2 R3 R4 R5 R6 R7 R8

No. Volatile compound profile ANOVA?® Tukey multiple range test®
1 2(5H)-Furanone ** 0.892ab 0.995ab 1.07ab 1.28a 1.66a 0.232b 1.24a 1.04ab
2 P-Isophorone ** 0.256abc 0.498a 0.279abc 0.410ab 0.400ab 0.045¢ 0.049¢ 0.190bc
3 Linalool NS 0.042a 0.024a 0.022a 0.057a 0.029a 0.043a 0.029a 0.044a
4 Nonanal NS 0.080ab 0.084ab 0.094a 0.075ab 0.075ab 0.073ab 0.033b 0.083ab
5 Alloocimene *EE 0.732bc 0.876b 131a 0.924ab 0.935ab 0.628bc 1.30a 0.372¢
6 Phenylethyl alcohol b 0.471bc 0.167e 0.461bc 0.422cd 0.192e 0.538b 142a 0.334d
7 a-Isophorone il 10.1bc 8.69bc 4.54¢ 12.9ab 12.2ab 13.4ab 16.4a 6.08c
8 4-Ketoisophorone i 4.99c 4.74cd 1.96d 5.61c 6.25bc 9.99a 8.66ab 4.62cd
9 2-Hydroxyisophorone bl 0.281c 0.350bc 0.138c 0.320c 0.396bc 0.667b 1.09a 0.315¢
10 2,3-Dehydro-1,8-cineole ** 0.453bc 0.560bc 0.275¢ 0.621bc 0.680abc 1.09a 0.862ab 0.49bc
1 Safranal *EE 51.1cd 49.0cd 58.6bc 58.9bc 56.1 bc 71.3b 106.7a 32.9d
12 Eucarvone b 0.996b 0.766bc 0.334c 0.893b 0.900bb 2.34a 1.97a 0.785bc
13 Diosphenol ki 0.735de 1.32cd 0.415e 0.938cde 1.5¢ 3.56a 2.70b 3.477a

Total bl 71.1cd 68.1cd 69.5cd 83bc 81.3bc 103.9b 142.5a 50.7d

ence test.

@ NS, not significant at P < 0.05. Asterisks indicate significance at *P < 0.05, **P < 0.01, and ***P < 0.005.
b Values followed by the same letter, within the same row, were not significantly different (P < 0.05), according to Tukey's least significant differ-

Table 5. Descriptive sensory profiles of Pushal (red) class of saffron samples

R1 R2 R3 R4 R5 R6 R7 R8
Attribute ANOVA?® Tukey multiple range test®
Odor attributes
Odor intensity ** 5.1bc 6.7ab 6.1abc 5.2abc 5.0c 6.5abc 6.4abc 6.8a
Saffron ID NS 4.0 5.6 49 41 44 3.1 39 43
Fruity NS 0.4 0.6 0.5 0.6 0.4 0.6 0.7 0.7
Floral NS 1.1 1.6 1.6 1.2 0.9 0.8 1.1 0.9
Grassy/vegetal NS 14 1.7 2.1 23 1.8 24 24 19
Dried tomato ** 3.0b 4.2ab 4.8ab 4.1ab 3.1b 5.2a 5.9a 3.9b
Flavor attributes
Taste intensity i 5.0ab 5.9a 4.0ab 2.9¢ 3.1bc 6.1a 54a 4.2ab
Saffron ID NS 4.6 54 39 24 2.7 45 39 33
Fruity NS 0.1 0.2 0.2 0.2 04 0.2 0.2 0.2
Floral NS 0.7 1.1 0.7 0.5 0.6 1.1 0.8 0.8
Grassy NS 0.2 04 0.3 0.1 0.2 0.2 0.3 0.2
Sweetness NS 0.8 0.9 1.1 0.6 0.6 0.8 0.6 0.6
Bitterness NS 0.1 0.1 0.1 0.1 0.1 0.8 0.4 0.3
Astringency ** 0.1b 1.3a 0.3ab 0.1b 0.1b 1.1ab 0.9ab 0.6ab
Pungency NS 0.0 0.6 0.1 0.0 0.1 0.6 0.5 04
Color attribute *rx 7.1b 9.0a 6.6b 4.1f 6.0c 4.9e 5.0de 5.4d
@ NS, not significant at P < 0.05. Asterisks indicate significance at *P < 0.05, **P < 0.01, and ***P < 0.005.
b Values followed by the same letter, within the same row, were not significantly different (P < 0.05).

corresponded to the samples with the lowest capacity. This ten-
dency was applied to almost all samples, but not for R4, which
was between the samples with the highest a* values; however
in the sensory analysis, this was the sample with the lowest capac-
ity of water coloring. In this context, it was reported that reduction
in the drying rate and time could decrease some reactions like
decomposition of carotenoids and have a positive effect on color
intensity in saffron.*

PCA after varimax rotation and agglomerative hierarchical
clustering (AHC)

Classification of Pushal (red) and Style (yellow) parts of saffron
samples using PCA and AHC is presented in Fig. 3(a,b), respec-
tively. Placing of the red and yellow parts of the saffron samples
in different clusters and on different sides of the corresponding
PCA and AHC figures confirmed the differences among them in
terms of properties analyzed. As shown in Fig. 3(a) and based on
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Figure 3. Principal component analysis and agglomerative hierarchical clustering (a) for the Pushal part of the saffron stigma (red part) and (b) for the

Style part of the saffron stigma (yellow part).

PCA, red parts of saffron samples have been clustered as a result
of the differences in their physicochemical properties, including
mainly water activity, color parameters, TPC, ABTS, and odor and
taste intensity values. In this context, while R2, R3, R4, R5, and R8
were placed in the same cluster, R6 and R7 were placed in a differ-
ent cluster. However, R1 was not grouped in a cluster and is seen
individually. A similar trend can be observed in the AHC analysis of
the red part of saffron samples (Fig. 3(b)). R2, R3, R4, R5, and R8
were placed on the positive side and R6 and R7 on the negative
side of AHC, due to the difference among the samples in color
parameters, TPC, antioxidant activity, fatty acid profiles, and sen-
sory characteristics.

Regarding the yellow part of saffron samples and according to
the PCA dendrogram (Fig. 3(c)), Y1, Y2, Y3, and Y5 samples were
placed in the same cluster, probably because of their similar qual-
ity properties in terms of water activity, color parameters, TPC,
ABTS, and DPPH values compared to other samples. In this con-
text, while Y6 was placed in a different cluster, Y4 is seen individ-
ually. On the other hand, according to the AHC of the yellow part
of the saffron samples (Fig. 3(d)), while Y1, Y2, Y3, and Y5 were

placed on the negative side, Y6 was seen on the positive side
because of the differences in color parameters, fatty acid profiles,
TPC, and antioxidant activity.

CONCLUSIONS

The quality properties of saffron samples collected from Iran,
Spain, and Turkiye were identified. Changes in the anthocyanins,
volatile compounds, fatty acids, TPC, and antioxidant activity were
observed among saffron samples. While the highest antioxidant
activity was determined in the samples collected from Iran, the
sample cultivated in Tirkiye had the lowest value. On the other
hand, more red and yellow color values were observed in the sam-
ples cultivated in Iran and Spain, respectively. Safranal and
a-isophorone were determined as the most dominant volatile
compounds in the red part of saffron samples. The intensity of
odor and taste were significantly different among the red part
of saffron samples. Linoleic, linolenic, and palmitic acids were
the most dominant fatty acids in all saffron samples. Significant
differences in water activity, color parameters, TPC, ABTS, DPPH,
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and odor and taste intensity values led to classification of saffron
samples in different clusters of PCA and different sides of AHC. In
conclusion, changes in the quality characteristics of the experi-
mental saffron samples were expected due to the corm origin, cli-
mate, and agricultural conditions. Therefore, according to the
current survey, samples cultivated in Iran were characterized by
their highest anthocyanins (such as petunidin-3-O-glucoside,
delphin-3,5-di-O-glucoside, and delphinidin-3-O-glucoside), TPC
amount and antioxidant activity, L*, a* and chroma color param-
eters, total volatile compounds, odor and flavor attributes, as well
as some fatty acids in the red part of saffron. In the case of saffron
samples cultivated in Spain, these were characterized by their
highest anthocyanin (cyanidin-3-O-glucoside), b*, chroma and
hue color parameters, and some fatty acids in the red part of saf-
fron. Finally, those cultivated in Tirkiye were characterized by
their highest TPC amount and antioxidant activity, a*, b*, and
chroma color parameters, and some fatty acids in the yellow part
of saffron.
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