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Carotenoids are C40 isoprenoids with well-established roles in
photosynthesis, pollination, photoprotection, and hormone biosynthesis.
The enzymatic or ROS-induced cleavage of carotenoids generates a group
of compounds named apocarotenoids, with an increasing interest by virtue
of their metabolic, physiological, and ecological activities. Both classes are
used industrially in a variety of fields as colorants, supplements, and bio-
actives. Crocins and picrocrocin, two saffron apocarotenoids, are examples
of high-value pigments utilized in the food, feed, and pharmaceutical
industries. In this study, a unique construct was achieved, namely O6,
which contains CsCCD2L, UGT74AD1, and UGT709G1 genes responsible
for the biosynthesis of saffron apocarotenoids driven by a patatin promoter
for the generation of potato tubers producing crocins and picrocrocin.
Different tuber potatoes accumulated crocins and picrocrocin ranging
from 19.41-360 to 105-800 png/g DW, respectively, with crocetin, crocin
1 [(crocetin-(B-D-glucosyl)-ester)] and crocin 2 [(crocetin)-(B-D-glucosyl)-
(B-D-glucosyl)-ester)] being the main compounds detected. The pattern
of carotenoids and apocarotenoids were distinct between wild type and
transgenic tubers and were related to changes in the expression of the
pathway genes, especially from PSY2, CCD1, and CCD4. In addition, the
engineered tubers showed higher antioxidant capacity, up to almost 4-fold
more than the wild type, which is a promising sign for the potential health
advantages of these lines. In order to better investigate these aspects,
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different cooking methods were applied, and each process displayed a
significant impact on the retention of apocarotenoids. More in detail, the
in vitro bioaccessibility of these metabolites was found to be higher in boiled
potatoes (97.23%) compared to raw, baked, and fried ones (80.97, 78.96,
and 76.18%, respectively). Overall, this work shows that potatoes can be
engineered to accumulate saffron apocarotenoids that, when consumed, can
potentially offer better health benefits. Moreover, the high bioaccessibility of
these compounds revealed that potato is an excellent way to deliver crocins

and picrocrocin, while also helping to improve its nutritional value.

saffron,
bioaccessibility

Introduction

Carotenoids are widely distributed isoprenoid pigments
that perform important and multiple functions in all taxa
(1). All photosynthetic organisms produce carotenoids since
they are essential structural elements of antenna complexes
and photosynthetic reaction centers and safeguard the
photosynthetic apparatus against photooxidation. Carotenoids
mainly accumulate in flowers and fruits, where they contribute
substantially to the plant-animal communication process
(2-5). In addition, these pigments are produced by many
heterotrophic bacteria (6) and fungi (7). Carotenoids also
confer the characteristic colorations of some crustaceans,
fish, and birds (8, 9). However, animals must rely on their
dietary sources to meet their carotenoid demands as they
are unable to synthesis them on their own (10). By contrast,
apocarotenoids are formed both in plants and in the tissues
of animals that have consumed carotenoid-containing food
(11). In plants, these compounds have significant roles in how
plants interact with their environment, providing competitive
advantages such as defense against pathogens and herbivores,
chemoattractants or repellents, signals for predation and
seed dispersal (12), allelochemical compounds (13), and the
establishment of symbiotic associations (14). They also play
a key role in plant development, acting as phytohormones,
e.g., abscisic acid (ABA), mediating in biotic and abiotic stress
responses, seed germination, dormancy, or leaf abscission
(15); and strigolactones (SL), involved in the control of shoot
branching, lateral root formation (16), and root hair elongation.
In animals, apocarotenoids have the potential to control a
wide range of specific cellular functions (17). In humans, the
amount of beneficial health effects assigned to apocarotenoids
is thus far very large and is growing even faster. These dietary
carotenoid-derived compounds have been proven to have an
impact on neurological disorders, cardiovascular illnesses,
cancer, or metabolic syndromes (18). Thus, the health benefits
attributed to carotenoids and apocarotenoids have centered
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picrocrocin, carotenoid cleavage dioxygenase,

more on foods and crops that contained these compounds
at high levels, encouraging consumers to introduce them
into their diet. Among the plants producing carotenoids and
apocarotenoids with high values in the pharmaceutical industry
we find saffron, also known as the golden spice, which is made
from the dried stigmas of Crocus sativus L. Saffron’s long scarlet
stigmas are highly prized for flavoring and coloring in the food
industry, making it one of the most expensive spices in the
world (11, 19, 20). The main components of saffron arising from
the oxidative cleavage of carotenoids are cis- and trans-crocin
apocarotenoids, picrocrocin (B-D-glucopyranoside of hydroxyl-
B-cyclocitral), along with its degradation product, safranal
(2,6,6-trimethyl-1,3-cyclohexadiene-1-carboxaldehyde)  (21),
whose biosynthesis and accumulation during the development
of stigma has been characterized in the last decade (20, 22-25).
Different carotenoid cleavage dioxygenases (CCDs) have been
identified in C. sativus (22, 24, 26-29), with CsCCD2L being
the one responsible for the generation of crocetin (26, 27). This
enzyme is able to hydrolyze zeaxanthin at 7-8-7'-8' double
bonds to produce crocetin dialdehyde and two molecules of
4-hydroxy-2,6,6-trimethyl-1-cyclohexene-1-carboxaldehyde
(HTCC) (11). Crocetin dialdehyde serves as a substrate for
aldehyde dehydrogenase (ALDH) enzymes which render
crocetin (30). This is next glycosylated by a glucosyltransferase
(UGT), adding up to three glucoses to both ends of the molecule
(31). The HTCC molecule is also transformed by the action
of other UGTs to produce picrocrocin (32-34). Interestingly,
these enzymes have also been identified and characterized in
two other species, buddleja and gardenia, which are able to
synthesize these apocarotenoid compounds in, respectively,
their tube flowers and fruits, albeit at very low levels (33, 35, 36).
The biological effects of saffron and its prospective medical
uses, notably those based on its cytotoxic, anticarcinogenic,
antioxidant, and anticancer activities, have been reported (37,
38). Throughout the last decade, consumers’ preferences and
interest in foods with high antioxidants have increased due
to their health and nutrition properties (39). Consumption of
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carotenoid-rich foods may provide health benefits associated
with antioxidants such as antiaging, anticancer, and anti-
inflammatory properties (40). Up to now, crocins and
picrocrocin production have been achieved, by transient
or stable genetic transformations, in N. benthamiana and
N. tabacum, and in S. lycopersicum (34, 41-45), but never in
one of the four worldwide crops in terms of production and
consumption (rice, wheat, maize, and potato).

Potato (Solanum tuberosum L.) is a commercially important
crop throughout the world both for the fresh and the processed
food industries. In addition to being the largest vegetative-
propagated crop worldwide, potato tubers have become a staple
in areas where there is growing pressure on limited land, and
increasing food demand. Since this plant is a short season
crop, it can be preserved for long periods of time, and requires
minimum inputs (46). Since it is grown in a wide range of
climates, the potato tuber represents an excellent plant candidate
to be used as a reservoir for producing natural metabolites (47).
However, while this organ has been shown to accumulate high
and diversified members of phenylpropanoids in the cultivated
and wild potato species (48, 49), it is devoid of carotenoids
(50). Several efforts have been carried out either by metabolic
engineering (51-55) or classic breeding (56, 57) in order to
increase B-carotene and total carotenoid contents. On the
contrary, no research on apocarotenoid profile and functions
in potato is available, with the exception of the elucidation of
the CCD4 role in tuber development (58). Here, we report
the production of crocins and picrocrocin apocarotenoids in
a heterologous plant system through the obtention of stable
transgenic lines of S. tuberosum cv. Desirée that express the
CsCCD2L, UGT74AD1, and UGT709G1 genes under the control
of the patatin promoter. Furthermore, we analyzed the content
of carotenoids and apocarotenoids and the expression of genes
involved in the metabolic pathway in both wild type and
transgenic tubers. We also investigated the effect of different
cooking procedures on the absorption of crocins. Overall,
our data indicated that engineering crocins and picrocrocin
biosynthesis in potato is achievable. The effects on tuber
carotenoids and apocarotenoids were different between wild
type (WT) and transgenic lines and were associated to changes
in the expression of the biosynthetic and catabolic pathway
genes. Additionally, the antioxidant activity displayed by
transgenic tuber potatoes was higher than the WT, whereas the
in vitro bioaccessibility of apocarotenoids was found to be higher
in boiled potatoes as compared to raw, baked, and fried ones.

Materials and methods

Growth of tubers

Plants of Solanum tuberosum cv. Desirée were grown
in 10 cm diameter compost-filled pots from seed tubers or
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in vitro-propagated tissue culture plants. Plants were grown in
a greenhouse with a day/night temperature of 20/15°C. The
maximum irradiance was approximately 10,500 mol m~2 s 1,
and the average day length was 16 h. Plant tubers were harvested

after flowering but before senescence.

Vector construction and generation of
potato transgenic plants

The Goldenbraid strategy was followed in order to construct
the vectors (59, 60). Briefly, the full open reading frame (ORF)
of CsCCD2L, UGT74ADI, and UGT709GI was synthesized
using the sequence provided (26, 31, 61) by removing a
BsmBI and Bsal restriction sites in the original sequence.
The products were cloned using the Goldenbraid modular
cloning system’s level 0 vector pUPD2. The plasmids pUPD2-
CsCCD2L, pUPD2-UGT74AD1, and pUPD2-UGT709GI
that resulted were then used to create a recombinant binary
vector as follows: O6 = pDGB32 [pPATCsCCD2LT35S-pNos-
Hyg-T35S-pPATUGT74ADI1T35S-pPATUGT709G1T35S-].
Plasmid was electroporated into the Agrobacterium tumefaciens
LBA4404 strain and used for stable potato transformation into
S. tuberosum, as previously described (62). The presence of
corresponding genes in transgenic plants rooted on Hygromycin
selection was confirmed using genomic DNA PCR. Positive
transgenic potato plants were grown in a greenhouse after being
transferred to soil. All the primers used to obtain the final
constructs are listed in Supplementary Table 1.

Apocarotenoid and carotenoid
analyses

Polar and non-polar metabolites were extracted from
50 to 10 mg of lyophilized whole-tuber samples (pooled
samples of three tubers), respectively. For the polar metabolite
analyses, the tissue was extracted in cold 50% MeOH.
The soluble fractions were analyzed using high performance
liquid chromatography-diode array detector-high resolution
mass spectrometry (HPLC-ESI-HRMS) and HPLC-DAD as
previously described (34). A polar fractions were extracted
with 1:1:2 of cold extraction solvents (MeOH:Tris:CHCl3),
and analyzed by HPLC-APCI-HRMS and HPLC-DAD as
previously described (63). Metabolites were identified using co-
migration with standards, by matching the UV spectrum of
each peak against that of a standard when available, based on
literature data, and m/z accurate masses, as reported in the
PubChem database! for monoisotopic mass identification or
using the Metabolomics Fiehn Lab Mass Spectrometry Adduct

1 http://pubchem.ncbi.nlm.nih.gov/
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Calculator? in the case of adduct detection. Pigments were
quantified by integrating the peak areas which were converted
to concentrations through comparison with standards and as
reported previously (41).

Transmission electron microscopy

A piece of tissue 1-2 mm thick was obtained by slicing
vertically through the center of the tuber with a razor blade.
The acquired slides were processed and analyzed as previously
described (25).

qRT-polymerase chain reaction
analysis

For real-time quantitative reverse transcription (QRT-PCR)
analysis, total RNA (2 pg) was treated with RQl1 DNase
(Promega, Madrid, Spain) and reverse-transcribed using oligo
dT primers, while first-strand cDNAs were synthesized by RT
from 1 to 2 pug of total RNA using a first-strand cDNA synthesis
kit from GE Healthcare Life Sciences (Buckinghamshire, UK)
and 18mer oligo dT. Primer design was carried out using the
Primer Express software. The primer used for the analyses
of carotenoid and apocarotenoid was as listed (64) and
(Supplementary Table 2), and Real-time PCR was achieved with
a StepOne™ Thermal Cycler (Applied Biosystems, Foster City,
CA, USA) and analyzed using StepOne software v2.0 (Applied
Biosystems, Foster City, CA, USA). The PCR method was as
follows: initial denaturation at 94°C for 5 min; 30 cycles of
denaturation at 94°C for 20 s, annealing at 60°C for 20 s, and
extension at 72°C for 20 s; and a final extension at 72°C for
5 min. Assays were carried out in a StepOne™ Thermal Cycler
(Applied Biosystems, Foster City, CA, USA) and analyzed
using the StepOne software v2.0 (Applied Biosystems, Foster
City, CA, USA). Three biological and two technical replicas
were performed for the expression analyses. Gene changes
were determined using the 27 2A¢" method by normalizing
to the elongation factor 2 (first A) and then the expression
was estimated for each gene by comparison to the normalized
expression (second A ).

Volatile analyses

Volatile metabolites were trapped by means of headspace
solid phase micro-extraction (HS-SPME) and analyzed by gas
chromatography coupled to mass spectrometry (GC/MS) (65).
Briefly, frozen tuber potato sections were ground in a cryogenic

2 http://fiehnlab.ucdavis.edu/staff/kind/Metabolomics/MS- Adduct-
Calculator/
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mill. Then, 500 mg of the ground material were then placed
in a 15 mL glass vial and incubated at 30°C for 10 min in
a water bath. Later, 2 mL of CaCl, 5 M and 200 pwL of
an EDTA 500 mM, pH 7.5 solution were added and mixed
gently. Next, 2 mL of the resulting paste was transferred to a
10 mL screw cap headspace vial with a silicon/PTFE septum.
Volatile compounds were extracted from the headspace by
means of a 65 pm PDMS/DVB solid phase micro-extraction
fiber (SUPELCO, Madrid, Spain). The extraction of volatiles
was done automatically using a CombiPAL autosampler (CTC
Analytics, Zwingen, Switzerland). Vials were incubated at 50°C
for 10 min with agitation at 500 rpm and, immediately, the fiber
was left in contact with the vial’s headspace for 20 mins while
being kept at the same temperature and agitation. Desorption
was carried out at 250°C for 1 min using the splitless mode
in the injection port of a 6890N gas chromatograph (Agilent
Technologies, Madrid, Spain). After desorption, the fiber was
cleaned for 5 min at 250°C in an SPME fiber conditioning
station (CTC Analytics, Zwingen, Switzerland), under a helium
flow. Chromatography was carried out on a DB-5 ms (60 m,
0.25 mm, 1.00 pm) capillary column (J&W) with helium as
the carrier gas at a constant flow of 1.2 mL/min. The GC
interface and MS source temperatures were 260 and 230°C,
respectively. Oven programming conditions were 40°C for
2 min, 5°C/min ramp until 250°C, and a final hold at 250°C
for 5 min. Data was collected in a 5975B mass spectrometer
(Agilent Technologies, Madrid, Spain) in the 35-250 m/z range
at 6.2 scans/s, with electronic impact ionization at 70 eV. The
Enhanced ChemStation E.02.02 software was used to analyze the
chromatograms (Agilent Technologies, Madrid, Spain).

Total antioxidant activity determination
by 2,2-Diphenyl-1-picrylhydrazyl assay

Free radical scavenging (FRS) activity was determined as
previously described (43). Tuber flesh (50 mg lyophilized) was
extracted with acetone and mixed with 0.1 mM methanolic
2,2-Diphenyl-1-picrylhydrazyl (DPPH) for 30 mins at room
temperature. The absorbance of the reactions was measured at
517 nm. The FRS was computed as % = (A0 — A1/A0) 100.

Cooking procedure and metabolite
analyses

Potato tubers from WT and pooled line O6 were collected
at maturity. A total of 15 visually healthy tubers were selected,
rinsed with distilled water, and dried. Cooking experiments were
performed in three technical replications. The tubers were cut
into quarters and distributed for either raw, boiled, baked, or
fried techniques. Boiling treatment was done in water in a beaker
at 110°C (0.1 kg of potatoes and 250 mL of boiling water without
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salt), during 15 &+ 2 min (from start point- introducing the
tubers into the boiling water., After this time the potatoes were
taken out of the water and shaken for 30 s to drain the water. The
baking experiment was done in an oven at 200°C during 15 min.
To perform the frying treatment, the chopped potatoes were put
into a steel mesh and placed in a fryer with sunflower oil at
190.6°C for 10 min. To make sure the oil was evenly distributed,
the mesh was shaken two or three times using the handle. The
potatoes were removed from the fryer after 10 mins and shaken
for 30 s to drain the oil. In all the cases, the treated potatoes were
allowed to cool at room temperature for 5 min. Following this,
the samples were ground in a coffee grinder, freeze-dried, and
then stored at —80°C until further analysis.

For crocin and crocetin extraction and analyses, powder
samples were weighed (0.5 & 0.05 g), and processed as described
previously (34). After extraction, aliquots of the polar and non-
polar phases were immediately dried. The polar and non-polar
phases were dried and examined using HPLC coupled to a diode
array detector as previously reported (34). Retention time, the
UV/visible light spectrum, comparison to analytical standards,
and dose-response curves were used to identify and quantify
apocarotenoids (41).

In vitro digestion

The in vitro digestion was done in triplicate. For salivary
digestion, the samples were treated with a 1 mL solution of a-
amylase with an enzyme activity of 24.0-36.0 U/mg (70 mg/mL
in phosphate buffer 0.1 M and pH 6.9) at 37°C for 2 min at
37°C at 50 rpm in a shaken water bath. After the oral phase,
sample pH was adjusted to 2.5 with 0.1 M HCI and treated
with 1.25 g/L of pepsin, 0.5 g/L of sodium malate, 0.5 g/L of
sodium citrate, 0.42 mL/L of lactic acid, 0.5 mL/L of acetic acid,
and 8.77 g/L of sodium chloride, and the volume adjusted to
50 mL. Samples were incubated in a water bath at 37°C for
60 min with slow constant stirring (130 rpm) to simulate gastric
digestion conditions. After this incubation period, samples
were centrifuged at 4,000 rpm for 10 min. Ten percent of the
supernatant (5 mL) was extracted and stored at 4°C (labeled
as gastric digests). To complete the intestinal digestion stage,
the pH of the residual gastric digests was increased to 7 with
NaOH 10%, and treated with 0.175 g/L of bile salt and 0.05 g/L
of pancreatin, with samples incubated in a water bath at 37°C
for 240 min. After centrifuging the final digests at 4,000 rpm for
10 min, the supernatants were collected and stored at —80°C
for further analysis. In this study, bioaccessibility of bioactive
apocarotenoids was expressed as the percentage of bioactive
apocarotenoids transferred to the aqueous phase during the
in vitro digestion (amounts of total compounds in the aqueous
phase/amount compounds in the sample x 100).
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Results

The aim of this work was to produce potatoes fortified
in crocin, picrocrocin, and safranal—compounds that are
well known for giving saffron its distinctive color, flavor,
and fragrance (Supplementary Figure 1). Furthermore,
these apocarotenoids show bioactive properties with several
therapeutical and pharmacological applications (66). We also
aimed to determine the impact of these apocarotenoids on
antioxidant activities, along with their in vitro bioaccessibility
in raw, boiled, baked, and fried potatoes.

For this purpose and to avoid possible pleiotropic effects
on plant development derived by the use of a constitutive
promoter, the construct was engineered to contain the tuber-
specific patatin promoter and the minimum of genes needed
to obtain the main saffron apocarotenoids, crocins, and
picrocrocin. In this way, a binary construct was assembled
with the Goldenbraid strategy (59, 60), carrying the CsCCD2L,
UGT74ADI1, and UGT709G1 coding sequences driven by the
patatin promoter, together with the hygromycin gene as a
selection marker (Supplementary Figure 2). The transgenes
were then introduced into S. tuberosum cv. Désirée via
A. tumefaciens-mediated transformation. Approximately 20
independents transgenic lines of S. tuberosum cv. Désirée
were generated, and the genomic DNA was further verified
using PCR to check for the presence of the CsCCD2L
transgene cassettes. In addition, eight lines were chosen for
detailed analysis based on visual assessment of tuber color
(Figure 1).

Carotenoid content in transgenic
tubers

Typically, white-fleshed potato tubers have low quantities
of carotenoids, mainly B-f- and e-P-xanthophylls (67). In
order to evaluate alterations in apocarotenoid precursors, the
selected transgenic tubers were screened for the content of
carotenoids in tubers by HPLC-APCI-HRMS. In the WT
control tubers, the carotenoids identified were antheraxanthin,
zeaxanthin, violaxanthin, neoxanthin, and lutein in that order
of decreasing amounts, while in transgenic lines generated
with the O6 construct, none of these compounds were
detected (Table 1), suggesting that somehow the presence
of CsCCD2L depletes the existing low carotenoid pool
for the production of crocetin, picrocrocin, and crocins.
Interestingly, the levels of carotenoids generated in the
initial steps of the metabolic pathway such as phytoene and
phytofluene accumulate in lines O6 4A, O6 8E, and O6 9B
(Table 1).
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FIGURE 1

06 5A

06 8E

Potato wild type (Cv desirée) and transgenic lines accumulating the characteristic apocarotenoids in saffron.

Crocin and picrocrocin accumulation
in transgenic tubers

Polar extracts from the eight lines expressing the O6
construct were selected and analyzed for the de novo
production of the main saffron apocarotenoids. Crocin
identification and quantification were carried out by HPLC-
DAD using the method described by Diretto et al. (34). In
general, all lines contained all the apocarotenoids found
in saffron, albeit at variable levels. All transgenic tuber
potato lines accumulated high levels of crocins, including
crocetin, crocin 1 [(crocetin-(B-D-glucosyl)-ester)] and crocin 2
[(crocetin)-(B-D-glucosyl)-(B-D-glucosyl)-ester)] (Figure 2A).
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In addition, lines from O6 4A, O6 8E, O6 9B, and 06
9F also revealed the presence of cis crocin 2 [(crocetin-
(B-D-glucosyl)-(B-D-glucosyl)-ester)]
[(crocetin-(B-D-gentiobiosyl)-(B-D-gentiobiosyl)-ester)].
Furthermore, trans-crocin 3 [(crocetin-(f-D-gentiobiosyl)-
(B-D-glucosyl)-ester)] was found in lines O6 4A, O6 8E,
and 06 9B.

The levels of picrocrocin, and its precursor HTCC, were
also analyzed in WT and O6 transgenic tubers (Figure 2B).
HTCC and picrocrocin were found in all of the tested lines
but were not found in the WT tuber. Safranal together with
other apocarotenoid volatiles were analyzed by GC-MS. In
general, five different volatiles derived from carotenoids were

and trans-crocin 4

detected, and their relative abundance is shown in Table 2.
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06-12C
AVG £ SD

WT 06-3A 06-4A 06-5C 06-8E 06-9B 06-9F 06-10B
AVG £ SD AVG £ SD AVG £ SD AVG £ SD AVG £ SD AVG £ SD AVG £ SD AVG £ SD

TABLE 1 Carotenoids identified and quantified in tubers of wild type (WT) and O6 transgenic lines.

Carotenoid

Frontiers in Nutrition

0.091 £ 0.002
0.069 £ 0.015
0.053 £ 0.002
0.053 £ 0.005
0.004 £ 0.0003

Antheraxanthin

Zeaxanthin

Violaxanthin

Neoxanthin

Lutein

0.006 £ 0.003
0.003 £ 0.002

0.004 £ 0.001 0.017 £ 0.003
0.012 £ 0.002

0.033 £ 0.007
0.011 £ 0.002

Phytoene

Phytofluene

Data are expressed as Fold Internal Standard (IS).

07

10.3389/fnut.2022.1045979

Notably, safranal, the metabolite produced from the 7,8:7,8
cleavage activity over zeaxanthin, was found to be a novel
compound in the tuber potato carrying the O6 construct
and was detected in all the transgenic lines. Additional
volatile apocarotenoids derived from the activity of CCD1
and CCD4 such as f-damascenone, geranylacetone, and f-
ionone showed a similar pattern of accumulation in the
different transgenic lines. Overall, line O6 8E was the elite
line and exhibited the highest levels of crocins and picrocrocin
and its precursor HTCC, reaching 360 and 800 pg/g DW,
respectively.

In order to determine whether the accumulation of crocins
was accompanied by changes at the structural level, the storage
parenchyma cells of potato tubers of line O6 8E were analyzed.
Large amyloplasts containing starch grains are prominent
features of these potato tuber cells (68). An overview of the
structure of these cells is presented in Figure 3, where different
cell compartments are visualized, as mitochondria, peroxisomes,
vacuoles, and endoplasmic reticulum (Figures 3A,B). The cells
of potato tubers were highly vacuolated and possessed numerous
amyloplasts containing starch granules (Figures 3A1,2,B2).
More in detail, in WT control potato tuber cells, the
amyloplasts primarily comprised one starch grain per plastid
(Figure 3A2), whereas, in the O6 transgenic tissues, plastids
were visualized with many small starch grains (Figure 3B2).
Finally, lipid droplets of different sizes were also observed
in WT samples (Figure 3A4) and in the transgenic tubers
(Figure 3B4).

Expression of genes associated with
carotenoid metabolism

To determine whether the expression of the O6 construct
affects the transcript levels of the endogenous carotenogenic
genes in the transgenic tubers, the O6 8E line, characterized by
the highest crocin and picrocrocin accumulation, was selected
and a qRT-PCR was carried out to analyse a panel of 15 genes
associated with carotenoid metabolism. Overall, expression of
the transgene did influence expression of carotenoid metabolic
genes (Figure 4). Indeed, and although expression of DXS,
DXR, PSY1, PSY2, PDS, ZDS, Z-ISO, LYC-b, BCHI, and BCH2
was slightly decreased, the most striking changes regarded
the transcripts of CCDI and CCD4, which were clearly
down-regulated (Figure 4). Interestingly, there was an inverse
relationship between CCD4 and CCDI expression and tuber
carotenoid content in mature tubers. This down-regulation,
particularly of the potato CCD4 gene, is thought to increase
carotenoid levels by lowering carotenoid enzymatic breakdown
(58). Notably, the only gene whose expression was upregulated
in transgenic tubers was PSY2, with results which increased by
two-folds (Figure 4).
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FIGURE 2

Metabolic engineering of saffron apocarotenoid in potato
tubers. (A) Crocetin, crocin, and picrocrocin contents in the wild
type (WT) and transgenic lines. (B) HTCC and picrocrocin
derivative contents in the WT and transgenic lines. Different
letters represent statistically significant differences of means, of
transgenic lines, according to factorial analysis of variance
(ANOVA) (P < 0.01) (Tukey test). Error bars represent SD

Total antioxidant activity determination
by DPPH assay

The DPPH method is often used for the assessment of
free radical-scavenging capacities due to its simplicity, stability,
accuracy, and reproducibility. Interestingly, all transgenic tubers
had strong antioxidant activity as measured by their capacity to
scavenge free radicals (Figure 5). Compared with the tuber of
WT, indeed, the antioxidant capacity of these transgenic line
tubers was around 2 to 7-fold greater. In general, lines with
a high content in crocins showed higher antioxidant activity.

Line O6 8E extracts exhibited lower IC50 values, thus indicating

10.3389/fnut.2022.1045979

higher radical scavenging activity in comparison with the other
lines, while line O6 9F displayed the lowest antioxidant activity.

Cooking affects the content of crocins
and crocetin in the potato samples

The contents of crocins and crocetin in raw potatoes and
in the three cooked products were evaluated and shown in
Figure 6. Overall, the highest content of total crocins was found
in raw potatoes (249.00 & 20.13 ug/g DW) and decreased with
the cooking method from 193.99 & 11.21 pg/g dry matter in
boiled to 149.43 4 12.94 p.g/g DW in baked potatoes (Figure 6).
However, the crocetin content followed an inverse result from
58.55 £ 6.31 pg/g dry matter in baked to 65.36 £ 5.25 pg/g
DW in boiled, with the lowest content present in raw potatoes
(38.44 £ 3.86 |Lg/g DW). The increase in crocetin might be due
to the hydrolysis of sugars from the crocin molecules due to the
high temperatures. Further, crocins and crocetin are sensitive to
thermal treatment and to acidic environments (69). The t-3-Gg
crocetin ester was the one suffering the major decrease in all the
cooking treatments (Figure 6), with baking showing a reduction
of more than 82% of the initial content in the raw potatoes.
Thermal treatment was shown to affect crocins in different ways,
making some of them more labile than others. This was the case
of t-3-Gg, which is less stable than t-4-GG (70, 71). Under the
cooking conditions used in this study, boiling appeared to be the
best way to preserve crocins (Figure 6), with a loss of 17.44%
in total apocarotenoids, while baking was the most destructive
method with a loss of 44.81%. Overall, the findings revealed
that different cooking procedures had a substantial effect on the
preservation of apocarotenoids in potato tubers.

Apocarotenoid bioaccessibility
changes in potatoes submitted to
different cooking methods

Previous studies have analyzed the bioaccessibility of saffron
and gardenia methanolic extracts (72) or aqueous extracts (73),
showing the impact of temperature and the acidic conditions
on the stability of crocetin esters and in the degree of their

TABLE 2 Volatiles emitted by tuber potatoes of wild type (WT) and O6 transgenic lines.

Compounds 06 3A 06 4A 06 5C 06 8E 06 9B 06 9F 06 10B 06 12C WT
6-Methyl-5-hepten-2-one ~ 1.26+0.74  096+£033  085+£051 0724039 0944047  1.03£028  092+029  1.09+006  1.00=£046
Safranal* 1674054 1284049  200£087 124+021  1.00£005 118+015 172+052  1.93+032 NA
B-damascenone 1.06+0.67  0.55+0.68 073041  069+039  035+050 1.12+058  079+£040  0.63+046  1.00+0.13
Geranylacetone 1934040  3.66+144 1704083  1.07+£057 171£070 1.10£011  1.18+040 149+069  1.00+0.40
B-ionone 0374011  077£044  020£048 020£035 087+024 039+056  067+023  1.02+026  1.00+0.11

Results are presented as the ratio of transgenic lines vs. WT. Three plants per line were analyzed. Standard error (SD) represents three determinations. NA, not applicable. *This compound
was undetectable (NA) in WT potato and the ratio was calculated as transgenic lines vs. line O6 8B, with this line showing the lowest levels of this metabolite among all the lines analyzed.
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FIGURE 3

Transmission electron microscopy (TEM) of storage parenchyma
cells of potato tubers. (A) TEM images of wild type (WT) simples.
(B) TEM images of transgenic O6 line. Amy, amyloplast; C,
clusters of amyloplast protusions; Cw, cell wall; Ld, lipid droplet;
M, mitochondria; Pp, proplastid; Pe, peroxisome; ER,
endoplasmic reticulum; V, vacuole; S, starch. Scale bars in
panels (B1,4) are 200 wm, in panel (B2) is 2 um, in panels (A1,2)
are 1 um, and in panels (A3,4,B3) are 0.5 um.

isomerization. The analyses of the different fractions during
the in vitro digestion by HPLC-DAD showed the presence of
multiple isomers, as previously observed during the in vitro
digestion of saffron extracts (72), where isomerization and
degradation occur concurrently during the digestive process.
Similar findings have been found for a variety of carotenoids,
including lycopene (74), zeaxanthin, and lutein (75) as well
as for norbixin, the apocarotenoid of Bixa orellana, reaching
90% of isomerization (76). Since the new isomers could not
be individually quantified for comparison among the different
cooking methods, the data were normalized by expressing the
total ester crocetin content as the measurement of the extracts
at 440 nm. Data reported in Table 3 shows the percentage
of apocarotenoids (crocetin plus crocins) transferred from the
potato samples into the medium after in vitro digestion (i.e., the
bioaccessibility). In general, bioaccessibility of apocarotenoids
was higher in boiled potatoes (97.23%) compared to raw,

Frontiers in Nutrition

09

Relative expresion level

S @& N0 SO0 H O NP NN e NN
S o s 95‘\ &, po é\\% &* K9 %0\* Q’o% &4 &

FIGURE 4

Expression of endogenous carotenoid and apocarotenoid genes
in transgenic and wild type (WT) potato tubers. DXS,
1-deoxy-D-xylulose-5-phosphate synthase; DXR,
1-deoxy-D-xylulose-5-phosphate reductase; PSY1, phytoene
synthase 1; PSY2, phytoene synthase 2; PDS, phytoene
desaturase; LCY-b, lycopene p-cyclase; LCY-e, lycopene
e-cyclase; BCH, B-carotene hydroxylase; CCD1, carotenoid
cleavage dioxygenase 1; CCD4, carotenoid cleavage
dioxygenase 4. qRT-PCR was performed in triplicate with three
biological repeats. Error bars represent SD. *,**Significant
differences from WT at P < 0.05 and P < 0.01, respectively, by
Student’s t-test.
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FIGURE 5

DPPH assay from transgenic and wild type (WT) potato tubers.
Different letters represent statistically significant differences of
means, according to factorial analysis of variance (ANOVA)

(P < 0.01) (Tukey test). Data represent the mean of three
independent experiments + SD.

baked, and fried ones (80.97, 78.96, and 76.18% respectively). In
general, crocetin ester bioaccessibility is found to be high when
compared to that reported for hydrophobic carotenoids (77), as
also is the case of p-carotene and xanthophyll-enriched potato
tubers (78). In this context, we can rule out the possibility that
crocetin esters hydrolyze into crocetin after reaching the small
intestine and are absorbed into blood circulation as previously
observed (79, 80).

Discussion

Plant apocarotenoids have a huge beneficial impact on
human health, by preventing or managing chronic disease
or its symptoms. In addition, apocarotenoids have received
considerable attention because of their biotechnological
applications in the fields of food processing, pharmaceuticals,
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FIGURE 6

Potatoes (cv. Desirée) used for cooked stability of crocins and
bioaccessibility experiments. (A) Internal phenotype of wild type
(WT) (cv. Desirée) potato tubers and O6 transgenic (cv. Desirée)
potato tuber pool. (B) Crocetin and crocetin ester contents in
raw and cooked potato tubers accumulating the characteristic
apocarotenoids in saffron. Different letters represent statistically
significant differences of means, of cooking procedures,
according to factorial analysis of variance (ANOVA) (P < 0.05)
(Tukey test). Above letters in correspond to differences in total
crocins content, and letters below correspond to differences in
crocetin content.

boiled fried

baked

cosmetics, perfume, and agriculture (81). In this context,
crocins, picrocrocin, and safranal show bioactive properties
with several therapeutical and pharmacological applications
(66). On the other hand, potato is the third-largest food crop in
the world, and its nutritional value is quite essential, especially,
regarding the importance of carotenoids and apocarotenoids in
the diet (82). Unfortunately, potato germplasm does not contain
a good source in p-carotene, zeaxanthin, or other xanthophylls
(83). Notably, while several high carotenoid potatoes have
been achieved, no studies up to now have reported successful
production of high value apocarotenoid-enriched tubers. In
this context, the primary goal of this study was to generate
tuber potatoes accumulating the bioactive metabolites: crocins,
picrocrocin, and safranal. By using a combinatorial strategy
in which CsCCD2L was introduced with UGT74ADI and
UGT709G1 driven by the patatin: promoter, it was possible
to accumulate crocins, picrocrocin, and safranal in the potato
tuber (Figure 1). Previously, different platforms have been
used to generate these valuable metabolites by expressing
CsCCD2L in different plant systems. Transient expression of
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this gene in N. benthamiana leaves, allowed for obtaining up to
30.5 wg/g DW of crocins and 4.13 pg/g DW of picrocrocin (34).
A transitory system using virus-driven expression of CsCCD2L
enabled the accumulation of 2.18 & 0.23 mg/g DW of crocins
and 8.24 & 2.93 mg/g DW of picrocrocin (41). More recently,
CsCCD2L was stably expressed into N. tabacum, N. glauca and
tomato. In N. glauca crocins reached almost 400 pLg/g DW in
leaves, while in N. tabacum it was 36 pg/g DW (42). On the
contrary, and notably, in ripe tomatoes, levels of crocins up
to 14.48 mg/g DW were achieved (43). Our transgenic potato
tubers showed an accumulation of crocins and picrocrocin
of 360 and 800 ng/g DW, respectively. The fluctuation in
the amount of these bioactive metabolites could be attributed
mainly to the concentrations of carotenoids present in these
species, a reduced pool of carotenoids in tubers of cv. Desirée
(around 5.90 £ 1.47 pg/g DW) compared to those present in
tomato plants (around 2.85 mg/g DW). Moreover, it must be
remarked that tomato fruit has well established sub-cellular
structures (chromoplasts) to accumulate and sequestrate
high carotenoid precursor amounts, with a good plasticity
capacity to remodel their metabolite profiles upon genetic
engineering attempt. On the contrary, potato tubers grown
in the dark only contain amyloplasts, which can be converted
into chloroplast but not into chromoplasts when moved to
light conditions (84), thus suggesting a higher constraint extent
in terms of carotenoid synthesis modulation. In addition,
the type of carotenoids present in these tissues and their
contribution to the pool of precursors for the biosynthesis
of saffron apocarotenoids would also be important. Whereas
in tomato, indeed, the major carotenoids found are present
in the pathway previous to zeaxanthin; in potato the major
carotenoid types are violaxanthin and lutein. Analysis of our
data in relation to the synthesis of other potentially useful
compounds in potato tubers, revealed the successful outcome
of this apocarotenoid metabolic engineering: indeed, potato
lines accumulating ketocarotenoid expressing the algal bktI
gene, encoding a P-ketolase, showed an amount of 14 pg/g
DW (85), whereas developing and mature tubers of transgenic
crtB and crtB + crtl + crtY Desirée lines reached, respectively,
c. 11 and 47 pg/g DW of p-carotene (53, 55, 86); while tubers
overexpressing the Orange (Or) gene, involved in chromoplast
differentiation accumulate (87) up to 30 pLg/g DW of B-carotene
after 5 months storage in cold rooms; and, more recently,
transgenic lines with stable expression of CrtRb2 and PSY2
boosted the total carotenoid to around 25 jLg/g DW (88).

The carotenoids detected in WT control tubers were
antheraxanthin, zeaxanthin, violaxanthin, neoxanthin, and
lutein in that order of amount, while in the transgenic tubers
none of these carotenoids were identified. It is known that
CsCCD2L recognized zeaxanthin and lutein as substrates (26,
27), and its activity in the O6 transgenic tubers could explain
the absence of these carotenoids, which were cleaved and, for
the former, used in the production of saffron apocarotenoids.
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TABLE 3 Apocarotenoid bioaccessibility (%) in different
cooking treatments.

Types of Gastric Intestinal ~ Non-digested
cooking g digestion digestion residue
methods

Raw 13.01£0.76 67.97 £ 5.82 11.01 £ 231
boiling 21.66 + 5.12 75.57 £4.32 6.71+0.41
frying 16.57 + 3.87 59.61 % 6.30 7.24+127
baking 17.16 £ 0.53 61.80 + 3.82 14.41 + 2.46

Data are means of three independent determinations.

By contrast, phytoene and phytofluene levels were enhanced in
the transgenic tubers, which might result from the increased
expression of PSY2 in the transgenic lines. PSY is thought to
be a rate-limiting enzyme in the biosynthesis of carotenoids,
and altering its expression or activity changes flux through the
pathway. In fact, previous studies revealed that PSY2 is a key
enzyme in carotenoid biosynthesis in potato, as revealed by both
genetic and transgenic studies (53, 89). In this context it was not
surprising to find high levels of PSY2 transcripts in transgenic
potato tubers. Notably, an increase in phytoene and phytofluene
has also been observed in N. benthamiana leaves transformed
with CsCCD2 (41), while a strong reduction of these early
carotenoids in apocarotenoid-enriched ripe tomatoes has been
recorded (43). This distinct attitude might evidence a different
capacity in terms of carotenoid regulation in vegetative- and
reproductive-type organs, and/or, as previously mentioned,
could be associated to the divergent carotenoid metabolism
occurring in the different organelles (amyloplasts/chloroplasts
vs. chromoplasts). As opposed to the increased expression of
PSY2, the transcript amounts of two genes related to carotenoid
catabolism were decreased. More in detail, CCD1 and CCD4
expression levels were reduced in the transgenic tubers. CCD1
enzymes have been proposed to act as scavengers of carotenoids
that have been depleted by non-enzymatic oxidation (90) and
their transcript level in potato tubers has been found to be
inversely correlated with carotenoid accumulation (91). Thus,
their reduced expression in our transgenic tubers might entail
an increase in the carotenoid pool for the biosynthesis of saffron
apocarotenoids. Additionally, it has been demonstrated that
down-regulating the potato CCD4 gene can raise the carotenoid
concentration (58). This is in agreement with its enzymatic
characteristics: more specifically, the substrates of CCD4 in
potatoes are B-carotene, a-carotene, and lutein (92). The fall in
CCD#4 transcripts could suggested that the activity of CsCCD2L
is able to intercept the metabolic flux toward the production of
crocins and picrocrocin, from these upstream metabolites.
Some authors point out the antioxidant activity indistinctly
to any of the components of saffron, while others attribute these
benefits to the total aqueous extract of saftron and crocins (93,
94). Besides, similarity in the structure of metabolite comparison
between crocins and crocetin revealed that crocetin showed a
higher antioxidant efficacy than crocins. This might be caused
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by the gentobiose sugar presence in the molecular structure of
crocins, which alters the degree of conjugation of the active
compound and subsequently may vary its antioxidant activity
(95). The presence of saffron apocarotenoids in the transgenic
tubers led to an increase in the antioxidant activity of cv.
Desirée tubers. Previous studies have shown that anthocyanins
present in the peel of cv. Desirée tubers mainly contribute
to their antioxidant properties, although the peel is largely
discarded during potato consumption and processing (96). On
the other hand, the amount of carotenoid in the flesh is clearly
related to its antioxidant capacity, with values up to 20-fold
higher in deeply yellow to orange-fleshed cultivars (97). Thus,
the fortified potatoes with saffron apocarotenoids resulted in
boosted antioxidant activity of varieties with an intrinsic low
carotenoid content.

Usually, foods that have been heated have considerable
modifications in their bioactive compounds. Depending on
the method used and the nature of the metabolite, distinct
patterns were seen when the transgenic tubers were cooked
applying different techniques. The highest amount of total
crocins detected was in raw, boiled, fried, and baked tubers
in that order, while the ratio between crocetin and crocins
was inversely proportional to the high concentration of total
crocins. Data revealed that all crocins examined were unstable
under the various conditions of cooking, especially trans-crocin
3. Several reports have demonstrated the degradation and the
loss of crocins during the exposition to higher temperatures
(71, 98, 99). Under the cooking conditions used in this study,
boiling seemed to be the best way to keep crocins intact. Only
17.44% in total apocarotenoids was missing after boiling, while
baking was the worst treatment: inducing a loss of 44.81%. Heat
significantly reduced the content of crocins from dry stigmas by
over 50% after 30 mins of heating (71). However, 83% of the
total crocins from tuber potatoes remained unharmed after the
boiling method, which could be a consequence of the nature of
potato tissue where the crocins are more protected.

Many scientific studies have analyzed the bioaccesibility of
saffron and gardenia methanolic extracts or aqueous extracts,
showing the impact of temperature and acidic conditions on the
stability of crocetin esters and in the degree of isomerization. As
stated previously, crocins and crocetin are unstable and show
low bioavailability (95). After oral administration, crocins are
transformed into crocetin in the intestinal tract by the action
of the enzymes of the intestinal epithelium (100). Using saffron
extracts, only 50% of crocins were reported to be bioaccessible
under in vitro digestion conditions while the concentration of
crocetin was 10 times higher than the crocins detected (72,
101). Overall, our results revealed that the bioaccessibility of
apocarotenoids using boiled potatoes was higher compared to
raw, baked, and fried ones, reaching 97.23%, which is also higher
than the carotenoid retention and bioaccessibility reported
for B-carotene in Or-overexpressing lines (15%) (87), and f-
carotene and total carotenoid-enriched “golden” tubers, equal
to, respectively, 80 and 20% (78). Thus, it can be speculated that
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boiling potatoes is the best way to preserve crocins almost intact
and seems to be a more appropriate matrix than an aqueous
extract of saffron in terms of bioaccessibility.
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