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Abstract: Anthocyanins are plant pigments derived from the phenylpropanoid pathway which are
produced in many different species, contributing to defense against stresses by their antioxidant
properties. Cultivated tomatoes cannot synthesize flavonoids; however, wild tomatoes such as
Solanum chilense and Solanum lycopersicoides have anthocyanin pigmented skin. Other wild tomato
species such as Solanum peruvianum have been poorly studied concerning anthocyanin accumulation
in the fruit. This research is the first to address the regulation of anthocyanin biosynthesis mediated
by drought stress and light radiation in S. peruvianum fruit. Transcript accumulation of SpAN2,
encoding for a key MYB type transcription factor for the regulation of anthocyanin biosynthesis,
was induced in the fruit of plants exposed to drought treatment. In addition, fruit peel accumulates
a greater anthocyanin content in water deficit-treated plants. The expression of SpAN2 was also
regulated according to sunlight exposure, reaching a higher expression during maximal daily UV
radiation and under controlled UV-B treatments. Similar results were observed for the expression of
the late flavonoid biosynthetic gene dihydroflavonol 4-reductase (SpDFR). These results suggest that
SpAN2 and SpDFR are involved in anthocyanin biosynthesis under drought stress and UV radiation
in S. peruvianum.

Keywords: anthocyanin; drought stress; R2R3 MYB transcription factor; Solanum peruvianum; UV
radiation; wild tomato

1. Introduction

Anthocyanins are an important class of flavonoids that represent a large group of
plant secondary metabolites. Anthocyanins are glycosylated polyphenolic compounds
with a range of colors varying from orange, red, and purple to blue in flowers, seeds, fruits,
and vegetative tissues [1]. Anthocyanins protect plants against various biotic and abiotic
stresses like drought and UV radiation [2,3], partially due to their powerful antioxidant
properties. In addition, anthocyanin-rich food products have become increasingly popular
due to their attractive colors and suggested benefits for human health [4,5].

Most higher plants can synthesize anthocyanins, but the exact nature of the antho-
cyanins formed can differ widely in plant species due to the activity of specific enzymes that
add sugars, methyl groups, and acyl residues to the basic anthocyanidin structure [6]. An-
thocyanin biosynthesis is generally catalyzed by a total of nine conserved enzymes: pheny-
lalanine ammonium-lyase (PAL), cinnamate 4-hydroxylase (C4H), p-coumaroyl 4-CoA
ligase (4CL), chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase
(F3H), dihydroflavonol 4-reductase (DFR) and anthocyanidin synthase (ANS). The DFR
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enzyme marks the start of the specific pathway for anthocyanin formation [7,8] catalyzing
the conversion of flavonols (myricetin, kaempferol, and quercetin) into anthocyanins. It
is therefore considered a key enzyme in the formation of anthocyanins, in which case
myricetin, which is a flavonol, would be the precursor of delphinidin. Studies with purple-
colored transgenic tomatoes (Solanum lycopersicum) indicated that delphinidin together
with petunidin is the type of anthocyanin found in the highest proportion in tomato fruit
peel [9], delphinidin being the largest class of anthocyanins observed in tomatoes [10].

Anthocyanin production at the transcriptional level is regulated by the conserved
regulatory complex MBW (MYB-bHLH-WD40), which is composed of three types of tran-
scriptional regulators [11,12]. In plants, MYB transcription factors (TFs) are involved in
controlling diverse metabolic pathways (including the anthocyanin pathway), develop-
ment, signal transduction, and disease resistance [13]. The two-repeat R2R3 MYB protein is
said to be directly associated with the regulation of anthocyanin synthesis. The R2R3 MYB
proteins constitute one of the largest families of TFs in plants, with 146 R2R3 MYB genes
identified in Arabidopsis thaliana [14]. Overexpression of the AtPAP1 gene, (Production of
Anthocyanin Pigment 1 or AtMYB75) results in anthocyanin accumulation in Arabidopsis
thaliana [15]. Analysis of these TFs in apples (Malus × domestica) exposed to high light, UV
radiation, and low temperatures showed an increase in the MdMYB transcript correlat-
ing with anthocyanin accumulation [16]. Other studies in M. × domestica and strawberry
(Fragaria × ananassa) have shown a strong correlation between the MYB10 gene and antho-
cyanin levels during fruit development [17,18]. However, many repressors in anthocyanin
synthesis are also MYB-type TFs, including the strawberry MYB1 (FaMYB1) [19], and the
recently reported SlMYBATV in tomato (S. lycopersicum) [20,21].

Anthocyanin 2 (SlAN2) and anthocyanin 1 (SlANT1), genes encoding for MYB-type TFs,
have previously been identified and are suggested to be involved in anthocyanin synthesis
in S. lycopersicum [22]. Three loci, Anthocyanin fruit (Aft), atroviolaceae (atv), and Aubergine
(Abg), could increase anthocyanin production in S. lycopersicum when they are introgressed
from wild tomatoes [23]. The Aft locus was originally identified in Solanum chilense, which
causes anthocyanin accumulation in green immature fruit, through stimulation by high
light [9]. The atv locus, which was originally identified from Solanum cheesmaniae, has been
shown to influence anthocyanin pigmentation throughout the tomato plant, particularly in
vegetative tissues [9]. Additionally, Abg locus was identified from Solanum lycopersicoides,
showing a similar Aft phenotype, increasing anthocyanin accumulation under high solar
radiation, but has a variegated expression [9]. Indeed, a study was conducted to evaluate
the expression of these factors in tomato mutant plants expressing the Aft and atv loci,
showing that both SlAN2 and SlANT1 were expressed in all genotypes that produced
anthocyanins in the skin of the fruit [22]. A recent study demonstrates a new gene, SlAN2-
like, belonging to the Aft locus, which is the key gene responsible for the Aft phenotype [23].

Solanum peruvianum is one of the wild relatives of the cultivated tomato and has been
a source of many resistance genes, especially to drought, and could be a useful genetic
resource for protection from UV radiation, considering recently published data that showed
a relationship between UV-B exposure and anthocyanin production in cultivated tomato
seedlings [24] and fruit [25]. These wild species show a strong purple coloring in the field,
which is related to their ability to accumulate anthocyanins in their fruits [26].

Therefore, to start a characterization of the antioxidant potential in wild tomatoes, in
the present research we analyzed the expression pattern of the key genes DFR and AN2
for anthocyanin synthesis for the first time in the wild tomato S. peruvianum in response to
solar and UV-B radiation and drought stress.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

Seeds from the two Solanum peruvianum accessions QUI958 and QUI3954 were obtained
from a collection maintained at the germplasm collection of the Genetic Resource Unit (GRU) at
Agricultural Research Institute (INIA-Quilamapu), Chillán, Chile (latitude 36◦34′ S; longitude
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72◦06′ W). Both accessions come from a natural area of the Tarapacá Region, Chile (latitude
18◦14′ S; longitude 70◦09′ W; elevation 355 m.a.s.l.). Plant growth conditions were according
to Tapia et al. [27]. Briefly, seeds were germinated in pots containing a mixture of vermiculite
and sand (5:1). Once developed, the seedlings were transferred to 20-L pots containing a
mixture of soil, sand, and vermiculite (1:1:1) and fertilized using Basacote Plus 3M (COMPO,
Münster, Germany). The plants were grown under greenhouse conditions with natural light
until flowers were obtained, which were manually pollinated to obtain fruit.

2.2. Water and Light Stress-Related Treatments

Water treatments were performed for QUI958 and QUI3954 accessions during their
reproductive development from flowering to ripe fruit stages (about three months) under
greenhouse conditions. Three plants per accession for both optimal and restricted watering
treatments were irrigated daily and three times per week maintaining a 60–65% and 20–22%
of volumetric water content (VWC) in the soil, respectively. Soil water content (% VWC)
was measured using ProCheck with sensor GS1 (Decagon Devices Inc., Pullman, WA, USA).
For each accession and treatment, three replicates of a pool of 7–10 ripe fruit each (one per
plant) were used for anthocyanin quantification and gene expression analyses.

To perform sunlight radiation experiments plants of QUI958 accession were grown
in an open environment during summer at GRU. The ripe fruit were exposed to direct
solar radiation during a diurnal period and three replicates of a pool of 7–10 fruit each (one
per plant) were collected at three different times of the day (9:00, 12:00, and 16:00 h) and
analyzed for gene expression. UV-B treatment was performed over tomato fruit growing
under greenhouse conditions. Six plants with fruit at the green developmental stage
attached to the plant were fixed to a platform to reach a uniform exposure and avoid
shading. Fruit samples from three plants were harvested previously for UV-B treatment
and used a 0 h-UV-B treatment. UV-B radiation was supplied by a UV tube at 312 nm
(T8-M, Vilber Lourmat, Eberhardzell, Germany) for 24 h from midday, and harvested fruit
of the remaining three plants were used as 24 h-UV-B treatment. Three replicates of a pool
of 7–10 fruit each (one per plant) from 0 and 24 h UV-B treatments were utilized for gene
expression analyses.

2.3. Anthocyanin Quantification

Anthocyanin determination was performed according to the methodology described
by Giusti and Wrolstad [28]. Briefly, three biological replicates (three pools of ripe fruit)
from both S. peruvianum accessions under water treatments were processed. Fruit peel was
removed, and 0.2 g of tissue per replicate was weighed and stored at −80 ◦C. To perform
anthocyanin extraction, the tissue was ground in a mortar with liquid nitrogen, and 1.5 mL
of a mix of cold methanol, HCl, and water (90:1:1 v/v/v) was added to the ground tissue
and centrifuged for 10 min at 9000 rpm at 4 ◦C. The supernatant was sonicated and
centrifuged again. An aliquot of the sonicated product was used for spectrophotometric
measurements at 540 nm and the content was expressed as milligrams of delphinidin-3-
glucoside equivalent per 100 g of fruit peel.

2.4. Molecular Analyses

The RNA extraction kit ‘SV total RNA isolation system’ (Promega, Madison, WI,
USA) was used to extract total RNA from the fruit peel of three biological replicates
(three pools of fruit) according to the manufacturer’s instructions. RNA integrity was
evaluated by denaturing gel electrophoresis and RNA concentration was determined
spectrophotometrically (Epoch spectrophotometer, Biotek Instruments, Winooski, VT, USA).
Then, 1 µg of purified total RNA was used for reverse transcription using the ‘Superscript
III cDNA Synthesis’ kit (Invitrogen, Waltham, MA, USA) according to the manufacturer’s
instructions. For the reverse transcription quantitative PCR (RT-qPCR) experiment, samples
were amplified by using the ‘SensiMix SYBR HI-ROX’ kit (Meridian bioscience, Memphis,
TN, USA) in ECO real-time PCR equipment (Illumina). PCR conditions were as follows:
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95 ◦C for 10 min, and 40 subsequent cycles of 95 ◦C for 15 s, 60 ◦C for 15 s, and 72 ◦C
for 15 s, with a melting curve from 55 ◦C to 90 ◦C at 0.5 ◦C increments. EF1-alpha and
UBI-E4 genes were used as the internal reference genes to standardize cDNA concentration.
Relative gene expression was calculated using the method described by Pfaffl [29]. Table
S1 shows the specific primer sequences for genes. Sequences of experimental genes were
obtained from Solanum peruvianum transcriptome reported by our group recently [30] and
deposited in the NCBI GenBank database (Accession Nos. ON568202 and ON568201 for
SpDFR and SpAN2, respectively). Sequences from normalizer genes were cross amplified
from S. lycopersicum orthologous genes from GenBank NCBI (https://www.ncbi.nlm.nih.
gov/genbank/, accessed on 23 May 2022, Table S1).

2.5. Statistical Analysis

Results were expressed as mean ± standard deviation (SD) from triplicate measure-
ments. Statistical analysis was performed by first testing data normality by using the
Shapiro–Wilk test, and then using analysis of variance (ANOVA) followed by Duncan’s
multiple comparison test performed for total anthocyanin content and expression analysis
of SpAN2 under drought stress. For expression analysis of SpDFR under drought stress, a
non-parametric analysis of variance was performed using the Kruskal–Wallis’s test, because
this data set failed the normality distribution test. One-way ANOVA followed by Tukey’s
multiple comparison test and mean differences at p < 0.05 were considered significant for
expression analysis of SpAN2 and SpDFR under sunlight radiation. Finally, because only the
UV-B factor was tested, the unpaired Student’s t-test for expression analysis of SpAN2 and
SpDFR under UV-B radiation was performed. All statistical analyses were performed by
using GraphPad Prism version 9.4.0 for macOS (GraphPad Software, San Diego, CA, USA.

3. Results
3.1. Determination of Anthocyanin Content in Solanum Peruvianum Fruit under Drought Stress

The ripe fruit of Solanum peruvianum accessions QUI3954 and QUI958 showed similar
patterns of purple coloration on their peel according to the direct incidence of light, as can
be seen in the areas surrounding the skin shaded by the calyx (Figure 1).
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Figure 1. Representative ripe fruit of the Solanum peruvianum accessions QUI3954 and QUI958 of
the germplasm collection of the Genetic Resource Unit (GRU) at Agricultural Research Institute
(INIA-Quilamapu), Chillán, Chile. The bar in each panel represents 1 cm.

The QUI3954 and QUI958 accessions were selected for drought stress treatments and
then the fruit was analyzed for anthocyanin content and gene expression analyses. An
increase in the anthocyanin content was observed in both S. peruvianum accessions under
drought stress (Figure 2). On average, QUI3954 showed a higher anthocyanin content in
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control conditions than QUI958, although the latter exhibited a remarkably increment of
the anthocyanin content under drought stress.
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Figure 2. Anthocyanin content in the fruit peel of Solanum peruvianum QUI3954 and QUI958 accessions
under drought stress. Samples from optimal- and restricted-watering plants are shown in black and
grey bars, respectively. Content is expressed as mg of delphinidin 3-glucoside equivalent per 100 g of
fruit peel. Error bars in each column indicate the standard deviation of three replicates. A Duncan’s
multiple comparisons test was performed with 95% confidence. Different letters indicate significant
differences between means. For details see the Section 2.

3.2. Expression Analysis of SpAN2 and SpDFR in S. peruvianum Fruit under Drought Stress

To know the effect of drought on the expression of genes related to anthocyanin
biosynthesis, we analyzed the transcript accumulation of key genes involved in anthocyanin
biosynthesis in tomato fruit. Firstly, the SpDFR gene, which encodes for the enzyme that
catalyzes the conversion of flavonols into anthocyanins, shows a significant increase in
accumulation of its transcripts in both accessions under drought stress (Figure 3). Secondly,
the gene encoding for the transcription factor SpAN2 shows a similar expression pattern to
that of SpDFR, showing an about 10-fold increment of transcript accumulation with respect
to control samples (Figure 3).
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Figure 3. Relative expression levels of SpAN2 and SpDFR genes in the fruit peel of Solanum peruvianum
QUI3954 and QUI958 accessions under drought stress. Samples from well irrigated- and restricted
watered plants are shown in black and grey bars, respectively. Error bars in each column represent
the standard deviation of three replicates. For SpAN2, Duncan’s multiple comparisons test was
performed with 95% confidence. In SpDFR, a non-parametric analysis of variance was performed
using the Kruskal–Wallis test. Different letters indicate significant differences between means. For
details see the Section 2.
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3.3. Expression Analysis of SpAN2 and SpDFR in S. peruvianum Plants under Total Sunlight and
UV-B Radiation

Additionally, due to its higher accumulation of anthocyanin under drought stress,
the QUI958 accession was selected to observe the transcript accumulation of SpDFR and
SpAN2 in fruit peel under total sunlight and UB-V radiation. First, transcript accumulation
was evaluated three times during the day (9:00, 12:00, and 16:00 h). The results showed
basal transcript accumulation levels at 9:00 h for the two genes under study (Figure 4A,B).
Interestingly, between 9:00 and 12:00 h increased levels of transcript accumulation were
observed for both genes. However, SpAN2 shows the faster increment, with up to an
eight-fold increment of transcript accumulation regarding basal levels at 9:00 h (Figure 4A).
We observed that a similar transcript accumulation level was reached by SpAN2 with
four hours less radiation than SpDFR, indicating a previous activation of the regulatory-
related genes for the light-induced flavonoid biosynthesis. In the place of the experiment,
the photosynthetically active radiation (PAR) increased during the day, as well as UV-B
radiation (Figure 4C), being directly proportional to the transcript accumulation of the
genes of interest.
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Figure 4. Relative expression levels of (a) SpAN2 and (b) SpDFR genes in the fruit peel of Solanum
peruvianum accession QUI958 under sunlight radiation. The expression of each gene was measured at
9:00, 12:00, and 16:00 h. Error bars in each column represent the standard deviation of three replicates.
For both genes, Tukey’s multiple comparisons test was performed with 95% confidence. Different
letters indicate significant differences between means. (c) The radiation index for UV-B (µW m−2)
(white circles) and PAR (µmol m−2 s−1) (black circles) for the fruit sampling day (15 January 2020) is
shown. For details see the Section 2.
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Considering that the specific effect of UV-B radiation on transcript accumulation can-
not be determined under solar radiation, then an experiment under controlled conditions
of UV-B treatment in greenhouse conditions was performed (Figure 5). In this case, S.
peruvianum plants were exposed to 24 h of UV-B radiation, with the fruit peel showing a
clear purple coloration (Figure 5).
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Figure 5. Fruit attached to Solanum peruvianum accession QUI958 plants of the UV-B experiment. UV-
B-treated fruit at 0 and 24 h are shown in panels (a,b), respectively. The bar in each panel represents
1 cm. For details see the Section 2.

A significant transcript accumulation for both genes was noticed up to 24 h after treat-
ment (Figure 6). In particular, SpAN2 shows the highest levels of transcript accumulation
at the end of the experiment (Figure 6).
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Figure 6. Relative expression levels of SpAN2 and SpDFR genes in the fruit peel of Solanum peruvianum
accession QUI958 under UV-B radiation treatment. The expression of each gene was measured at
0 and 24 h of UV-B radiation treatment. Error bars in each column represent the standard deviation
of three replicates. The unpaired Student’s t-test was used to compare the means. Different letters
indicate significant differences between means. For details see the Section 2.

4. Discussion

Solanum peruvianum is a wild tomato species that is biogeographic and widely dis-
tributed from the South of Perú to the North of Chile, where it inhabits the Atacama Desert
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which is known for its extreme aridity [27,31]. Additionally, S. peruvianum produces small
green mature fruit that accumulate anthocyanin pigment on their peel [31]. Until now, there
is no evidence that anthocyanin content could change in response to some abiotic stress in S.
peruvianum fruit. Our results suggest an increased accumulation of anthocyanin content in
response to drought stress (Figures 1 and 2). This phenomenon was previously seen in Vitis
vinifera [32], where it was observed that water deficit led to an increase in methoxylated and
hydroxylated anthocyanin derivatives, which would determine the specific pigment type
and thus influence the coloring of the fruit peel. Additionally, the relationship between
drought stress and anthocyanin content is well known, mainly because anthocyanins are
osmoregulators and in this sense, plants can induce anthocyanin biosynthesis to maintain
water homeostasis [3]. On the other hand, the induction of drought-coupled anthocyanin
production can be a response to drought-stress coupled with reactive oxygen species (ROS)
signaling. This hypothesis was tested in Arabidopsis and the identified drought-induced
anthocyanins were directly associated with oxidative and drought stress tolerance [33].
This could be linked to the typical accumulation of anthocyanins produced into vacuoles,
which are near sites of active ROS production, such as chloroplast and peroxisomes [3].

To get insight at the molecular level into the relationship between drought stress and
anthocyanin accumulation in S. peruvianum fruit, two anthocyanin biosynthesis-related
genes were studied. Firstly, SpDFR, which encodes for the enzyme dihydroflavonol
4-reductase and catalyzes the stereospecific reaction that converts dihydroflavonols to
leucoanthocyanidins using NADPH as a cofactor, showed an increase in transcript accu-
mulation under drought stress. This behavior has been reported in other anthocyanin-
accumulating tomatoes, such as the introgressed Solanum lycopersicum ‘Ailsa Craig’ [22,34].
Finally, SpAN2, encoding for an MYB-type transcription factor (TF) that modulates the ex-
pression of the DFR gene and other genes in Petunia hybrida and ‘Ailsa Craig’ tomato [34,35],
showed an increase in transcript accumulation under drought stress. Recent data suggest
that four R2R3-MYB-type TFs regulate anthocyanin accumulation in tomato: SlAN2/
SlMYB75, SlANT1, SlANT1-like, and SlAN2-like/Aft [22,34,36]. Recent studies have con-
firmed, by using functional approaches, that SlAN2-like/Aft regulates anthocyanin content
in fruit tissue [21,23,37], and SlAN2/SlMYB75 is a positive regulator for anthocyanin biosyn-
thesis in vegetative tissues of S. lycopersicum ‘Indigo Rose’ [38]. Interestingly, in the Indigo
Rose cultivar, both TFs are expressed in fruit, and there is no evidence which one could
be responsible for anthocyanin accumulation under drought stress. Our data support the
role of SpAN2 as a positive regulator of anthocyanin accumulation under drought stress
in Solanum peruvianum, which corresponds to a natural anthocyanin mechanism and is
not because of an artificial introgression procedure, given all the evidence already known
about anthocyanin production in tomato species.

Considering the biogeographic distribution of S. peruvianum [39], this wild tomato
species is a good candidate to get an insight into solar radiation and UV-B exposure. Adding
to our understanding of the effect on transcript accumulation of SpDFR and SpAN2 under
sunlight radiation, the peel of S. peruvianum fruit under this treatment showed increased
expression levels for these two genes, suggesting that sunlight radiation has an impact
on anthocyanin production, as a response to ROS production [40]. In Arabidopsis, both
anthocyanin TF- and biosynthetic-related genes were induced under ROS production,
where the anthocyanin content was increased [41]. Recent data showed in anthocyanin-
accumulating tomato (Aft tomato) a significant anthocyanin accumulation in sunlight and
blue + UV-B radiation treated fruit [25], which is in agreement with our data. To observe
the specific effect of UV-B light on anthocyanin accumulation, plants of S. peruvianum were
exposed to UV-B light. The obtained results showed the same transcript accumulation
profile in fruit compared to the previous experiment, confirming the role of UV-B light
stimulating anthocyanin biosynthesis in S. peruvianum fruit.
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5. Conclusions

In the present research, we concluded that the fruit peel of Solanum peruvianum fruit
has increased anthocyanin content under drought treatments and this correlates with
the significant boost in the relative expression of SpAN2 and SpDFR genes. Moreover,
SpAN2, the gene encoding for the key MYB transcription factor that regulates the gene
expression related to key enzymes for anthocyanin biosynthesis such as DFR, is highly
regulated by UV-B light in the fruit peel of S. peruvianum. The diversity of anthocyanin
composition and the transcriptional dynamics of the phenylpropanoid pathway-related
genes in response to different abiotic stresses need to be more deeply investigated in S.
peruvianum fruit. Finally, these results pave the way to deepen the regulation of anthocyanin
biosynthesis in plant species that are exposed to extreme environmental conditions such
as wild tomatoes and make S. peruvianum an interesting genetic resource for cultivated
tomato breeding programs.
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