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Abstract

The transition toward energy-sustainable greenhouses currently demands photovoltaic covers that can guarantee crop
yield and quality by minimizing their interference with photosynthetically active radiation. Here, the impact of a novel
semi-transparent dye-sensitized solar cell (DSSC) module, based on the BTD-DTP1 dye, was evaluated, considering the
growth and molecular profile of radicchio plants (Cichorium intybus var. latifolium cv. Precoce). They were cultivated
for 60 days under a customized-DSSC panel, clear glass, or without cover. Whole-transcriptome profiles were obtained
through RNA sequencing (RNA-seq), and carotenoid and phenylpropanoid contents were analyzed. The customized-
DSSC filtered light induced elongated stems and narrower leaves than the other conditions. RNA-seq data showed the
upregulation of pathways associated with shade avoidance responses, including gibberellin and brassinosteroid signalling,
cell-wall remodelling and nitrate transport, while photosynthesis-related ones and carotenoid biosynthesis were repressed.
Consistently, neoxanthin, violaxanthin, Iutein and B-carotene levels decreased in plants grown under customized-DSSC.
These changes resulted from the reduced light intensity and altered light spectrum transmitted by the panel, depleted in
blue and enriched in far-red wavelengths. Overall, the DSSC panel triggered the reallocation of plant resources from the
photosystems toward rapid elongation, with potential consequences for crop yield. The identified molecular markers may
be useful for optimizing DSSC devices and hybrid lighting strategies aimed at limiting shade-avoidance while maintaining
crop productivity in agrivoltaic systems.
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Introduction

Achieving high-efficiency agricultural production while
minimising environmental impact has remained a central
challenge for the agricultural sector. Energy stands at the
heart of this challenge because almost all stages of food pro-
duction require energy inputs. Pumping water for irrigation
alone consumes about 1,896 PJ per year and releases roughly
216 Mt of CO., with groundwater lifting responsible for
nearly 90% of that load (Qin et al. 2024). Greenhouses are
among the most energy-intensive food-production systems
because they must maintain indoor growing conditions,
including temperature, humidity, and light levels, as well
as a consistent photoperiod, independent of the external
weather conditions. Electricity is needed for supplemental
lighting, ventilation and fans, circulation pumps and fertiga-
tion, and automation processes (Trépanier et al. 2025). By
harnessing real-time data monitoring, artificial intelligence,
and innovative tools, the so-called “Agriculture 4.0” aims
primarily to increase or maintain crop yields while shrink-
ing this environmental footprint, leading to the creation of
climate-smart farms (Day1oglu et al. 2021; Hahn et al. 2025;
Dessi et al. 2025). In Europe, this transition is linked to the
European Green Deal, which targets climate neutrality by
2050, with a particular focus on energy policy (Hainsch et
al. 2022). However, innovative Agriculture 4.0 technolo-
gies, such as sensors, precision irrigation tools, climate-
controlled greenhouses, require additional energy demands
(Soussi et al. 2025).

In this scenario, to meet the energy requirements of the
agricultural sector, current research efforts prioritise the
generation and deployment of eco-efficient technologies,
several of which are related to coupling renewable-energy
production with farming practices (Crippa et al. 2021). One
promising approach to addressing both energy demand and
eco-sustainability is agrivoltaics, which integrates the gen-
eration of photovoltaic (PV) electricity with crop produc-
tion to improve land-use efficiency (Barron-Gafford et al.
2019; Mazzeo et al. 2025). Light is the essential driver of
photosynthetic CO- assimilation, supplying the energy that
converts carbon dioxide into sugars. Both light quantity
and spectral quality directly affect plant phenotype, also
modulating the profiles and concentrations of secondary
metabolites, including polyphenols and carotenoids (Loi et
al. 2020). When leaves absorb sunlight, the energy follows
one of three pathways: powering photochemical reactions,
being re-emitted as chlorophyll fluorescence, or being dis-
sipated as heat via non-photochemical quenching (Lu et al.
2024). Net photosynthesis increases with photosynthetically
active radiation (PAR; 400-700 nm) from darkness up to
the light-saturation point (Lu et al. 2024). Thus, both field-
based agrivoltaic systems and greenhouses equipped with
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PV modules must balance two competing goals: allowing
sufficient PAR to reach the crop by limiting shading from PV
modules, and maximizing electrical yield. Conventional PV
modules generally utilise opaque crystalline-silicon panels,
which often shade the canopy and force a trade-off between
biomass production and power output (Lu et al. 2022).
Since plants absorb most PAR, but largely reflect or trans-
mit far-red (FR) light, the light environment under a canopy
exhibits a reduced red-to-far-red (R: FR) ratio (Runkle and
Heins 2001), similar to what happens under a PV panel. It
has been reported that perceived neighbour proximity (low
R: FR) and attenuation of blue wavelengths drive petiole/
axis elongation, reduced leaf expansion, and extensive tran-
scriptional reprogramming (Fernandez-Milmanda and Bal-
laré 2021; Pastor-Andreu et al. 2024). Low solar radiation
is known to elicit the shade-avoidance syndrome (SAS) in
several plant species: carbon gain and water fluxes decline,
biomass accumulates in roots, stems and leaves biomass
decrease, while stems and petioles elongate (Poorter et al.
2012; Wille et al. 2017).

A way to address the key drawback of opaque PV mod-
ules and to limit the effects of SAS is to develop novel
devices that guarantee crop yield and quality by minimiz-
ing their interference with PAR. Semi-transparent third-
generation PV technologies such as dye-sensitised solar
cells (DSSCs) offer a spectral-splitting strategy (Ursu et al.
2022; Stallknecht et al. 2023). Under these devices, selected
wavebands that are outside the PAR range are harvested
for electricity generation, while the PAR is transmitted to
the crop. By harvesting solar energy in greenhouses, these
devices may simultaneously drive heat-pump and LED
lighting systems while transmitting photosynthetically
optimal wavebands to the crop, decreasing external energy
inputs and improving the sustainability of the whole system
(Lu et al. 2024). In this context, semi-transparent PVs could
be integrated into fagades, windows, urban structures, and
greenhouses, transmitting a portion of sunlight with tun-
able transparency to maintain daylighting while generating
power (Montes-Romero et al. 2025). In addition, the colour
and semi-transparency of DSSCs can be finely customized
through the choice of specific photosensitisers (Muiioz Gar-
cia et al. 2021; Barichello et al. 2024). The role of the dye in
DSSC:s is to initiate charge separation and determine which
wavelengths are absorbed and which are transmitted. By
selectively modifying the dye structure, it is possible to tune
both the absorbed and transmitted radiation, a feature that
makes DSSCs particularly suitable for agrivoltaic panels
where specific spectral bands must reach the crop (La Notte
etal. 2020; Lu et al. 2024). Beyond electricity generation, in
greenhouses DSSCs can also reduce internal temperatures
and regulate relative humidity, thus improving microclimate
control (Roslan et al. 2021).
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These promising spectral and microclimatic advantages
have encouraged researchers to conduct greenhouse trials
assessing plant responses under DSSC roofs. However, to
date, studies evaluating crop responses under DSSC roofs
have used commercial Ru-based dyes (e.g. Z907). These
experiments were carried out on different plant species,
including tomato (Ntinas et al. 2019), Orthosiphon sta-
mineus (Roslan et al. 2021), coleus (Park et al. 2024) and
petunia (Kim and Oh 2024). Overall, benefits such as lower
canopy temperatures and faster growth in plants associated
with the use of DSSCs were reported (Park et al. 2024; Kim
and Oh 2024). For example, red-absorbing DSSCs reduced
the daily light integral received by plants of Petunia x hyb-
rida to approximately 45% compared to controls, decreasing
the blue: red photon ratio, and resulting in stem elongation,
increased leaf area, and delayed flowering, a typical response
to the limitation of blue light (Kim and Oh 2024). Current
optimisation of DSSC focuses on both device architecture,
e.g., TiO: layer thickness and sealing strategies (Barichello
etal. 2024), as well as dye chemistry. Dyes like thiazolo[5,4-
d]thiazole- and dithienopyrrole-based photosensitisers,
which balance plant photoreceptor sensitivity with photo-
voltaic performance, are attracting interest in the production
of DSSC panels (Dessi et al. 2020, 2021). However, plants
are known to have a high degree of plasticity in response to
changes in light conditions, adjusting the organization and
function of their photosynthetic apparatus accordingly, and
plant responses to spectrally selective covers are reported to
be species specific (Pons et al. 2004; Casal and Fankhauser
2024). Nevertheless, understanding of the molecular plant
response, including transcriptomic remodelling, involved
in the adaptation to PV-filtered light is still limited, and is
focused on early seedling stages (Spampinato et al. 2025).

In this work, focusing on radicchio (Cichorium intybus
var. latifolium cv. Precoce) as a model leafy crop, transcrip-
tomic and biochemical changes induced by the use of a cus-
tomized DSSC panel as a cover in a controlled condition
experiment were assessed. Radicchio, a member of the chic-
ory family and known for its bitter taste and high anthocy-
anin content, is popular in global markets and can be grown
in fields or greenhouses as it is well-suited to pot cultivation
due to its compact size (Bais and Ravishankar 2001). Here,
radicchio plants were cultivated in a greenhouse under a
new customized DSSC panel, a clear glass panel of identi-
cal size, and uncovered control. Transcriptomic profiles of
the radicchio seedlings grown under the different conditions
were obtained through RNA-sequencing. Additionally,
carotenoids and polyphenols were characterized and quanti-
fied to decipher the molecular and biochemical response of
the plants grown under these innovative PV modules.

Materials and Methods

Design, Customization and Fabrication of the DSSC
Panel

A semitransparent dye-sensitized solar module of an appro-
priate size (Figure S1-47 x 38 c¢m? — 22 serially connected
individual solar stripes — active area: 770 cm?) was assem-
bled in collaboration with Brite Solar Technologies (Patras,
Greece) to simulate the operating conditions of a dye-sen-
sitized photovoltaic greenhouse and properly conduct our
biochemical and transcriptomic experiments on radicchio
plants. BTD-DTP1 was selected as the dye (Figure S1), as its
design was originally conceived for agrivoltaic applications
(Dessi et al. 2021). Fine tuning of the chemical structure of
the photosensitizer allowed the achievement of a dye trans-
mittance spectrum with a sufficient degree of complemen-
tarity with the photosynthetically active radiation (PAR), as
shown in Figure Slc. Moreover, the dye can be prepared
in only five steps, taking advantage of a straightforward
synthesis that enables the high-scale preparation necessary
for the DSSC module assembly. Semitransparency of the
DSSC module in the entire visible region was obtained by
employing a hand-made TiO, paste and limiting the TiO,
thickness to just 3 pm (determined by SEM cross section
images; Figure S2). The porosity of the films was 110 m?/g,
ensuring the absorbance of a high volume of dye molecules.
To reduce the risks of leaks of the electrolyte solution, mini-
mize the sealing problems, and avoid changes in the light
absorption by the panel in the course of the experiments, a
quasi-solid state electrolyte was used in the construction of
the DSSC module. In particular, a hybrid organic-inorganic
material (ICS-PPG230), prepared according to procedures
described in previous publications (Stathatos et al. 2000;
Stathatos, 2005), was chosen. To ensure electrical connec-
tions between the stripes, the DSSC panel was fabricated
using a sandwich Z-interconnection, in which the working
electrode is deposited on one glass and the counter electrode
on the second glass. The in-series interconnection is sche-
matically illustrated in Figure S1d.

Commercially available lithium iodide, iodine, 1-methyl-
3-propylimidazolium iodide, tert-butyl pyridine, guanidine
thiocyanate, chloroplatinic acid hexahydrate (H,PtCly),
poly(propylene glycol)bis(2-aminopropyl) ether 230, 3-iso-
cyanatopropyltriethoxysilane and all solvents were pur-
chased from Sigma-Aldrich and used as received. SnO,:F
transparent conductive electrodes (FTO, TECTM A10) 10
Ohm/square were purchased from Pilkington NSG Group.
UV-cured resin ThreeBond was used to isolate the silver grids
inkjet printed on FTO glasses using Cabot silver ink. Com-
mercial ultra-pure titanium butoxide (TTBU, 97%, Aldrich),
Triton X-100 (polyethylene glycol p-tert-octylphenyl ether)
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surfactant (99.8%, Fisher Scientific), and glacial acetic acid
(AcOH, Aldrich) were used to make precursor TiO, sols.

Transparent thin TiO, films were fabricated by a sol-gel
method following a previously reported procedure. Briefly,
for a 10.8 mL solution, 1.44 g of Triton X-100 was mixed
with 8 mL of EtOH, followed by addition of 0.8 mL of glacial
acetic acid and 0.74 mL of titanium butoxide under vigor-
ous stirring. After a few minutes of stirring, the solution was
deposited on the FTO glasses by inkjet printing (Dimatix,
Materials Printer DMP-5000). The films were calcined at
500 °C for 15 min using a 40 °C/min heating ramp rate. The
procedure of sequential printing and sintering was repeated
several times until the TiO, films were approximately 3 pm
thick. BTD-DTP1 organic dye in chlorobenzene (CB) was
also inkjet printed on TiO, (dye concentration: 102 M) in
order to sensitize the TiO, electrode in the visible. The dye
was adsorbed within 3 min of deposition. Excessive dye
molecules that were not adsorbed on the TiO, surface were
removed by rinsing the electrode with CB. The platinized
FTO glasses were made by inkjet printing of an H,PtCl
solution (5 mg/1 ml of n-propanol) followed by heating at
500 °C for 10 min.

The gel electrolyte was synthesized as follows: 1.4 g of
the functionalized alkoxide precursor ICS-PPG230 was dis-
solved in 4.8 g of sulfolane under vigorous stirring. Then,
1.2 mL AcOH was added, followed by the addition of 0.3 M
1-methyl-3-propylimidazolium iodide (MPImI), 0.1 M Lil
and 0.05 M I, in a final molar ratio of AcOH: Lil: MPIml:
1,=2.5:0.1:0.3:0.05. Finally, 0.5 M of tert-butyl pyridine
and 8.9 mg of guanidine thiocyanate were added to the
above mixture.

To fabricate the dye-sensitized solar panel, a silver paste
was printed on the glasses to make the internal electrical
connections and serially connect the adjacent cells. After the
deposition of the silver fingers, the glasses were sintered at
400 °C for 10 min before the application of the dye and the
electrolyte. A UV-curing resin was used to insulate the silver
wires to avoid their corrosion from the electrolyte. Finally,
a large area module with total size 47 x 38 cm?® was fabri-
cated after merging the two photoelectrodes and sealing
them with the UV-cured resin ThreeBond. The electrolyte
was inserted between the individual solar stripe electrodes
through some holes present in the slightly platinized FTO
counter electrode when it was still in liquid phase, which
was finally gelled within an hour due to inorganic polym-
erization-condensation of the triethoxylane groups at both
edges of the hybrid ICS-PPG230 material in the electrolyte.
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Plant Material and Growth Conditions

To verify that the customized-DSSC filtered light does not
affect seed germination, a first germination assay was per-
formed before the main experiment in the greenhouse. Light-
ing was provided by 400 W high-pressure sodium (HPS)
lamps delivering approximately 500 umol m™2 s™' PPFD at
the canopy level. The lamps used were Philips SON-T Agro
400 W HPS lamps, with a spectral power distribution domi-
nated by yellow-orange-red wavelengths (560-640 nm)
and an enhanced emission in the blue region compared to
standard HPS lamps, due to the addition of xenon (com-
mercially described as the “Agro” spectrum). Specifically,
9 seeds of Cichorium intybus var. latifolium cv. Precoce
(common name “radicchio”, kindly provided by “La Semi-
orto Sementi” seed company, Sarno, Italy) were sown in
9x9x10 cm pots filled with a 7:3 (v/v) peat-sand mix and
placed either under the developed customized-DSSC panel,
namely “DSSC” samples, under an identically positioned
clear glass panel, namely “GLASS samples”, and without
any panel, namely “OUTSIDE” samples. The GLASS panel
was a fluorine-doped tin oxide (FTO) coated glass slide, a
common conductive glass substrate used for DSSC manu-
facturing. FTO is transparent to visible light, but absorbs
UV light (Chowdhury et al. 2013). Germination was scored
after 7 days. The assay was repeated four times.

For the main experiment, seeds of C. intybus var. latifo-
lium cv. Precoce were germinated for 5 days on moist filter
paper in 12 cm? Petri dishes in dark conditions. Uniform
seedlings were then transferred to 9 x 9 x 10 cm plastic pots
filled with a 7:3 (v/ v) mix of commercial peat and auto-
claved quartz sand. Pots were kept in a greenhouse main-
tained at 19-26 °C and around 55% relative humidity under
a 16 h light/ 8 h dark photoperiod. Lighting was provided as
described above for the germination assay. Three light-filter
conditions were assessed: (1) “DSSC”, by using the DSSC
panel positioned approximately 15 cm above the canopy
using six plastic supports placed around it; (2) “GLASS”,
by using a clear glass panel of the same size and in the same
position; and (3) “OUTSIDE”, consisting of plants with no
cover. For each treatment three pots were prepared, each pot
containing three seedlings (=9 per condition). Plants were
watered to field capacity every three days and received no
additional fertilizer. The experiment was conducted from
February 2024 to April 2024.
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Sampling, RNA Extraction and RNA-seq
Analysis

At 60 days after sowing, all three plants contained in each
pot were harvested and pooled to create one composite sam-
ple per pot as a single biological replicate. Shoots were fro-
zen in liquid nitrogen and stored at —80 °C. To isolate RNA
from plant material, for each biological replicate, approxi-
mately 100 mg of frozen tissue was ground with two 0.4 mm
steel beads in a 2 mL tube using a TissueLyser II (Qiagen)
for 60 s at 28 Hz. Total RNA was isolated with a modified
CTAB protocol (Chang et al. 1993) and eluted in nuclease-
free water. RNA concentration and purity were checked
with a NanoDrop 2000 (Thermo Fisher Scientific). Stranded
RNA-seq libraries were generated by IGA Technology Ser-
vices (Udine, Italy) with the VAHTS Universal V10 RNA-
Seq kit (Vazyme) following the manufacturer’s instructions
(fr-first-strand workflow). Libraries were sequenced on an
Illumina NovaSeq 6000 platform to obtain 150 bp paired-
end reads. In total, nine libraries (three per condition) were
obtained. Basecalling, demultiplexing and adapter masking
were carried out with [llumina BCL Convert v3.9.31. Reads
were quality-trimmed with ERNE and mapped to the avail-
able C. intybus reference genome (Fan et al. 2022) using
STAR v2.7.3a (Dobin et al. 2013) with default parameters.
Transcript reconstruction and abundance estimation were
performed with StringTie v2.1.7. Gene-level counts were
performed with HTSeq-count v0.11.3 (union mode). Dif-
ferential expression was analysed in DESeq2 v1.38.0 (Love
et al. 2014) using GLASS as the reference treatment. Genes
showing an adjusted p-value<0.05 were considered differ-
entially expressed (DEGs). Both the full transcript set and
the list of DEGs were annotated with Blast2GO v6.0 against
the NCBI RefSeq protein database. Gene Ontology terms
were assigned where possible. Raw sequencing data have
been deposited in the NCBI Sequence Read Archive under
BioProject accession PRINA1293957.

To have an overview of the functional distribution of
differentially expressed genes across metabolic pathways,
the translated peptide sequences of Cichorium intybus were
annotated using the Mercator4 web server (https://plabip
d.de/portal/mercator4; Schwacke et al. 2019). Mercator4
assigned functional categories (BINs) to each sequence
based on comparisons to multiple reference databases,
including TAIR, Swiss-Prot, KEGG, and COG. The result-
ing mapping file was combined with the DEG expression
data to produce MapMan-compatible input tables. Visu-
alization was performed using MapMan software version
3.5.0, generating pathway overviews in which log. fold-
change values were represented by a color scale.

Characterization and Quantification of
Photosynthetic Pigments

After lyophilization, about 10 mg per sample were sub-
jected to chlorophyll and carotenoid extraction with
3x0.5 mL of acetone using an ultrasonic bath at 4 °C, for
20 min (Ashenafi et al. 2023). Extracts were centrifuged at
14,800 rpm for 5 min, and 200 pl of the supernatants were
stored at — 80 °C for the HPLC analysis. Individual carot-
enoids and chlorophylls were analyzed by injecting 10 puL
into the HPLC-DAD equipment described above. The pig-
ments were separated using a 250 x 4.6 mm Zorbax SB-C18
(5 pm) column (Agilent Italia, Milan, Italy), kept at 40 °C,
eluted with a linear gradient of solvent (A) CH;CN/MeOH
(97/3 v/v) and (B) MeOH/ethyl acetate (68/32 v/v). The
separation was performed at in a 40-minutes run a flow
rate of 0.7 mL min~ ! following the gradient: 15 min (100%
A); 15-28 min (0-100% B), 28-40 min (100% B). Ten
minutes of conditioning were used to return to the initial
conditions of the method. Individual pigments were iden-
tified and quantified by comparison of UV-visible spectral
characteristics and retention times with those of authentic
standards (lutein, zeaxanthin, chlorophyll a, chlorophyll b,
and B-carotene), injected under the same chromatographic
conditions. For quantification, five-point calibration curves
of each standard were used. The analyses were conducted in
triplicate, and the results were expressed as milligrams per
gram of dry weight (mg g~ ! DW).

Characterization and Quantification of
Phenylpropanoids

After lyophilization, about 10 mg per sample were extracted
with 3 0.5 mL of 75% ethanol solution (pH 2.5 adjusted with
formic acid). The extracts were centrifuged at 14,800 rpm for
5 min, and the supernatants were partitioned with 4 x 0.5 mL
of n-hexane to remove lipophilic compounds. The hydro-
ethanolic phase was reduced to dryness using a centrifugal
vacuum concentrator, and the residue was resuspended with
200 pL of MeOH: Milli-QH,0 solution (1/1 v/v, pH 2.5
adjusted with formic acid), centrifuged at 14,800 rpm for
5 min and analyzed by HPLC. The analyses of phenylpro-
panoids in the extracts were performed by injecting 15 puL
aliquots into a PerkinElmer Flexar liquid chromatograph
equipped with a quaternary 200Q/410 pump and an LC
200 diode array detector (DAD) (PerkinElmer, Bradford,
CT, USA). Phenylpropanoids were separated by a Zorbax®™
C-18 column (250 mm % 4.6 mm, 5 um particle size) operat-
ing at 40 °C. The mobile phases consisted of (A) acidified
water (0.1% HCOOH) and (B) acetonitrile (0.1% HCOOH).
The separation was conducted using the following gradient:
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4 min (5% B); 4-24 min (3-20% B), 24-39 min (20-50%
B), 39-52 min (50-100% B), 52—54 min (100-5% B) with
of a total analysis time of 54 min, at a flow rate of 0.6 mL
min~ . Ten minutes of conditioning were used to return to
the initial conditions of the method. Chromatograms were
recorded at 280 nm for epigallocatechin derivatives, at
330 nm for hydroxycinnamic acids, and at 350 nm for fla-
vonols. The identification of polyphenols in the extracts was
carried out based on previous identification (Menicucci et
al. 2025) and by comparing the UV-visible spectral char-
acteristics of the peaks and the retention times with those
of authentic standards (epigallocatechin, chlorogenic acid,
cichoric acid and kaempferol-3-O-glucuronide) injected
under the same conditions. For quantification, four-point
calibration curves of each standard were used. The analyses
were conducted in triplicate and the results were expressed
as milligrams per grams of dry weight (mg g ' DW).

Statistical Analysis

Statistical analysis was conducted with R software v. 4.3.2.
After checking the normality of the distribution by Shap-
iro-Wilk test and homoscedasticity by Levene test of the
data, one-way ANOVA was performed to assess the effects
of the cover condition on carotenoid and polyphenols con-
tent. Post-hoc analysis was performed through Tukey HSD
Test with a significance level set to p<0.05. In addition, to
integrate transcripts and pigments, we paired RNA-seq nor-
malized read counts (see Table S2) with the raw carotenoid
concentrations per replicate (neoxanthin, violaxanthin,
lutein, zeaxanthin, B-carotene, chlorophyll a/b). Selected
genes were L2E82 42560 (protochlorophyllide reduc-
tase), L2E82 36523 (chlorophyll a-b binding protein 7),
L2E82 26610 (chlorophyllide a oxygenase), L2E82 06716
(carotenoid cleavage dioxygenase 4), L2E82 43989 (zea-
xanthin epoxidase), L2E82 01059 (lycopene B-cyclase).
Each gene was associated with the carotenoid content,
and within-feature z-scores (to remove scale differences
between features) across the six replicates (GLASS and
DSSC samples) was determined to estimate a single pooled
Pearson correlation (n=36 pairs, two-sided a=0.05).

Results

Germination Assay and Phenotype of the Plants
Across four independent replicates, final germination
percentages were 72+19% under the DSSC mini-panel,
86+21% beneath the glass, and 67+16% with no cover

(mean+SD, n=4). Pooled counts were 26/36, 31/36
and 24/36 seeds, respectively. A y? test (germinated/not
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germinated) showed no significant effect of condition (¥ =
3.85, df=2, p=0.15), confirming that the use of the DSSC
did not significantly affect seed germination compared to
glass or no cover conditions. Radicchio plants grown with-
out cover (OUTSIDE) and under the glass panel (GLASS)
showed a similar overall phenotype (not shown). Con-
versely, plants grown under the customized DSSC panel
(Fig. 1a, b) showed reduced leaf expansion and narrower
leaf blades compared to those grown under standard glass.
In addition, DSSC-grown plants exhibited elongated peti-
oles (Fig. 1b, c).

Transcriptomic Profile of Radicchio Plants Grown
under Customized-DSSC and Without Cover

The RNA-seq generated an average of 35.12 million raw
reads per sample. Reads mapping to C. intybus reference
genome (Fan et al. 2022) resulted in an average mapping
rate of 87.71% (max 88.6%, min 86.4%; Table S1-S2).
The PCA of normalized read count data (Fig. 2a) showed
that PC1 (53% of the total variance) separated the DSSC
samples from both GLASS (reference) and OUTSIDE, indi-
cating that the effect of the DSSC panel on transcriptomic
profiles was the main source of variation. PC2 (21% of the
total variance) allowed only slight separation of GLASS and
OUTSIDE samples, with some overlaps (Fig. 2a). A distinct
transcriptomic profile of DSSC samples compared to both
OUTSIDE and GLASS samples was observed (Fig. 2b for a
representative example of the top 50 most variable genes in
this condition). In Fig. 2c, a Volcano plot shows the distribu-
tion of DEGs identified in DSSC and OUTSIDE conditions
with respect to GLASS one. Using GLASS as reference
(control), 4,161 DEGs under the DSSC panel were iden-
tified (2,014 up- and 2,147 down-regulated; adj. p<0.05),
while the OUTSIDE condition differed from the control
only in 70 genes (21 up- and 49 down-regulated). DSSC-
filtered light triggered a 90-fold larger transcriptional repro-
gramming than removing the cover (OUTSIDE condition),
with approximately 9.5% of genes of C. intybus genome
that were differentially expressed compared to the control
condition.

Eightbiological-process (BP) GO terms were significantly
enriched among the up-regulated gene set (Fig. 3a). These
terms were mainly related to stress and defence responses,
i.e., Response to wounding (GO:0009611), Defense
response (G0O:0006952), Cellular oxidant detoxification
(GO:0098869), Response to light stimulus (GO:0009416),
together with Negative regulation of endopeptidase activ-
ity (GO:0010951). Lignin catabolic process (GO:0046274)
and Nitrate transmembrane transport (GO:0015706) were
also identified among enriched GO terms (Fig. 3a). On
the other hand, six BP terms were over-represented in the



Journal of Plant Growth Regulation

Fig. 1 Representative examples

of phenotype of radicchio plants a
grown under the customized-DSSC
panel (a, left; b) and under the
glass panel (a, right; ¢)

down-regulated genes. The main affected process was pho-
tosynthetic capacity: the broad parent term Photosynthesis
(GO:0015979) and its children terms Light harvesting in
PSI/PSII (GO:0009765), Photosynthetic electron trans-
port chain (G0O:0022900), Chlorophyll biosynthetic pro-
cess (GO:0015995), were identified as enriched among the
down-regulated genes in DSSC samples. Additionally, Plas-
tid organisation (GO:0009657) and Response to blue light
(GO:0009637) suggested that plastids and perception of
blue radiation were affected in the DSSC samples (Fig. 3a).
No enriched GO terms were identified in the up- and down-
regulated gene datasets of OUTSIDE samples.

Among the up-regulated genes in DSSC-grown radic-
chio plants (Table S3), several main functional groups
were detected, all putatively related to shade avoidance
response (Li and Wang 2022). Particularly, processes cor-
related with primary and secondary cell wall synthesis and
remodeling were affected with a strong induction of genes
coding for oxidative cross-linking enzymes, putatively

pr—

B0 N M BN u s

associated with lignin related oxidative processes, including
two laccases (L2E82 21065, log.FC=8.4; L2E82 21068,
log2FC=7.7), two peroxidases (cationic peroxidase 1,
L2E82 01414, log.FC=8.8; peroxidase 4, L2E82 00550,
log:FC=7.4), a callose synthase 9 (L2E82 19626,
logFC=7.1) and five CASP-like proteins (CASP-like 1:
L2E82 48627, log.FC=7.3; L2E82 48625, log:FC=6.0;
CASP-like 5A2: L2E82 32609, log.FC=1.3; CASP-
like 5B3: L2E82 32244, log.FC=1.2; CASP-like 5B2:
L2E82 12781, log:FC=1.0). It is worth noting also the
up-regulation of a transcript annotated as basic blue pro-
tein (L2E82 27998, log.FC=6.6) and its close relative
annotated as uclacyanin 1 (L2E82 10797, log:FC=8.3),
belonging to the phytocyanin family of extracellular type-I
blue-copper proteins and related to lignin pathway (Zhu et
al. 2018; Reyt et al. 2020). A gene coding for an expansin
(L2E82 32200, log2FC=1.94) was also found to be slightly
up-regulated, together with a gene encoding a cellulose
synthase-like protein E1 (L2E82 46075, log:FC=3.73).
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Fig. 2 Transcriptomic profiles of the radicchio plants. In (a), PCA on
normalized read counts to visualize the differences in transcriptomic
patterns across samples; in (b), heatmap depicting the 50 genes most
variable in terms of expression between DSSC, OUTSIDE and GLASS
samples, with hierarchical clustering of DEGs using the McQuitty
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Fig. 3 Functional enrichment and metabolic mapping of DSSC RNA-
seq data. In (a), GO terms related to biological process significantly
enriched among up- and down-regulated genes in DSSC samples; in

Additionally, genes involved in xyloglucan remodeling
were also differentially expressed under DSSC. In particu-
lar, a gene coding for a xyloglucan endotransglucosylase/
hydrolase was up-regulated (L2E82 12231; log.FC=2.85),
together with a gene encoding a xyloglucan-specific
galacturonosyltransferase 1 (L2E82 06319; log.FC=1.47).
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On the other hand, ten genes coding for cellulose synthase-
related proteins, i.e. seven putative cellulose synthase A
(CESA; L2E82 20178, L2E82 21291, L2E82 39509,
L2E82 39904, L2E82 27934, L2E82 49311,
L2E82 49303; log.FC = -2.63, -1.12, -1.09, -0.74, -1.40,
-0.73, and —0.67, respectively) and three CELLULOSE
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SYNTHASE INTERACTIVE proteins (CSI; L2E82 34392,
L2E82 18092, L2E82 17919; log.FC = -1.39, -1.15, and
—1.14, respectively), were down-regulated in DSSC sam-
ples compared to GLASS ones. Additionall In addition to
genes involved in cell wall metabolism, transcriptomic data
showed that transport was also affected by the presence of
DSSC, as reflected by the up-regulation of genes coding for a
glucose carrier HEX6 (L2E82 25055, log:FC=7.1), a chlo-
roplastic Na'/pyruvate antiporter BASS2 (L2E82 14296,
log.FC=5.2), two aquaporins (TIP1-1, L2E82 31411,
log.FC=5.9; PIP1-2, L2E82 40774, log:FC=5.5), and
an ABC-G transporter (L2E82 51959, log.FC=5.3).
Several members of the NRT1/PTR family were up-reg-
ulated (L2E82 24650, L2E82 06206, L2E82 27282,
L2E82 46908, L2E82 07395; log.FC=2.55, 2.52, 2.36,
1.17, 0.88, respectively) (Table S3). Some genes putatively
related to biosynthesis and catabolism of specialized metab-
olites were also up-regulated in DSSC samples compared
to GLASS. Among them, genes coding for two cytochrome
P450 monooxygenases, CYP704C1 (L2E82 45724,
log:FC=7.5) and CYP81Q32 (L2E82 27176, log.FC=6.3),
a germacrene A synthase (L2E82 11200, log.FC=6.3) and a
B-amyrin 28-oxidase (L2E82 10518, log:FC=6.3). Among
the down-regulated DEGs in the same condition, genes
related to the xanthophyll pathway were identified, including
CRTISO encoding a carotenoid isomerase (L2E82 20428,
logFC = -0.8), LCYB encoding a lycopene [-cyclase
(L2E82 01059, log:FC =-0.9), and a zeaxanthin epoxidase
(L2E82_ 43989, log2FC = -1.10). Two genes coding for the
flavonol kaempferol 3-O-beta-D-galactosyltransferases
(L2E82 12213, log,FC= -2.12; L2E82 12214, log,FC =
-2.42) were also found to be down-regulated. Light and
hormone signalling modules were also activated, and genes
coding for shade- and hormone-responsive regulators were
found to be strongly up-regulated. The main effect of the
DSSC cover modules on the radicchio shoot transcriptome
was in fact mirrored by the modulation of the expression of
specific light-responsive genes. In the DEG dataset of DSSC
samples, fifteen key genes related to the response to light
stimulus were identified (Table 1). Two genes coding for
putative LIGHT-DEPENDENT SHORT HYPOCOTYLS
paralogues (LSH10, L2E82 37467, log:FC=6.66; LSH4,
L2E82 45149, log,FC=2.95) were among the up-regu-
lated ones. In Arabidopsis, these proteins, namely ALOG/
LSH proteins, act downstream of far-red (FR) and low-blue
cues to promote cell expansion in cotyledons and stems
(Vo Phan et al.2023). Particularly, LSH3/4 promote hypo-
cotyl and cotyledon cell expansion under far-red-enriched
or blue-depleted light (Roig-Villanova and Martinez-Gar-
cia 2024; Takeda et al. 2024) and LSHI10 is transcription-
ally activated by neighbour shade signals (Vo Phan et al.
2023). Their induction in our dataset was observed together

with the up-regulation of two genes involved in GA syn-
thesis, coding for a gibberellin 20-oxidase (L2E82 22067,
log2FC=1.17) and a gibberellin 2-beta-dioxygenase
(L2E82 17138, log2FC=5.66), and with the transcription
factor PIF3 (L2E82 01528, log:FC=1.81) known to play
an essential role during shade-avoidance response (Han et
al. 2024) (Table 1).

Notably, the orthologue of the Arabidopsis histone de-
ubiquitinase OTLD1 (Vo Phan et al. 2023; L2E82 20298
in the radicchio dataset) was significantly down-regulated
under DSSC filtered light (log:FC = -1.33; Table S4) com-
pared to GLASS, suggesting that chromatin de-ubiqui-
tination may be reduced in this condition. Additionally,
the down-regulation of genes coding for a protein WEAK
CHLOROPLAST MOVEMENT UNDER BLUE LIGHT 1
(L2E82 17494, log:FC = -1.13) and a blue-light photore-
ceptor PHR2 (L2E82 19828, log.FC = -1.26) suggests that
the plant reduced need for blue-light under the DSSC cover.
It is also worth noting that two genes involved in the chlo-
rophyll biosynthetic pathways were found to be down-regu-
lated, i.c., a gene coding for a chlorophyllide an oxygenase
(L2E82 26610, logFC =-0.69) and a chlorophyll a-b bind-
ing protein 7 (L2E82 36523, log:FC = -0.89) (Table 1).
Genes coding for other transcription factors (TFs) or pro-
teins involved in hormonal signaling pathways also resulted
to be up-regulated. Among them, it is worth noting an ethyl-
ene-responsive factor (L2E82 14798, log.2FC=6.9),aMYB
TF (MYBI14; L2E82 13035, log:FC=6.6), a brassino-
steroid-responsive RING protein 1 (BRH1; L2E82 13929,
log2FC=5.63), and a brassinosteroid-targeted phosphatase
BSL3 (L2E82 41905, log.FC=17.3), a linoleate 9-lipoxy-
genase (L2E82 24499, log.FC=6.4) and a A'2-desaturase
DES8.11 (L2E82 45720, log.FC=6.7). Moreover, two
auxin-responsive genes, i.e., iaa27 (L2E82 39321,
log2FC=3.13) and an auxin-induced PCNT115 homologue
(L2E82 34913, log2FC=2.06), were also up-regulated
(Table S3).

Mercaptor4/Mapman annotation showed that WAX bio-
synthetic pathways were activated, while other pathways,
such as lignin/lignan, phenylpropanoid and carotenoid
biosynthesis seemed repressed (Fig. 3b), consistent with
plant responses to a shaded environment. Activation of wax
biosynthesis was supported by the induction of some key
enzymatic steps, including genes coding for a 3-ketoacyl-
CoA synthase 1 (L2E82 00220, log.FC=2.54; Todd et al.
1999) and a wax-ester synthase/diacylglycerol acyl-trans-
ferase 11-like (L2E82 51275, log:FC=3.61), together with
the genes coding for their upstream regulators, such as the
MIXTA-like transcription factor MYB16 (L2E82 33454,
logFC=0.91; Oshima and Mitsuda 2013) and the fatty-acid
exporter FAX1 (L2E82 01020, log2FC=0.67), whose over-
expression in Arabidopsis has been shown to boost both
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Table 1 List of DEGs related to response to light stimulus in DSSC samples

Gene_ID NCBI acces-  Log2FoldChange Description Best blastp hit on A. thaliana % Query e-value
sion number refseq_protein database identity coverage
(NCBI accession number)
L2E82 37467 KAI3708300.1 6.66 protein LIGHT- LIGHT-DEPENDENT SHORT 75.78% 79% le-82
DEPENDENT SHORT HYPOCOTYLS-like protein
HYPOCOTYLS 10 (DUF640) (NP_565978.1)
(LSH10)
L2E82 17138 KAI3767057.1 5.66 gibberellin 2-beta- 2-oxoglutarate (20G) and 41.38% 38% 2e-06
dioxygenase 8 Fe(II)-dependent oxygen-
ase superfamily protein
(NP_200674.1)
L2E82 45149 KAI3700518.1 2.95 protein LIGHT- LIGHT-DEPENDENT SHORT 74.05% 87% 4e-87
DEPENDENT SHORT HYPOCOTYLS-like protein
HYPOCOTYLS 4 (DUF640) (NP_565716.1)
(LSH4)
L2E82 50011 KAI3682237.1 1.40 light-regulated protein CCR-like protein 52.14% 88% 2e-03
1, chloroplastic (NP_189308.1)
L2E82 22067 KAI3751051.1 1.17 gibberellin 20 oxidase  gibberellin 20 oxidase 2 64.19% 77% 6e-180
1-B (NP_199994.1)
L2E82 21055 KAI3750420.1 1.05 protein FAR-RED far-red elongated hypocotyl 1 ~ 65.96% 22% 2e-10
ELONGATED HYPO- (NP_001078018.1)
COTYL 1
L2E82 39677 KAI3709909.1 -0.79 phytochrome E phytochrome E 60.63% 97% 0.0
(NP_193547.4)
L2E82 36523 KAI3724735.1 -0.89 chlorophyll a-b binding Chlorophyll A-B binding fam- 78.60% 89% 7e-173
protein 7, chloroplastic ily protein (NP_177783.1)
L2E82 27913 KAI3737898.1 -0.93 phytochrome B phytochrome B 77.50% 98% 0.0
(NP_179469.1)
L2E82_02663 KAI3789859.1 -1.01 protein PHY- nuclear receptor coactivator 45.25% 100% 0.0
TOCHROME- (NP_001321648.1)
DEPENDENT

LATE-FLOWERING

L2E82 26610 KAI3736665.1 -0.69

chlorophyllide a oxy-
genase, chloroplastic

Pheophorbide a oxygenase 75.85% 100% 0.0
family protein with Rieske
2Fe-2 S domain-containing

protein (NP_175088.1)

L2E82 30485 KAI3740067.1 -0.66 protein MAINTE- proline-rich family protein 57.42% 75% Se-72
NANCE OF PSII (NP_568178.1)
UNDER HIGH LIGHT
1

L2E82 11190 KAI3781185.1 -0.84 light-inducible protein  bZIP transcription factor fam- 41.71% 98% 9e-76
CPRF2 ily protein (NP_568508.2)

L2E82 17494 KAI3767395.1 -1.13 protein WEAK CHLO- WEAK CHLOROPLAST 52.68% 93% 0.0
ROPLAST MOVE- MOVEMENT UNDER
MENT UNDER BLUE BLUE LIGHT-like protein
LIGHT 1 (NP_001325286.1)

L2E82 19828 KAI3749221.1 -1.26 blue-light photorecep-  photolyase/blue-light receptor  61.97% 99% 3e-180

tor PHR2 isoform X2

2 (NP_182281.1)

cuticular wax and seed-oil accumulation (Li et al. 2015)
(Table S3).

In contrast to the extensive transcriptional remodelling
seen under the applied DSSC, OUTSIDE condition did
not strongly affect the radicchio transcriptome. Only 21
up-regulated and 49 down-regulated genes versus GLASS
samples were identified. Among the up-regulated transcripts
in OUTSIDE-grown radicchio plants (Table S4), some
small functional clusters have been distinguished. Signal-
ling components were activated, such as a gene coding
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for a receptor-like serine/threonine kinase (L2E82 40153,
log2FC=5.4), a NAC transcription factor 56 (L2E82 46252,
log.FC=5.3) and a Ca?" sensor (CML41; L2E82 19072,
log.FC=3.3). Some genes involved in membrane traffick-
ing and redox control were also found to be up-regulated,
including a clathrin-assembly protein (L2E82 47152,
log:FC=3.9), a glycerophosphodiester phosphodiesterase
(L2E82 26844, log:FC=3.8) and a glutathione S-transfer-
ase (L2E82 11703, log.FC=3.6). Conversely, the down-
regulated genes were mainly associated with primary
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metabolism components, such as genes related to sterol
biosynthesis (5-24-sterol reductase, L2E82 14119, log-FC
= -7.06) and central-carbon enzymes such as a pyrophos-
phate-dependent  phosphofructokinase  (L2E82 24979,
log:FC = -6.38) and a fumarate hydratase (L2E82 15525,
logFC =-5.61), which were identified as strongly repressed
compared to the GLASS condition (Table S4).
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Fig.4 Carotenoid content in radicchio plants. Contents (mg g™! DW) of
carotenoids (neoxanthin, violaxanthin, zeaxanthin, lutein, f-carotene)
and chlorophylls (Chl a, Chl b) in shoots of plants grown under cus-
tomized-DSSC, GLASS and OUTSIDE. Bars show mean+SE (n=3).
Asterisks indicate significant differences from the GLASS control
(ANOVA+Tukey, p<0.05; ns, *, **, ¥**: not significant or significant
atp <0.05,p<0.01, and p <0.001, respectively)

Photosynthetic Pigments and Polyphenols Content

The main photosynthetic pigments detected in C. intybus
leaves were neoxanthin, violaxanthin, lutein, zeaxanthin,
chlorophyll b, chlorophyll a, and B-carotene (Figure S3).
One-way ANOVA showed that light filtered through the
dye-sensitized solar cell (DSSC) panels affected all carot-
enoid contents (Fig. 4 and Table S5). Particularly, neoxan-
thin (One-way ANOVA F-value=15.35, p-value=0.0031),
violaxanthin (F=14.11, p-value=0.0038), and zeaxanthin
(F=5.93, p-value=0.0337) contents were all significantly
lower in DSSC samples than in GLASS-covered controls.
DSSC plants accumulated between 1.5- and 2-fold fewer
neoxanthin and violaxanthin, respectively, and approxi-
mately 40% less lutein (F=4.85, p-value=0.0005) and
B -carotene (F=9.68, p-value=0.0132) than the control
(GLASS) condition. In addition, while chlorophyll b con-
tent did not differ between GLASS and DSSC samples,
chlorophyll a was significantly lower in plants under DSSC
than in control, representing roughly a 25% depletion and
reducing the chlorophyll a/b ratio only under DSSC light.
In contrast, exposure to sunlight without any cover (OUT-
SIDE samples) produced only minor adjustments compared
to control. B-carotene, lutein, zeaxanthin, and chlorophyll
a and b contents did not differ between OUTSIDE and
GLASS samples. A slight but significant increase in neoxan-
thin and a modest decrease in violaxanthin were observed,
but no broader pattern emerged. The lack of difference in
carotenoid content between the OUTSIDE and GLASS
samples was probably related to the high variability within
the limited number of replicates (n=3). Concerning DSSC
samples, on the other hand, the data show that DSSC-fil-
tered spectra selectively inactivate the xanthophyll-related
pathway.

Regarding phenylpropanoids, in the three main classes of
compounds detected in the extracts, caffeic acid derivatives,
flavonols and epigallocatechin derivatives (Figure S4), dif-
ferent accumulation was observed across the three condi-
tions (Fig. 5 and Table S6). Caffeic acid derivatives were
affected by the condition (one-way ANOVA F-value=18.27,
p-value=0.0028), and they were induced in OUTSIDE
samples, reaching nearly 1 mg g=' DW, while no signifi-
cant differences were detected between GLASS and DSSC
samples. A similar outcome was obtained with the data on
the concentration of epigallocatechin derivatives (F=9.29,
p-value=0.0146), which, overall, showed a higher level
of accumulation compared to caffeic acid derivatives and
flavonoids. These compounds were significantly higher in
OUTSIDE samples, while again no differences were identi-
fied between GLASS and DSSC plants. The only detected
flavonoid, at very low concentration, was represented by
kaempferol-3-O-glucuronide, and it was affected by the
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Fig. 5 Phenylpropanoid content in radicchio plants. Contents (mg g
DW) of polyphenols (caffeic acid and epigallocatechin derivatives,
kaempferol-3-O-glucuronide) in shoots of plants grown under cus-
tomized-DSSC, GLASS and OUTSIDE. Bars show mean+ SE (n=3).

Asterisks indicate significant differences from the GLASS control
(ANOVA+Tukey, p<0.05; ns, *, **, ***: not significant or significant
at p<0.05, p<0.01, and p <0.001, respectively)

Fig. 6 Gene—carotenoid paired
panels (DSSC vs. GLASS). For
each pair, the left square reports
the gene log,FC (DSSC vs.
GLASS) and the right square the

DSSC vs GLASS
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condition factor (F=8.52, p-value=0.0176). Compared
to the other analysed phenylpropanoids, kaempferol-3-O-
glucuronide showed an opposite trend. It was detectable
in GLASS and OUTSIDE samples, while absent in DSSC
plants. Both GLASS and OUTSIDE samples showed mod-
est accumulation (approximately 0.06—-0.08 mg g™' DW).

Using within-feature standardization, the pooled Pear-
son correlation on z-scores was significant (#=0.80,
p-value=4.8x107°), suggesting that variation in gene
expression correlates with the corresponding pigment levels
across conditions (Fig. 6).
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Discussion

The interest in semi-transparent PV panels for agrivoltaic
applications is exponentially increasing. By providing
partial shade, PV modules may reduce evaporation rates,
helping to preserve soil moisture and improve water-use
efficiency (Semeraro et al. 2024; Hickey et al. 2024). Since
their introduction in the early 1990s, DSSCs have shown
promising results in terms of the trade-off between electri-
cal yield and absorbed/transmitted radiation, mainly due to
their tuneable colour and semitransparency, features that
make them appealing for photovoltaics (Barichello et al.
2024). However, studies on how DSSC-filtered light can
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affect plant growth, secondary metabolites, and molecular
responses are still scarce. In this work, a far-red-enriched,
blue-depleted light spectrum, together with a reduced light
intensity (lower PPFD) transmitted through a customized-
DSSC panel, impacted the radicchio phenotype, the whole
transcriptomic profile, as well as carotenoid and flavonol
contents.

Growth of the Plants under the Customized-DSSC
Cover Panel Led to Phenotypes that were Mirrored
by the Modulation of Cell Wall Related Transcripts

The presence of a customized-DSSC with BTD-DTP1 dye
and TiO, embedded did not affect C. intybus seed germi-
nation, in agreement with what has been recently reported
for the same radicchio genotype under a semi-transparent
perovskite layer (Spampinato et al. 2025). However, plants
grown under the customized-DSSC, compared to those
grown under a glass panel or without cover, showed a
distinct phenotype mainly related to shade avoidance syn-
drome (SAS; Li and Wang 2022). Specifically, the used
DSSC panel induced reduced leaf expansion and increased
hypocotyl elongation during the early seedling stage, symp-
toms previously well described in plants affected by SAS
(Martinez-Garcia et al. 2010; Li and Wang 2022).

It is worth noting that the phenotype of plants grown
under the customized-DSSC, showing elongated stems, can
be linked to the induction of an expansin-A6. Expansins,
in fact, are key regulators of cell wall elongation during
plant growth, being involved in the loosening and exten-
sion of plant cell walls by disrupting non-covalent bond-
ing between cellulose microfibrils and matrix glucans
(Shcherban et al. 1995; Cosgrove 2024a). The DSSC-fil-
tered light also induced the up-regulation of genes coding
for two laccases, two peroxidases and five CASP-like pro-
teins, all of which play a role in secondary plant cell wall
modification (Roppolo et al. 2011; Zhao et al. 2013). In this
context, it is also worth noting the induction of the genes
coding for a phytocyanin basic-blue-protein and a uclacya-
nin 1, considering the reported role of blue copper proteins
in lignin domain formation in the Casparian strip (Reyt et al.
2020). Thus, DSSC-filtered light appears to trigger the acti-
vation of a putative expansin gene involved in loosening the
primary cell wall and in allowing petiole elongation (Cos-
grove 2024b), as well as the regulation of genes related to
primary and secondary cell wall composition, probably for
preserving cell structural integrity despite the fast growth.
In particular, it is worth noting that some genes involved
in xyloglucan remodeling and a gene coding for a cellulose
synthase-like protein were induced in DSSC samples, while
several CESA/CSI genes were found to be down-regulated
(mean log,FC for CESA =-1.21), suggesting a shift toward

matrix polysaccharide remodeling and confirming the link
between cell wall remodeling and shade avoidance response
(Tang and Liesche 2017). Our results agree with the con-
nection between shade avoidance response and cell wall
remodeling reported in Arabidopsis and tomato (Tang and
Liesche 2017; Cagnola et al. 2012), although the direct
effect on cell wall composition must still be investigated
using specific cell wall probes (e.g., monoclonal antibod-
ies) for microscopic observations. Notably, a simultaneous
induction of some receptor-like kinases and transcription
factors in plants grown without cover may suggest a fine-
tuning of gene expression rather than a broader acclimation
process. Up-regulation of clathrin-assembly and lipid-recy-
cling enzymes, together with a glutathione S-transferase,
may imply small adjustments in membrane turnover and
antioxidant capacity (Marrs 1996; Yu et al. 2021). It could
also be hypothesised that direct irradiance from lamps to
plants, without any cover, generates a demand for energy
dissipation. In this scenario, in addition to the up-regulation
of some genes related to antioxidant processes, the signifi-
cant accumulation of neoxanthin in plants grown without
cover compared to controls may suggest the need for this
photoprotective pigment, which is directly involved in pho-
toprotection as an antioxidant, besides its indirect role in
chlorophyll-to-carotenoid triplet transfer (Dall’Osto et al.
2007).

Radicchio Plants Developed under the DSSC
Activate Light and Hormone Related Pathways
Linked to Shade Avoidance Response

Consistent with their phenotype, transcriptomic profiles of
plants grown under the customized-DSSC revealed the acti-
vation of metabolic changes correlated with the response to
shade and SAS. Transcriptome-wide analyses in plants have
shown that SAS is driven by a phytochrome-interacting-
factor (PIF) hub, which up-regulates hormonal pathways,
cell wall-loosening and lipid-remodelling genes while
repressing photosynthesis, reallocating resources toward
elongation (Casal and Fankhauser 2024). Under the used
DSSC panel, it seems that plants reallocate carbon and
energy from photoprotection to rapid elongation, a classic
growth-stress response trade-off. Two ALOG regulators
were induced, i.e., LSHI0 and its paralogue LSH4. Arabi-
dopsis studies have demonstrated the interaction between
the ALOG transcription factor LSH10 and the histone-deu-
biquitinase OTLD1 to create a complex involved in balanc-
ing growth and defence under shade conditions (Vo Phan
et al. 2023). Additionally, several transcripts identified as
typical markers of the SAS are significantly up-regulated
in the plants grown under DSSC. The up-regulation of the
gene coding for FAR-RED ELONGATED HYPOCOTYL 1
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(FHY1), known to be required for R: FR spectrum-specific
plant responses and crucial for plant adaptation to chang-
ing light conditions (Chen et al. 2012), is one remarkable
example. This result suggests that the plant perceives a light
quality shift toward FR, with low R: FR ratio, consistent
with conditions such as the growth under DSSC modules
or canopy shade. Similarly, the induction of a gene coding
for the transcription factor PIF3, one of the master regula-
tors of the bHLH shade-avoidance cascade, indicates shade
avoidance response, since PIF3 integrates phytochrome
signals and promotes elongation under low R: FR light
conditions (Toledo-Ortiz et al. 2014; Han et al. 2024). The
down-regulation of the two genes coding for phytochrome
B and E is another footprint of the shade avoidance response
of plants grown under DSSC modules. The disruption of
phyB in Arabidopsis results in constitutive shade avoidance
responses, indicating that phyB is a key negative regulator
of these responses (Reed et al. 1993). In tomato, it has been
demonstrated that the phyB paralogue, phyE, may act redun-
dantly with phyB in modulating SAS (Schrager-Lavelle et
al. 2016). Thus, the down-regulation of both phyE and phyB
homologues in radicchio plants grown under DSSC sug-
gests the inactivation of these two phytochromes, leading to
a shade avoidance response. Additionally, the down-regula-
tion of genes coding for a protein WEAK CHLOROPLAST
MOVEMENT UNDER BLUE LIGHT 1 and a blue-light
photoreceptor PHR2 can be linked to the reduced light
intensity and altered light spectrum, and subsequently light
quality, filtered by the DSSC. Both genes are indeed part of
the plant blue-light response machinery: the first has been
reported to help the movement of chloroplasts triggered
by intense blue light (Kodama et al. 2011), and PHR2 is a
photolyase-type protein that repairs UV/blue-induced DNA
damage (Kanai et al. 1997). Hence, it could be argued that
the low-blue/UV environment created by the customized-
DSSC panel also affected the expression of the blue/UV
light-related pathways, that were down-regulated since blue
light is depleted/reduced. The shade effect could also be
linked to the enhanced nitrate transport indicated by tran-
scriptomic data. The up-regulation of several NRT1/ PTR
transporters in plants grown under customized-DSSC com-
pared to both controls and plants without cover suggests that
nitrate is translocated and likely accumulated in the shoots.
Notably, in lettuce and rocket grown under opaque PV pan-
els, a nitrate accumulation in the leaves has been reported,
consistently linked with a shading effect (Khan et al. 2018;
Hickey et al. 2024). Lastly, it is known from the litera-
ture that the PAR transmittance of the DSSC panel can be
approximately 40% (Selvaraj et al. 2019), which means that
the effective PPFD perceived by the plants under the panel
could be lower than the incident PPFD. In fact, PAR trans-
mittance for the DSSC panel with semi-transparent DSSC
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devices for building/greenhouse applications has been esti-
mated as 37-53% (Selvaraj et al. 2019). Studies on different
BTD-DTP dyes show visible transmittance in the range of
approximately 17-48%, depending on the dye loading and
TiO: thickness (Dessi et al. 2021). Thus, considering the
spectral filtering properties of DSSCs, the typical SAS phe-
notype and the associated transcriptomic remodelling could
be due to the changes in both spectral quality and reduction
in light intensity.

Hormone metabolism and signalling also showed a shift
in DSSC samples when compared to plants grown under
glass or without cover. Particularly, the genes coding for a
GA 2-beta-dioxygenase and a GA 20 oxidase, as well as the
brassinosteroid-related protein BSL3 phosphatase and the
brassinosteroid-responsive RING protein 1 (BRH1), were
strongly up-regulated. Shade has been documented to boost
brassinosteroid (BR) signalling: BR biosynthesis mutants
(dwarf1 and rot3) fail to elongate under shading conditions,
and bioactive BR levels rise in simulated shade (Luccioni et
al. 2002; Bou-Torrent et al. 2014; Huang et al. 2022). At the
same time, shading is known to affect the expression of gib-
berellin (GA) biosynthetic genes, including the two detected
in DSSC DEG dataset, and, after longer exposure, the GA
content itself in plants (Hisamatsu et al. 2005; Bou-Torrent
et al. 2014; Liu et al. 2021). Additionally, the up-regulation
of auxin- and ethylene-responsive genes further supports
the idea that the customized-DSSC filtered light engages
the hormonal pathways associated with the shade avoidance
growth (Vandenbussche et al. 2003, 2005). Hypocotyl elon-
gation in shade avoidance requires auxin (Du et al. 2018).
Moreover, low R: FR light is known to inactivate phyto-
chrome B and promote ethylene production within minutes
to hours of shade exposure (Pierik et al. 2004). Neverthe-
less, further analyses focused on characterisation and quan-
tification of hormones in shoots of plants developed under
DSSC panels will be pivotal to verify their physiological
response during growth under the panels.

A Decrease in Carotenoid Content in Plants Grown
under DSSC Modules Suggests Low Photoprotection
Demands

Although seedling elongation is the best-characterised out-
come of the SAS, a low R: FR ratio is known to lead to a
decrease in the accumulation of photosynthetic pigments,
including carotenoids (Bou-Torrent et al. 2015; Sng et al.
2020). Not surprisingly, a significant decrease in carotenoid
content, including lutein, B-carotene, neoxanthin, violaxan-
thin, and zeaxanthin, was observed in radicchio plants grown
under DSSCs. Transcriptome data on carotenoid-related
genes partially reflect the biochemical results. The Pearson
correlation on z-scores of selected genes related to pigment
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pathways was significant, indicating that the expression
of these genes was presumably linked to the correspond-
ing pigment levels across conditions. This result may sup-
port a coordinated adjustment of the carotenoid/chlorophyll
pathways under the DSSC light regime. Genes related to
the xanthophyll pathway, such as those coding for a carot-
enoid isomerase and a lycopene B-cyclase, were found to be
down-regulated compared to control plants grown under the
glass panel. The down-regulation of a gene coding for a zea-
xanthin epoxidase may also be directly linked to the strong
decrease in this carotenoid in plants grown under DSSC. In
plants, the conversion of zeaxanthin to violaxanthin in the
xanthophyll cycle is crucial for an efficient dissipation of the
excess excitation energy (Bugos et al. 1999). Violaxanthin
de-epoxidase is located in the thylakoid lumen, while zea-
xanthin epoxidase is positioned on the stromal side, on the
opposite faces of the membrane (Havaux and Niyogi 1999;
Hieber et al. 2000). It has been documented that, under low
light levels, zeaxanthin is converted to its epoxidated form
violaxanthin for an efficient light absorption while under
high light levels zeaxanthin promotes LHCII aggregation,
a state in which this antenna complex is highly quenched
(Bugos et al. 1999; Johnson and Ruban 2009). However,
some studies in controlled conditions have reported that FR
light or low R: FR ratios might decrease the accumulation
of all carotenoids, including xanthophylls, in lettuce (Li and
Kubota 2009; Van Brenk et al. 2024). Accordingly, a simul-
taneous decline in zeaxanthin and, even more significant, in
violaxanthin may indicate that DSSC-filtered light affects
the entire xanthophyll cycle in radicchio plants rather than
merely regulating the epoxidation of zeaxanthin. It could be
argued that, beneath the customized-DSSC panel, plants did
not sense a significant reduction in photosynthetic photon-
flux density (PPFD), which refers to light quantity, and the
xanthophyll cycle, normally modulated by light intensity
(Demmig-Adams and Adams 1996), is depleted.

The chlorophyll content findings also align with the
RNA-seq data. In DSSC samples, the “chlorophyll biosyn-
thetic process” GO term is significantly over-represented
among down-regulated genes, together with broader pho-
tosynthetic categories such as “Photosynthesis” and “Light
harvesting in PSI/PSII”. The dataset of down-regulated
genes includes, for example, a chlorophyllide a oxygenase
(CAO) and a chlorophyll a/b-binding protein. Particularly,
CAO is the enzyme that converts chlorophyll a to chlo-
rophyll b after an oxygenation reaction (Dey et al. 2023).
Thus, the significantly reduced content of chlorophyll a in
DSSC samples, together with the unaffected chlorophyll b
accumulation and the down-regulation of the CAO-encod-
ing gene, can be associated with a shade-acclimation pro-
file, achieved mainly by reducing chlorophyll a synthesis.

Taken together, the observed low xanthophyll content
in plants grown under the customized-DSSC appears to be
associated with the reduction of their photosynthetic activity,
with a consequent reduced demand for non-photochemical
quenching. In brief, DSSC panels create a spectral environ-
ment associated with shading that affects carotenoid induc-
tion, imposes FR-triggered repression, and decreases the
need for photoprotective pigments, explaining the decrease
in neoxanthin, violaxanthin, B-carotene and lutein observed
in these plants.

Regarding polyphenols, the plants grown under the glass
panel and those grown under the customized-DSSC showed
similar concentrations of caffeic acid and epigallocatechin
derivatives, suggesting that the customized-DSSC panel did
not affect the accumulation of these compounds. The lack of
differences in caffeic acid and epigallocatechin derivatives
between DSSC and GLASS likely reflects similar spectral
filtering: the DSSC panel reduces UV/blue wavelengths
that stimulate phenolic biosynthesis, and the used glass also
attenuates much of the same range, yielding comparable
outcomes. On the other hand, the flavonol kaempferol-3-O-
glucuronide was completely absent in plants grown under
the customized-DSSC. This qualitative change aligns with
the RNA-seq data, which showed the down-regulation of
two paralogous kaempferol 3-O-B-D-galactosyltransferase
genes in DSSC plants. In radicchio, it has been recently
reported that kaempferol 3-O-glucuronide was the most
represented compound in plants developed under red LEDs
(Menicucci et al. 2025). Thus, it could be argued that the low
R: FR ratio resulting from the use of the customized-DSSC
panel attenuates the spectral range that favours kaempferol
3-0-glucuronide accumulation.

The Customized-DSSC Panel Can be Used to
Modulate Plant Development

The use of the customized-DSSC panel can be of interest for
shade-tolerant crops and for manipulating flowering time in
controlled conditions. In response to a low R: FR ratio typi-
cal of shading and under canopy conditions, indeed, exten-
sion growth and flowering are enhanced in shade-avoiding
species, while shade-tolerant species can delay flowering
(Runkle and Heins 2001). Specifically, for several long-day
plants, e.g., some ornamentals and lentils, adding FR to the
photoperiod often speeds up flowering (Mobini et al. 2016),
so the low R: FR under DSSC can shorten production cycles
when early flowering is needed. By contrast, for several
short-day plants (e.g., some basil cultivars; Stallknecht et al.
2023), a FR-rich environment may favour delayed flower-
ing, which can be exploited to prolong the vegetative phase
of leafy crops or delay harvest dates. For such species, the
reduction in total photosynthetically active radiation (PAR)
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might not be an issue, and the extra FR may even result
in increased leaf area without compromising leaf thickness,
as reported in basil and petunia (Stallknecht et al. 2023;
Xia and Mattson 2024). Alternatively, the DSSC modules
can be paired with dimmable LEDs that could supply the
missing red/blue photons only when needed (e.g., specific
plant life cycle phases; Stamford et al. 2023). The use of
dimmable blue and red LEDs has been proven to be fea-
sible for growing radicchio plants (C. intybus cv. Precoce
and Tardiva), also as a tool for improving their nutraceuti-
cal (e.g., antioxidant polyphenols) content (Menicucci et al.
2025). Hence, DSSC panels might offer a passive way to
accelerate or delay flowering by selecting species/genotypes
with the appropriate day-length response, while their energy
output can power corrective dimmable LEDs to prevent the
shade avoidance syndrome (SAS) observed under passive
shading.

Conclusions

In conclusion, this study provides the first transcriptomic
and carotenoid/phenolic content profiles of Cichorium
intybus plants cultivated beneath a semi-transparent cus-
tomized-DSSC panel with BTD-DTP1 dye, under specific
controlled conditions. Key results showed that the altered
light environment, characterised by a low R: FR ratio with
a reduced blue light and a reduced light intensity, induces a
shade avoidance response and seems to favour the realloca-
tion of carbon from photosynthetic and carotenoid pathways
toward elongation, cell wall rearrangements and nitrate
transport, simultaneously modulating hormone regulation
typically associated with shade-avoidance responses.

Future research should focus on improving DSSC panel
transparency through thinner TiO: layers and narrow/cus-
tom band dyes, to reduce shade responses while at the same
time preserving electrical yield. It is worth noting that the
advantage of using easy-to-prepare organic dyes compared
to Ru-based ones allows for more straightforward modi-
fication of the molecular structure, in addition to lower
costs and higher environmental benefits. This could enable
fine-tuning of light absorption, which could be adapted to
minimize undesired effects. Finally, the molecular (e.g.,
light-responsive genes, genes related to SAS) and biochemi-
cal (e.g., carotenoids) markers identified here might support
the screening of plant species/genotypes tolerant to DSSC-
filtered light spectra, as well as optimise DSSC materials
and developing hybrid DSSC-LED lighting strategies aimed
at minimising shade-avoidance while maximising agrivol-
taic performance.

Supplementary Information The online  version contains
supplementary material available at https://doi.org/10.1007/s00344-0
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