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Abstract

Primula veris L. (cowslip) is a medicinal plant traditionally used for respiratory ailments,
with its therapeutic properties attributed to triterpene saponins and phenolic glycosides
found in the roots and the aerial parts. The present study aimed to investigate the impact
of different LED light spectra (red, blue, red:blue, and white fluorescent as a control) on
P. veris’s relative growth rate, physiology, and secondary metabolite production to optimize
its cultivation under controlled conditions. The results demonstrate that the light quality
significantly influences P. veris’s growth characteristics, physiology, and secondary metabo-
lite production. Red light promoted leaf expansion, while the red:blue LED combination
enhanced the root fresh weight and concentration of total chlorophylls and carotenoids in
primrose leaves in comparison to the white fluorescent and solitary red light, respectively.
Red light significantly increased the accumulation of key secondary metabolites (primev-
erin, primulaverin, and primulic acids) in roots during the flowering phase compared with
the white inflorescent. In addition, the concentration of phenolic compounds was strongly
influenced, showing a decrease between the vegetative and the flowering stage of develop-
ment. Finally, this study highlights the potential of tailored LED lighting to optimize P. veris
cultivation, enhancing both biomass and the production of valuable bioactive compounds,
taking into account the developmental stage of the plants.

Keywords: cowslip; light quality; saponins; light emitting diodes; chlorophyll fluorescence

1. Introduction

Primula veris L. (syn: Primula officinalis; Fam. Primulaceae), commonly known as
cowslip, is a herbaceous perennial medicinal plant that thrives in diverse habitats, from
grasslands to forests, of Europe and West Asia [1,2]. Cowslip develops leaves in rosette,
yellow flowers in clusters early in spring and grows up to 25 cm in height. The roots
contain significant amounts of triterpene saponins, products of the secondary metabolism of
cowslip, with expectorant, sedative, diuretic, and anticoagulant properties [3,4]. According
to the existing EMA monograph (EMA/HMPC/104095/2012) [5], cowslip root herbal
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preparations are mainly used in the treatment of respiratory tract conditions, such as
asthma, bronchitis, and catarrh, due to the secretolytic and secretomotoric activity of the
triterpenoid saponins, which are present in up to 12% of the plant material.

Secondary metabolites are accumulated in diverse plant organs (leaves, stems, flowers,
roots, etc.) in relatively low amounts, and although they are not considered necessary for
plant survival, they are important for their adaptation under adverse conditions [6]. Besides
others, some of the most abundant secondary metabolites in cowslip have been reported
as metabolic markers for root raw materials, such as primulic acid I and 1II (triterpene
saponins), and phenolic glycosides, such as primeverin and primulaverin [7-9].

The light quality and intensity as well as the photoperiod, apart from playing a pivotal
role on the survival of plants, have a significant impact on the biosynthesis of numerous
secondary metabolites, which are considered important characteristics for crops [10,11], es-
pecially medicinal ones [12,13]. Light is primarily responsible for triggering the production
of secondary metabolites through the link of photons with photoreceptors, which results
in altered gene expression and signaling pathway networks. The characteristics of light
absorption are determined by the interaction between a chromophore and a photoreceptor
protein [14,15]. Plants absorb red (600-700 nm) and blue (400-500 nm) wavelengths via
chlorophylls and carotenoids, with these specific spectral qualities known to profoundly
influence photosynthetic processes and root development [16,17].

Recent studies underscore the potential of tailored LED spectra to enhance the pro-
duction of defense-related secondary metabolites in various medicinal species. Notably,
the accumulation of triterpenoid saponins—a class of compounds structurally similar to
those in P. veris—has been significantly influenced by LED lighting. For instance, the
steroidal saponin concentration and biomass production in Paris polyphylla were stimulated
under red-blue light, which also upregulated related metabolic pathways [18]. Similarly,
red and blue light treatments substantially increased triterpenoid saponin glycosides in
Bacopa monnieri [19] and the total saponin concentration in Panax ginseng, concurrently
enhancing ginsenoside biosynthetic gene transcription [20]. Beyond saponins, red light
has also improved adventitious root biomass and the accumulation of compounds like
hypericin in Hypericum perforatum [21].

While the regulatory effects of specific light spectra on plant growth characteris-
tics and the secondary metabolism are increasingly recognized in diverse medicinal
plants [13,22-29], the knowledge regarding P. veris and the optimization of its valuable
triterpene saponin and phenolic glycoside production under tailored LED lighting remains
notably scarce. Taking into account the cowslip’s important medicinal uses and applications
and its significance as a constituent of terrestrial ecosystems themselves, it is necessary to
assemble the modulatory effects of LED lights on cowslip production under controlled
conditions towards the production of superior root biomass through the development of
an LED species-specific system with tailored profiles. The aim of the present study was
to investigate the effect of different LED light spectra (red, blue, red:blue, and white) on
cowslip’s relative growth rate characteristics as well as physiological and biochemical
processes. Ultimately, the goal was to investigate whether under controlled light condi-
tions cowslip could produce stable and superior biomass in terms of valuable secondary
metabolites such as triterpenoid saponins and phenolic glycosides.

2. Materials and Methods
2.1. Plant Material, Growth Conditions, and Light Treatments

Inflorescences of P. veris plants were harvested during 2019 from a wild population
of Cholomontas mount (North Greece, 40.43273 N, 23.50500 E), seeds were collected, and
voucher specimens were saved at the Institute of Plant Breeding & Genetic Resources. The



Agronomy 2025, 15, 2184

30f18

seeds were stratificated for 6 months under 4 °C, and after treatment of 500 ppm GAj; for
24 h, they were sowed in plastic containers containing peat (Terrahum and TS2 in ratio of
3:1) for germination. The young plantlets obtained were transplanted into 0.5 L pots filled
with TS2 peat:perlite (3:1) and acclimated in a greenhouse under natural light conditions
until 8 leaves were fully developed. During this period plants were irrigated weekly with
200 mL of tap water. The experiment was conducted in an 18 m? container-type indoor
vertical farming system with dimensions of 7.2 m (L) x 2.5 m (W) x 2.3 m (H), under
artificial lighting, at the facilities of Sustainable Agricultural Structures & Renewable Energy
Resources Lab (SASRER Lab) in ELGO-DIMITRA (Thermi Thessaloniki, Greece).

Different light treatments were applied, using LEDs based on our preliminary experi-
ments on P. veris, while the chosen conditions represent optimal ranges often used in such
studies to support plant growth. Photosynthetic Photon Flux Density (PPFD) was set at
200 + 10 umol m~2 s~! over the plant canopy and measured using LI-180 Spectrometer
(LI-COR Inc, Lincoln, NE, USA). The photoperiod was set at 14/10 h (day/night) and
the temperature at 18 & 2 °C, using an air conditioning unit. Relative humidity was set
at 60 + 10% and controlled with the use of humidifier. LED treatments were character-
ized by three different photon flux ratios of red (651 nm) and blue (451 nm), red:blue =4,
red:blue = 1, and red:blue = 0.3, with fluorescence white as a control (Figure 1).

[A]rL whime ' B| RED:BLUE (R:B=1)

380 430 480 530 580 630 680 730 780} 380 430 480 530 530 630 680 730 784
[ | BLUE (R:B=0.3) | | RED (R:B=4)

Figure 1. Light spectra details and photon flux ratios of red (651 nm) and blue (451 nm) used in the
experiments. (A) White fluorescent, (B) red:blue, (C) blue, and (D) red light treatments. The faint
continuous white line in the graph, not varying between treatments, indicates the wavelengths of
chlorophyll a absorption.

For each treatment, 24 replicates were randomly allocated to four spectral light treat-
ments. Irrigation was applied twice per week (each pot received 100 mL of water), in which
fertilization was supplemented with half-strength Hoagland once per week. The duration
of the experiment was 16 weeks, and the experiment was terminated at the flowering stage
of the plants.

2.2. The Determination of the Relative Increase from Leaf Characteristics and Plant
Biomass Production

To monitor the relative increase of the plants leaf characteristics under the effect of the
different light treatments, the number of fully developed leaves and the length and width
of two selected and marked leaves were monitored weekly. The relative increase (AT) of
each leaf parameter was evaluated according to the following equation:

Relative Increase AT = [(T, — T7)/T1] x 100
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where T, was the final and T; the initial point of the time interval in which each leaf
parameter was evaluated.

At the end of the experiment, plants were uprooted under tap water, preserving their
root system, and allowed to drain from water on filter paper. Fresh weight of root system,
aerial parts, single leaf, and whole plant were determined during vegetative and flowering
developmental stage. For each individual plant, the biomass of its different tissues (roots,
leaves, inflorescences) was collected in separate plastic bags and stored in —20 °C for
further analysis.

2.3. The Determination of Leaf Photosynthetic Parameters

The leaf photosynthetic parameters, referring to net photosynthetic rate (umol CO,
m—2s71), transpiration rate (mmol m~2 s71), and stomatal conductance (molm~2 s~ 1),
were measured twice during the experiment. The first record took place 45 days after the
start of the experiment (vegetative stage) and the second one at the flowering stage (one
day before harvesting and termination of the experiment). Measurements were performed
between 9 and 11 a.m. on three fully expanded and healthy leaves of six randomly selected
plants per treatment, using an infrared gas analyzer (LCi-SD portable photosynthesis
system, ADC BioScientific Ltd., Hoddesdon, UK).

2.4. Determination of Total Chlorophylls and Carotenoids

For the extraction of chlorophyll (2 and b) and carotenoids, leaf disks with an area of
1.0 cm? were collected from leaf parts lacking thick veins. A quantity of 100 mg of fresh leaf
disks was mixed with 15 mL ethanol (96% v/v) and incubated at 78 °C in a water bath for4 h
until complete discoloration. The concentration of total chlorophylls and carotenoids was
determined according to Wintermans and Mots [30] through monitoring the absorbance
of the ethanolic extracts under 440, 649 k1 665 nm using a spectrophotometer (HITACHI,
U-1900, Hitachi High Technologies America, Inc., Schaumburg, IL, USA). The concentration
of chlorophylls was determined according to the following equation:

TChl (« + b) (mg/g EW) = (6.10 X Aggs +20.04 X Agag) x 15/1000/Fresh weight
Carotenoids concentration was estimated using the following equation:

TCar (mg/g EW) = (4.69 x Agsp — 1.96 X Ages — 4.74 X Agag) X 15/1000/Fresh weight

2.5. Determination of Chlorophyll Fluorescence

Chlorophyll fluorescence measurements were performed on leaves of five plants per
treatment, using an Imaging PAM M-Series system (Heinz Walz Instruments, Effeltrich,
Germany) as described by Moustakas et al. [31]. By using Win V2.41a software (Heinz
Walz GmbH, Effeltrich, Germany), the following parameters were estimated: (a) the max-
imum efficiency of PSII photochemistry (F,/F;), (b) the effective quantum yield of PSII
photochemistry (®pgyp), (c) the quantum yield of regulated non- photochemical energy loss
(Pnpg), (d) the quantum yield of non-regulated energy (®no), and (e) the photochemical
quenching that is the redox state of the plastoquinone pool (qp) that represents the fraction

—1 similar to

of open PSII reaction centers, at the actinic light intensity of 205 pmol m~2 sec
the plants’ growth light. Briefly, the maximum efficiency of PSII photochemistry (Fy /Fm)
was calculated as (F, — F,)/Fp, where Fy, is the maximum fluorescence, and F, is the
minimal level of fluorescence in the dark-adapted state, whereas the effective quantum
yield of PSII photochemistry (Ppsy) was calculated as (Fy — Fs)/F,/. The maximum
chlorophyll fluorescence in the light-adapted leaf (F, /) was measured with saturation

pulses every 20 s for 5 min after application of the actinic light (205 umol photons m~2 s~ 1),



Agronomy 2025, 15, 2184

50f18

and the steady-state photosynthesis (Fs) was measured after 5 min illumination time before

2 —1

switching off the actinic light of 205 pmol photons m™= s

2.6. Extraction of Triterpene Saponins and Phenolic Compounds and Ultra Performance Liquid
Chromatography-Mass Spectrometry (UPLC-MS/MS, MRM) Analyses

The frozen roots, leaves, and flowers were freeze-dried separately in —24 °C for 48 h
(Freeze-dryer Alpha 1-2 LD plus, Christ, Osterode, Germany) and powdered using a
laboratory Mill IKA All. One hundred mg of powdered tissue was mixed with 4 mL
methanol (80% v/v) for 30 min at room temperature under orbital shaking and sonicated
for 20 min, and the extraction proceeded overnight at 4 °C in the dark. Each extract was
filtered on an MILLEX 13 mm-0.22 um PTFE membrane into glass vial and directly injected
for LC-MS/MS analysis.

Targeted UPLC analysis was performed on a Waters Acquity UPLC system (Milford,
MA, USA) using a Waters Acquity HSS T3 column 1.8 um, 100 mm x 2.1 mm for the
separation of polyphenolic and triterpene saponin metabolites. The analyses were per-
formed following the previously described method by Vrhovsek et al. [32] using water and
acetonitrile as mobile phases for the gradient and enriched with two phenolic compounds
(primeverin and primulaverin) and two main triterpene saponins (primulic acid I and II),
as described by Sarropoulou et al. [9]. Mass spectrometry detection was performed on a
Waters Xevo TQMS instrument (Waters Corporation, Milford, MA, USA) equipped with
an electrospray (ESI) source. Data processing was performed using the Mass Lynx Target
Lynx Application Manager (Waters).

2.7. Energy Usage, Water Usage, and Land Area Usage

Electrical energy consumption was determined using an energy data logger attached
to the growth room, as well as manufacturer’s information of the rated power of the devices
used throughout the cultivation period. Regarding energy consumption, LED lighting was
the sole differentiating factor between the treatments. Energy use efficiency (EUE) was
calculated following the methodology of Pennisi et al. [33], as the ratio between total fresh
yield and the corresponding electricity consumption per treatment (g FW kWh~1). Water
usage remained constant across all treatments, as an equal volume of water was supplied
to each plant. Water use efficiency (WUE) was expressed as the ratio of total plant fresh
weight to the total amount of water delivered per plant (g FW L~! H,O) [34]. Land use
efficiency (LUE) was determined based on the projected annual yield per square meter
(kg m~2 a~1), following the approach of Pennisi et al. [33]. Two scenarios were considered:
one assuming single-layer cultivation and another simulating a vertical system with four
stacked layers. Each cycle lasted approximately 16 weeks, allowing for an estimated
three-cycle annual production.

All efficiency calculations were based on the final yields and resource input recorded at
the end of the cultivation period. In this context, total yield was defined as the fresh weight
of the entire plant, including both aerial parts and root system. Yield values were scaled to
a per square meter basis, according to planting density. Likewise, both energy and water
consumption values were normalized to the same area unit (m?) to ensure comparability.

2.8. Statistical Analysis

The plant growth characteristics were monitored in 24 individual plants per light
treatment (24 replicates), and the results are expressed as mean values. The photosynthetic
and physiological parameters together with phytochemical characteristics were recorded
in 6 replicates per light treatment, and the results are expressed as mean values + Standard
Error. For mean comparison, Duncan’s multiple range test was used at p < 0.05. All
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statistical analyses were performed with the statistical package SPSS Ver. 23.0.0 (SPSS Inc.
Chicago, IL, USA).

3. Results and Discussion
3.1. Relative Growth Rate with Focus on Leaf Characteristics Under Effect of Different LEDs

The morphological observations of P. veris rosettes revealed distinct relative growth
responses under different LED treatments. During the first month (AT1-4), no signifi-
cant differences in the leaf number relative increase were observed across the treatments
(Figure 2A). The initial lack of variation across all light treatments during the first month
suggests that young P. veris plants may exhibit a degree of developmental plasticity, initially
relying on stored resources rather than immediate light-driven growth. However, from
the sixth week onward (AT6), blue light reduced the relative increase of the leaf number
compared to all other treatments, including the white fluorescent light, red, and red:blue,
indicating a potential limitation in cell division or differentiation processes.
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Figure 2. Relative increase (RI) of cowslip leaf number (A), leaf length (B), and leaf width (C) under
four light treatments (white fluorescent, blue, red, and red:blue) during the vegetative stage of plants
development. All data represent the mean values & Standard Error. Values with different letters
represent statistical differences with Duncan’s test for p < 0.05. Absence of letters indicates no
statistical differences among mean values.

The red light significantly increased the leaf size (length and width) in P. veris after
the fifth week of development (AT5) compared to all other LED treatments (Figure 2B,C).
This observation is consistent with numerous studies including medicinal plants, such as
Salvia plebeia and Thymus vulgaris, reporting that red light promotes leaf expansion and
overall plant growth [35,36]. Red light is efficiently absorbed by phytochromes, photore-
ceptors that regulate various developmental processes, including leaf expansion, flowering
transition, and germination control [37]. The enhanced leaf size under red light in P. veris
suggests that phytochromes play a dominant role in promoting leaf growth in this species.
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Despite the observed increase in primrose leaf dimension relative growth rates (and as a
result to their leaf area), the red light treatment recorded the lowest fresh weight (0.39 g),
though differences in the fresh weight of individual leaves were not significant across
treatments during the vegetative stage (Table 1). This implies that leaves under red light
seemed to present a lower leaf mass area (LMA) compared to other treatments. Such a
morphological adjustment, where plants prioritize increasing the leaf surface area over
thickness, is a common physiological response to optimize light capture, particularly under
light conditions that stimulate expansive growth [38]. Interestingly, the white fluorescent
light resulted in the lowest relative increase of the leaf length and width, suggesting that
the specific spectral composition of the other LED treatments, particularly the red and
red:blue combinations, was more beneficial for leaf expansion.

Table 1. Fresh biomass production of aerial parts and roots of cowslip plants under four light
treatments (white fluorescent, blue, red, and red:blue), determined during vegetative and flowering
developmental stage.

Vegetative Stage

Light Treatments Total Plant Fresh Root Fresh Aerial Part Fresh Single Leaf Fresh
& Weight (g) Weight (g) Weight (g) Weight (g)
White 10.66 a + 1.86 49b£0.28 571a+1.01 0.51a+0.08
Blue 11.81 a + 2.58 6.08 a £ 0.41 5.67a £1.07 0.57a+0.14
Red 11.24a +1.51 5.88 ab + 0.18 533a=£0.73 0.39a £0.05
Red:Blue 11.62a £0.93 6.16 a = 0.21 5.37a £ 0.56 0.49 a = 0.04
Flowering Stage
White 18.59b + 0.83 8.47b £ 0.35 9.89a+234 0.89a+0.15
Blue 17.14b £ 0.55 8.79b £ 0.95 824a+142 0.82a+0.14
Red 25.77a £ 0.82 14.13a + 0.47 12.53a + 1.57 1.07a+0.12
Red:Blue 26.34a + 1.33 14.82 a £ 0.68 11.30a £ 1.16 0.98 a £ 0.07

All data represent the mean values of six independent replicates & Standard Error. Values with different letters
within columns are statistically different with Duncan'’s test for p < 0.05. Statistical analysis performed separately
for the two different harvest points; same letters indicate no statistical differences between mean values.

As cowslip is valorized both for its medicinally important roots but also inflorescences,
the productive potential of the plants under all four LEDs were investigated under two
developmental stages: (a) the vegetative and (b) flowering stage. According to the results
presented in Table 1, the total plant fresh weight, the aerial part fresh weight, and the
single leaf fresh weight were not significantly affected under the different light treatments
during the vegetative stage. Similar results were found for two types of basil (green and
purple-leaved sweet basil), where no significant differences were observed in the biomass
production under different light spectra [38]. Nevertheless, plants seemed to significantly
increase their root fresh biomass under the blue and red:blue light treatments compared
with the white fluorescent. During the flowering stage, almost a 2-fold increment in root
biomass production was observed under the red and red:blue treatment. In addition, plants
showed a significantly higher total plant fresh weight under red and red:blue treatments
compared to those under the white fluorescent and blue light. This agrees with the view
that red light is required for photosynthesis, but along with this, blue light is also important
to increase the growth of plants [39,40]. Al Murad et al. [40] concluded that red light directly
affects plant growth by increasing the plant fresh and dry weight, while blue light indirectly
affects plant growth by influencing functions such as photosynthesis and chlorophyll and
chloroplast development. Therefore, a combination of these two light spectra could have a
positive effect on the biomass fresh weight. Najafabadi et al. [21] also reported an improved
adventitious root biomass in Hypericum perforatum under a red light treatment. Overall,



Agronomy 2025, 15, 2184

8 of 18

in P. veris the red:blue light’s growth-promoting effect seemed to balance the individual
effects of the red and blue light.

3.2. Photosynthetic Parameters Under the Effect of Different LEDs

The changes in the light energy utilization in the PSII of cowslip leaves under four
LED treatments during the vegetative and flowering stage were estimated by measuring
the amount of light energy allocated for photochemistry in PSII (®pgjy), regulated non-
photochemical energy loss (Pnpg), and non-regulated energy loss in PSII (®yp) (Figure 3).
During the vegetative stage, the effective quantum yield of the PSII photochemistry (®psyy)
of plants treated with the red:blue light presented the highest value, indicating an improved
light energy utilization for photochemistry, but was significantly increased only compared
to those treated with red or blue light (Figure 3A). This was accompanied by a significant
decrease in both the photoprotective energy dissipation as heat (®Pnpg) as well as the quan-
tum yield of the non-regulated energy (®np), further supporting the enhanced efficiency
of the light energy utilization under this treatment. This result indicates that the red:blue
light optimized the balance between light absorption and energy dissipation, minimizing
photoinhibition and maximizing photosynthetic efficiency. The maximum efficiency of
PSII (Fv/Fm) also showed a significant increase under the red:blue treatment compared
to the red or blue light during the vegetative stage (Figure 3C,D), while the redox state of
quinone A (qp), an estimate of the fraction of open PSII reaction centers, was significantly
increased under the red:blue treatment compared to the blue light alone (Figure 3E,F).
These results further confirm that the red:blue (1:1) ratio promotes optimal PSII function
and electron transport during early growth. During the flowering stage, despite the fact
that the red:blue treatment scored a lower maximum efficiency of PSII (Fv/Fm) compared
to the white light, suggesting possible photoinhibition, the effective quantum yield (®pgsjy)
remained unchanged due to the significantly increased fraction of the open reaction centers
(qp) (Figure 3E,F).

While the leaf photosynthetic rate did not show significant differences among treat-
ments during the vegetative stage (Figure 4A), transpiration rates were significantly higher
under the red:blue light compared to the red light alone (Figure 4B). Moreover, the stom-
atal conductance was higher under both the blue and red:blue light compared to the
red light (Figure 4C). These findings indicate that the red:blue treatment may enhance
gas exchange and water transport, potentially contributing to the observed increase in
biomass production. Blue light is known to regulate stomatal opening [41], and the in-
creased stomatal conductance under the blue and red:blue light could facilitate CO, uptake
for photosynthesis.

During the flowering stage, significant variations were observed in photosynthetic
rates, with blue, red, and red:blue treatments showing higher rates compared to the white
fluorescent light (Figure 4D). While red and red:blue treatments appeared to improve the
stomatal conductance visually, these differences were not statistically significant (Figure 4F).
Nonetheless, these findings indicate that specific LED spectra (blue, red, and red:blue)
offer clear advantages over traditional white, fluorescent light in terms of the net photosyn-
thetic rate during the flowering phase, even if their overall effect on other gas exchange
parameters might be less pronounced.
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Figure 3. Effective quantum yield of PSII photochemistry (®PSII), quantum yield of regulated non-
photochemical energy loss in PSII (PNPQ), and quantum yield of non-regulated energy dissipated in
PSII (®NO) of cowslip plants under four light treatments (white fluorescent, blue, red, and red:blue)
determined during (A,C,E) the vegetative stage and (B,D,F) the flowering stage of plant development.
Maximum efficiency of PSII photochemistry (Fv/Fm) of cowslip plants under four light treatments
determined during (C) the vegetative stage and (D) the flowering stage of plant development. The
fraction of open PSII reaction centers (qp) of cowslip plants under four light treatments determined
during (E) the vegetative stage and (F) the flowering stage of plant development. Error bars are
standard deviations (n = 6). Different letter columns for the same parameters indicate significant
differences (p < 0.05).

Photosynthetic parameters during vegetative stage

Transpiration rate

E Net photosynthetic rate

Stomatal conductance

12 2.5 a 0.4
ab : a a

10 2.0 ab ab
- 3 b 0.3
o 5, 15 = b
E o o 02
S £ 1.0 p
g 4 : :
© £
E £ 05 g 01
3

0 0.0 0.0

White Blue Red  Reb:Blue White Blue Red Reb:Blue White Blue Red Reb:Blue
Photosynthetic parameters during flowering stage
[°] [F]

Net photosynthetic rate
a

-

Transpiration rate

Stomatal conductance

8 “ a 0.15
v 8 S < 010
£ ©
o~ S 1.0 P
g * g E
= o
g £ 0.05
3 2 0.5
0 4 0.0 0.00
White Blue Red  Reb:Blue White Blue Red Reb:Blue White Blue Red Reb:Blue

Figure 4. Leaf net photosynthesis rate (A,D), transpiration rate (B,E), and stomatal conductance (C,F)
of cowslip plants under four light treatments (white fluorescent, blue, red, and red:blue) determined
during the vegetative stage of plant development. Bars represent the mean values of six independent
replicates & Standard Error. Same letter bars indicate insignificant mean differences with Duncan’s
test for p < 0.05. Statistical analysis was performed separately for the two different harvest points.
There were no statistical differences between bars with no letters.
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During the vegetative stage, chlorophyll (a + b) concentrations ranged from approx-
imately 1.2 mg g~! FW (under blue light) to 1.8 mg g~! FW (under red:blue light). The
red:blue treatment resulted in significantly higher chlorophyll contents compared to indi-
vidual red or blue light treatments (Figure 5A). Similarly, for carotenoids red:blue and white
fluorescent treatments showed significantly higher concentrations than red light, which in
turn was significantly higher than the blue light treatment (Figure 5B). In particular, under
the red:blue light treatment, the enhanced pigment accumulation aligns with the observed
increase in photosynthetic efficiency in the vegetative stage.

Vegetative stage
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Figure 5. Total chlorophyll and carotenoid concentration (mg g~! fresh weight) of cowslip leaves
under four light treatments (white fluorescent, blue, red, and red:blue) determined during the
vegetative (A,B) and flowering stage (C,D) of plant development. Bars represent the mean values of
six independent replicates &= Standard Error. Bars with different letters represent significant mean
differences with Duncan’s test for p < 0.05. Statistical analysis was performed separately for the two
different harvest points.

Chlorophylls are the primary light-absorbing pigments, and carotenoids play a role in
photoprotection and light harvesting, while chlorophyll 2 and b absorb light most strongly
in the red and blue regions of the spectrum [26]. Whereas blue light plays a crucial role
in regulating the expression of genes involved in chlorophyll biosynthesis by activating
photoreceptors, such as cryptochromes, that trigger signaling pathways enhancing the
production of enzymes necessary for chlorophyll synthesis, the red light absorbed by both
chlorophyll a and b provides the energy needed to drive the photosynthetic reactions,
so it is essential for the function of photosynthesis itself [42]. Despite being accessory
pigments, carotenoids also play a vital role in photosynthesis, absorbing light in the
blue—green region of the spectrum and transferring energy to chlorophylls, extending
the range of light wavelengths that can be used for photosynthesis. In addition, they
quench excess energy and reactive oxygen species (ROS) that can be generated under
high-light conditions, preventing damage to the photosynthetic apparatus, and serve as a
photoprotective mechanism [43]. The enhanced pigment concentration in P. veris under
the red:blue light during the vegetative stage suggests that this treatment promotes the
development of a more robust photosynthetic apparatus, supporting the synergistic effect
of these two wavelengths that may lead to a greater capacity for light absorption and
energy conversion. In contrast, the influence of the light quality on the pigment content
was notably diminished during the flowering stage. Chlorophyll concentrations ranged
from approximately 1.9 mg g~! FW (under red light) to 2.2 mg g~! FW (under blue
light). Moreover, at this developmental stage, insignificant differences were observed on
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both chlorophyll and carotenoid concentrations among the four applied light treatments
(Figure 5C,D). Conclusively, the influence of the light quality on the pigment concentration
is more pronounced during the vegetative stage in P. veris.

3.3. Saponins and Phenolic Metabolites Under the Effect of Different LEDs

The targeted metabolite profiling through an LC-MS/MS analysis of leaf, root, and
flower extracts determined the presence of 11 secondary metabolites, 9 phenolic and
2 triterpenoid saponins (Tables S1 and S2), in cowslip inflorescence extracts. Among them,
six were only identified in leaf samples (primulaverin, primeverin, robinin, epigallocatechin,
primulic acid I and II) (Table S1), and four were identified in root extracts. As inflorescences
and leaves contained traces of most of the identified secondary metabolites, a special
focus was placed on roots as the most abundant tissue in the two species-characteristic
phenolic glycosides (primulaverin, primeverin) and two triterpenoid saponins (primulic
acid I and II). Primeverin and primulic acid I were the major secondary metabolites in the
extracts at both stages (vegetative and flowering) (Figure 6A,B). At the vegetative stage,
the primulaverin concentration ranged between 1.6 and 2.4 mg g~ ! root DW, primeverin
ranged between 9.9 and 12.6 mg g~ ! root DW, primulic acid I ranged between 4.3 and
4.7 mg/g root DW, and primulic acid II ranged between 0.2 and 0.4 mg g~! root DW.
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Figure 6. Concentration (mg g~ ! dry weight) of the main phenolic acid glycosides (primulaverin
and primeverin) and triterpene saponins (primulic acid I and II) of cowslip roots under four light
treatments (white fluorescent, blue, red, and red:blue) determined during the vegetative (A) and
flowering (B) stage of plant development. Bars represent the mean values + Standard Error. Same
letter bars indicate insignificant mean differences with Duncan’s test for p < 0.05. Statistical analysis
was performed separately for the two different harvest points; bars with no letters indicate no
statistical differences.

During the vegetative stage, the triterpenoid saponin concentration showed no signifi-
cant variations among the different LED treatments. Possibly, in P. veris the biosynthesis
of saponins might be less sensitive to the light quality during the early growth stage,
indicating that other factors, such as developmental programming or resource allocation
towards primary growth, play a more dominant role at this stage. However, the primeverin
concentration was stimulated in plants treated with red light compared to white and blue
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treatments (Figure 6A), indicating that red light could play a specific role in promoting
the biosynthesis of this phenolic glycoside during early growth. During the flowering
stage, both primeverin and primulaverin concentrations were significantly altered in the
roots of plants treated with red light compared to the white fluorescent light (Figure 6B).
In addition, red and red:blue light treatments promoted primulic acid I accumulation,
increasing its concentration by almost 19% compared to the white fluorescent and blue
light. Red light also induced a 2-fold increase in the primulic acid II concentration com-
pared to blue light. As a result, red light, either alone or in combination with blue light,
plays a crucial role in enhancing the production of both phenolic glycosides and triter-
penoid saponins during the flowering stage, potentially through the activation of specific
enzymes or signaling pathways. For example, red light could affect the accumulation of
saponin or phenolic metabolites in P. veris through the activation of phytochrome, which
can trigger complex signaling cascades that ultimately lead to changes in gene expression,
including the upregulation of genes’ encoding enzymes involved in secondary metabolite
biosynthesis [44]. Besides affecting the gene expression, red light could also influence
the enzyme activity and carbon allocation; therefore, light signaling may lead to post-
translational modifications or changes in enzyme localization that enhance their catalytic
activity, while promoting photosynthesis and carbon fixation may provide more precursors
for the biosynthesis of secondary metabolites. The findings of this study on P. veris are
in line with previous reports recognizing both red and blue light qualities as effective
elicitors for the regulation of terpenoids and phenolic compounds in medicinal plants
such as Salvia przewalskii, Scutellaria baicalensis, Verbena officinalis, Rhodiola imbricata, Mentha
canadensis, and others [29,45-49]. The plant species-dependent variable responses, together
with the diverse nature of the secondary metabolite profile across species, underscore the
importance of species-specific light quality optimization in maximizing both growth and
the production of desired secondary metabolites.

The comparison of the concentrations of the four major secondary metabolites in the
roots of plants harvested at the vegetative and flowering stage indicated that apart from
the light quality, the developmental stage may play a pivotal role in the accumulation of
the characteristic phenolic glycosides. Noticeably, a 2- to 3-fold reduction was recorded for
the concentration of primulaverin and primeverin, respectively, between the vegetative
and flowering period. Therefore, the developmental stage of the plant seems to be the
most significant factor influencing the observed variations in the accumulated secondary
metabolites in the present experiment. In more detail, the root concentration in prim-
ulaverin and primeverin was affected significantly by plants” developmental stage, while
to a lesser extent it was impacted by its interaction with the light treatment. In contrast,
the concentration of primulic acid I and II in roots was influenced significantly by both
the developmental stage and the light treatment. The strong influence of developmental
stage on the levels of phenolic compounds in P. veris highlights the need to assess the
plant’s phenological stage when investigating the effects of environmental factors on sec-
ondary metabolite production. Regarding the effect of the light interaction with secondary
metabolites, this remains unclear for most of the medicinal plants. While the light quality
can modulate the accumulation of specific metabolites, the developmental stage appears
to be a major determinant of overall metabolite profiles. The close relationship of the
developmental stage and the chemical profile of the plant is highlighted in several reports,
pointing out that during the different stages of growth, the concentration of secondary
metabolites may vary, and the stage of the plant organ development can play a crucial
role [50-54]. Nevertheless, optimizing the total yield of these valuable metabolites per
plant root biomass could be an important metric for a maximum compound production
output. The total compound content (a compound yield index derived from metabolite



Agronomy 2025, 15,2184

13 0f 18

concentration X estimated root dry weight, from estimated cowslip root dry matter content
of 17%) represents distinct patterns among the metabolites. For primeverin and prim-
ulaverin, despite a notable increase in root biomass at the flowering stage, this growth did
not fully offset their concurrent sharp decrease in concentration. This suggests that the
total primeverin and primulaverin accumulated per plant might be similar or even slightly
greater at the end of the vegetative phase, pointing to a potentially more time-efficient
harvest window for these specific compounds. These contrasting accumulation dynamics
underscore that optimal harvest timing in P. veris cultivation is highly dependent on the
specific target compound and its unique developmental trajectory.

3.4. Energy Usage, Water Usage, and Land Area Usage

The system operated exclusively under artificial lighting, which significantly con-
tributed to the overall electricity consumption. Climate control also played a role, although
to a lesser extent. Specifically, LED lighting accounted for approximately 75-80% of the
total energy consumption per treatment, depending on the applied light spectrum, whereas
the energy consumption related to climate control was considerably lower, at around 12%
(Figure 7). Notably, different LED fixtures—depending on their dominant spectral com-
position (e.g., red:blue, red, or full-spectrum)—exhibit distinct power requirements. As a
result, both the total energy consumption and the proportion of electricity allocated to the
LED lighting varied among treatments. Although the energy use distribution differed from
the ratios reported by Orsini et al. [55], where lighting accounted for 50-55% and climate
control for 30-35% of the total energy use, our findings nonetheless support the broader
consensus that artificial lighting is the primary driver of energy consumption in closed
growth chamber systems.

RED:BLUE

2‘21\

wLED = Floor Fan = Canopy Fan = Humidifier = Heating

Figure 7. Energy consumption per category, expressed as a percentage of total energy consumption,
for each treatment.
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Energy use efficiency measures how effectively plants convert the electrical energy
supplied by growth lights into usable plant biomass. It is largely influenced by variations in
LED lighting, particularly differences in the light spectrum, as the plant growth and yield
are directly affected by the light quality [56]. A red-to-blue light ratio ranging from two to
four has been reported to optimize both the yield and EUE in several crops. Most studies
have focused primarily on lettuce and basil [24,57,58], although Pistillo et al. [59] report
similar findings in Callendula officinalis. Results on the EUE from the present study ranged
from 4.64 g FW kWh ! in the red treatment to 3.68 g FW kWh ! in the blue treatment
(Table 2). The EUE of the blue treatment differed significantly only in the red and red:blue
treatments, whereas plants grown under the white LED light did not show significant
differences in any treatment.

Table 2. Average values of fresh weight of the whole plant (root FW, aerial part FW) (g m~2),
water use efficiency (g FW L~ H,0), energy use efficiency (g FW kWh™1), and land use efficiency
(kg m~2 a~1) for each LED treatment.

Whole Plant Water Use Energy Use 1 Land Use Efficiency—
Fresh Weight Efficiency Efficiency 3 Cultivation/year
(gm2) (g FWL-1H,0) (g FWkKWh—1) (kgm~2a1)
1 Layer 4 Layers

White 1062.57 £ 47.43 b 492 £0.22b 4.32 £0.19 ab 319+£0.14b 12.75 £ 0.57 b
Blue 979.52 +31.25b 453 +£0.14b 3.68 £0.14b 2.94 £0.09b 11.75+0.38 b
Red 1472.38 £ 46.65 a 6.82+022a 464+015a 442+014a 17.67 £ 0.56 a
Red:Blue 150524 +76.14 a 697 +£0.35a 453+023a 452+ 023a 18.06 =091 a

1 Land use efficiency was evaluated as the yield (kg) per square meter per cultivation cycle under two spatial
scenarios: single-layer cultivation and vertical cultivation in four stacked layers. All data represent the mean
values of six independent replicates 4= Standard Error. Values with different letters within columns are statistically
different with Duncan’s test for p < 0.05. Statistical analysis was performed separately for the two different
harvest points; same letters indicate no statistical differences between mean values.

Water use efficiency values reflected the differences observed in the fresh biomass yield,
since the amount of irrigation water supplied per plant was identical across treatments.
Accordingly, the higher WUE recorded in the red and red:blue treatments compared
with white and blue treatments (Table 2) is a direct consequence of their higher biomass
production. Although the statistical significance follows that of the yield, the inclusion of
the WUE remains important, as it frames crop productivity relative to the water input and
enhances comparability with other production systems where water management is a key
limiting factor.

A similar pattern was observed for LUE, which was calculated as the yield (kg) per
square meter per cultivation cycle, under two spatial scenarios: single-layer cultivation and
vertical cultivation in four stacked layers. Under the single-layer assumption, the LUE was
again higher for the red and red:blue treatments compared with white and blue treatments
(Table 2). When scaled to a four-layer vertical system, these values were quadrupled,
reaching 17.67 4 0.56 kg m~2 a~! for red light and 18.06 4- 0.91 kg m~2 a~! for red:blue,
light compared with 12.75 & 0.57 kg m~2 a~! for white light and 11.75 + 0.38 kg m 2 a~! for
blue light. Although the statistical relationships remain unchanged compared to the yield,
the LUE provides an indication of the productivity potential of the controlled environment
cultivation when the chamber space is fully exploited through vertical stacking.

In conclusion, while the WUE and LUE in this study follow the same statistical
patterns as the yield, their value lies in expressing productivity relative to resource use and
in facilitating cross-system comparisons. Such indices are widely applied in agronomic and
horticultural research; however, in the case of cowslip, the available literature remains very
limited, and according to our knowledge, these indices have not been previously reported.
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Nevertheless, their inclusion provides a baseline that can support future comparisons and
highlights the potential of controlled environment systems in terms of resource efficiency
and productivity.

4. Conclusions

In conclusion, the present study provides the first insights on the significant potential
of LED lighting to modulate the leaf growth, physiology, and secondary metabolism of
P. veris. The red:blue light emerged as a particularly beneficial treatment for promoting
leaf relative growth rate characteristics and photosynthetic efficiency during the vegetative
stage of P. veris, while the red light, either alone or in combination with blue light, enhanced
the production of valuable secondary metabolites during the flowering stage. However, the
plant’s developmental stage was the primary determinant of phenolic glycoside levels, em-
phasizing the need for a tailor-made approach to light optimization. This study contributes
to the growing body of evidence supporting the use of LED lighting as a powerful tool
for enhancing the in-house cropping of medicinal plants and optimizing the production
of valuable compounds. According to our knowledge, this is the first comprehensive
effort to elucidate the role of different LED light treatments on P. veris’s physiological and
phytochemical characteristics. Nevertheless, further investigation is required to fully un-
derstand the effect of different LED lights on the biosynthesis of these important secondary
metabolites in P. veris plant organs. This should involve combined omics approaches (such
as transcriptomics with metabolomics) to elucidate gene-to-metabolite pathways and also
address the interaction of light treatments with various environmental and stress-related
factors like temperature or drought.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/agronomy15092184/s1: Table S1: Targeted LC-MS/MS analysis
of the methanolic extracts obtained from leaf tissue of cowslip plants under four light treatments
(white fluorescent, blue, red, and red:blue) in two developmental stages. Table S2: Targeted LC-
MS/MS analysis of the methanolic extracts obtained from inflorescences of cowslip plants under four
light treatments (white fluorescent, blue, red, and red:blue).
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