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Blue-enriched LED light stimulates flowering in aeroponic
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Abstract The indoor -cultivation of Matricaria
chamomilla represents a promising strategy for opti-
mizing medicinal plant production. This research
evaluated the effects of LED spectral composi-
tion on the morphological and biochemical devel-
opment of chamomile in an aeroponic system.
Three light treatments were applied: Red predomi-
nant + Far-red + Blue (Rh+FR+B), Blue predomi-
nant+ Red +Far-red (Bh+R+FR), and Red+ Blue
(R+B), with a photosynthetic photon flux density
(PPFD) of 255.96+5.8 umol m~2 s~!. Seedlings
were germinated under controlled conditions and
later transferred to an aeroponic system with mist
irrigation. The treatment Bh+R+FR significantly

L. F. Lozano-Castellanos (<)) - A. Arroyo -

A. Correa-Guimaraes - L. M. Navas-Gracia
Recognized Research Group in Advanced Technologies
Applied to Sustainable Rural Development - TADRUS,
Department of Agricultural and Forestry Engineering,
University of Valladolid, 34004 Palencia, Spain

e-mail: luisafernanda.lozano@uva.es

A. Arroyo
e-mail: aurora.arroyo@uva.es

A. Correa-Guimaraes
e-mail: adriana.correa@uva.es

L. M. Navas-Gracia
e-mail: luismanuel.navas@uva.es

L. F. Lozano-Castellanos

Research Group on Biodiversity and Dynamics of Tropical
Ecosystems - GIBDET, Faculty of Engineering Forestry,
University of Tolima, 730006 Ibague, Colombia

Published online: 07 February 2026

enhanced flowering, increasing flower and bud pro-
duction, floral head diameter, and petal length. In
contrast, R+B promoted higher chlorophyll accumu-
lation and nitrogen balance index, favoring greater
leaf expansion, particularly in pinna length. Although
anthocyanin and flavonoid concentrations increased
over time in all treatments, their accumulation was
not significantly affected by spectral composition.
These findings highlight that optimizing chamomile
flower production requires a higher proportion of blue
light, while a balanced red-to-blue ratio is more effec-
tive for maximizing leaf development. This study
provides new insights into spectral optimization for
controlled M. chamomilla cultivation, supporting
its application in the medicinal and aromatic plant
industry.

Keywords Chamomile - Indoor agriculture - LED
lighting - Light spectra - Soilless

1 Introduction

Agriculture faces increasing challenges in meet-
ing global demand for food and agricultural prod-
ucts while enhancing sustainability and production
quality. In response, technological innovations have
been developed to optimize traditional systems, par-
ticularly through indoor agriculture. This approach
enables plant cultivation in controlled environments
where key variables such as light, temperature,
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humidity, and nutrient availability can be precisely
regulated (Engler and Krarti 2021). Indoor cultiva-
tion offers several advantages, including enhanced
resource-use efficiency, stable year-round production,
and improved chemical profiles of harvested spe-
cies. Prominent strategies include vertical farming,
artificial LED lighting, and soilless systems such as
hydroponics, aeroponics, and aquaponics (Lozano-
Castellanos et al. 2025). In parallel, automation with
robotics and environmental sensors have signifi-
cantly increased the precision and feasibility of these
systems by optimizing critical growth parameters,
including temperature, humidity, CO, concentration,
and nutrient availability (Ojo and Zahid 2022).

Light is one of the most important factors in these
systems, as its spectral composition, intensity, and
photoperiod directly influence photosynthesis and
morphogenesis. In this context, LED lighting has
gained widespread attention due to its energy effi-
ciency and tunability, allowing spectral configura-
tions to be adapted to the physiological requirements
of different species (Promratrak 2017). Research has
shown that LEDs can improve total biomass and the
accumulation of secondary metabolites relevant for
medicinal and cosmetic applications (Samuoliené
et al. 2017; Paradiso and Proietti 2022).

Among the most influential wavebands, blue
(400-500 nm) and red (600-700 nm) light play cen-
tral roles in plant development. Blue light regulates
stomatal conductance, chlorophyll biosynthesis,
and inhibits excessive stem elongation, promoting
compact architecture. Red light, the most efficiently
absorbed for photosynthesis, is associated with
increased biomass accumulation, flowering induction,
and overall productivity (Orsini et al. 2020; Liu et al.
2022). Far-red light (700-800 nm), although not pho-
tosynthetically active, modulates photomorphogenic
responses by shifting phytochrome photoequilibrium,
thereby influencing stem elongation, shade avoidance,
and biomass partitioning (Kump 2020). Recent stud-
ies suggest that combining far-red with red and blue
can enhance leaf expansion, improve light capture,
and alter resource allocation, potentially increasing
total biomass in certain crops (Zhang et al. 2021;
Appolloni et al. 2022). However, species-specific
responses to light spectra remain highly variable,
underscoring the need to determine optimal combi-
nations tailored to specific production goals, such as
leaf, flower, root, or fruit yield.
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Water-use efficiency is another critical consid-
eration in indoor agriculture, given that traditional
agriculture remains the largest consumer of fresh-
water globally. Aeroponics represents an advanced
soilless technique that enables plants to grow with
roots suspended in air and intermittently misted with
nutrient-rich solutions (Lakhiar et al. 2020). This
system minimizes water waste and enhances nutrient
uptake, resulting in accelerated growth and increased
biomass. Moreover, aeroponic systems offer path-
ogen-free conditions that reduce the prevalence of
soilborne diseases and decrease agrochemical inputs
(Min et al. 2023). Their efficiency and sustainability
make them a promising solution for high-value crop
production in water-scarce regions, ensuring con-
sistent output while mitigating the impact of climate
variability.

Although indoor systems have primarily focused
on leafy vegetables and commercial crops, interest
in the controlled cultivation of medicinal and aro-
matic plants (MAPs) has grown due to the increasing
demand for bioactive compounds in pharmaceutical,
cosmetic, and nutraceutical sectors (Bafort and Jijakli
2024). However, only a limited number of studies
have evaluated the effect of light spectra on growth,
flowering, and metabolite biosynthesis in MAPs. In
particular, little is known about Matricaria chamo-
milla, a species of high pharmacological value due
to its anti-inflammatory, antimicrobial, sedative, and
antispasmodic properties (El Joumaa and Borjac
2022; El Mihyaoui et al. 2022). Among the few avail-
able studies, one examined the impact of LED light-
ing and soilless conditions on antioxidant enzyme
activity and secondary metabolite concentrations
in chamomile seedlings (Hassanpour 2023), while
another assessed biomass and apigenin accumula-
tion under hydroponics and LED exposure (Maynard
et al. 2025). However, further studies are needed to
optimize environmental conditions and elucidate how
spectral composition affects the physiology and bio-
chemical profiles of this species.

Matricaria chamomilla is native to southeast-
ern Europe, North Africa, Macaronesia, central and
southwest Asia, and the Himalayas, and has been
introduced to North America (Chauhan et al. 2022).
Its wide geographical distribution reflects its adapt-
ability to varied environments. The species thrives in
temperate climates, with optimal growth at daytime
temperatures of 15-20 °C and can tolerate overnight
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lows of —10 °C. Full sun and long photoperiods
enhance its growth and flowering (Chauhan et al.
2022; El Mihyaoui et al. 2022). In Spain, although
climate conditions are generally suitable, high sum-
mer temperatures (>24 °C) and low winter tempera-
tures (<15 °C) limit open-field cultivation. Chamo-
mile’s low water requirement (300-500 mm annually)
makes it ideal for controlled systems in arid regions
(Chauhan et al. 2022).

To date, no published research has evaluated the
effects of specific LED spectral combinations—
including far-red wavelengths—on the full develop-
mental cycle of M. chamomilla cultivated in aero-
ponic systems. Existing studies have either focused
on early growth stages, single spectra, or hydroponic
systems, without exploring broader physiological
responses under precisely defined light conditions.
Thus, the present study is the first to assess how dis-
tinct spectral compositions affect growth, flowering,
and physiological traits in M. chamomilla grown
under fully controlled aeroponic conditions. We
hypothesize that the spectral composition of LED
light differentially affects reproductive and vegetative
development in Matricaria chamomilla, with a blue-
enriched spectrum expected to promote a stronger
flowering response than red-enriched or red-blue
spectra under identical photoperiod and photosyn-
thetic photon flux density (PPFD) in aeroponic condi-
tions. This research provides new insights for the con-
trolled production of M. chamomilla, contributing to
the development of sustainable, high-efficiency culti-
vation protocols for the MAP industry.

2 Material and methods
2.1 Plant material

Seeds of M. chamomilla provided by the Aragén
Agri-Food Research and Technology Center (CITA),
Spain, were germinated under controlled condi-
tions in an IBERCEX growth chamber (model
IGCS 900 HR LED, Madrid, Spain) at a PPFD of
195.87 umol m~2s~!, 23 °C, and 80% relative humid-
ity for 15 days in a peat-perlite mixture (90:10 v:v).
Once the seedlings reached the appropriate devel-
opmental stage, they were transplanted into the
aeroponic system, where the substrate was carefully
removed from the roots before securing them in

4.0%x2.5%2.5 cm rock-wool blocks (Groho Hidro-
ponia, Madrid, Spain).

2.2 Cultivation conditions

The experiment was conducted using an aeroponic
system designed at the University of Valladolid,
Campus of Palencia, Spain, under controlled condi-
tions with an average temperature of 18.3 °C and a
relative humidity of 54.3% (Climate data logger,
Parkside, Germany). The system consisted of three
cultivation trays with a total capacity of 48 M. cham-
omilla plants, distributed as 16 plants per tray, with
three replicates per treatment (Fig. 1).

The irrigation system operated through water
nebulization using a CoolNET PRO nebulizer
(Regaber, Barcelona, Spain) with dual nozzles, gen-
erating 65-pm droplets at 3.0-5.0 bar pressure. A
biomineral fertilizer, Aero Supermix (GroHo Hidro-
ponia, Madrid, Spain), was applied at 1 min intervals
every 4 min during the 16 h photoperiod. The nutri-
ent solution was prepared at 27 mL per 10 L of water
and recirculated in a closed-loop system to minimize
waste. pH was measured weekly using a soil pH meter
PCE-PH20S (PCE Instruments, Meschede, Ger-
many). When increases were detected, a pH-reducing
solution was applied according to the manufacturer’s
specifications (GroHo Hidroponia, Madrid, Spain).

Light treatments followed a 16 h light / 8 h dark
cycle across the three cultivation trays, using a
lighting system supplied by Boos Technical Light-
ing SL (Valladolid, Spain). Spectral measurements
were conducted with an AvaSpec-ULS2048CL
EVO series spectrometer equipped with a CMOS
detector (Avantes, Apeldoorn, Netherlands) within
a spectral range of 360-1100 nm. Three dis-
tinct lighting treatments were established (Fig. 2):
Rh+FR+B (Red predominant+ Far-red+ Blue),
with a PPFD of 264.26 umol m~2 s™!'; Bh4+R+FR
(Blue predominant+ Red + Far-red), with a PPFD of
252.11 ymol m~2 s7!; and R+B (Red +Blue), with a
PPFD of 251.52 umol m~2 57,

Morphological and biochemical data were col-
lected weekly over a 10-week period for each repli-
cate. Morphological parameters included the num-
ber of flowers and buds, flower head diameter, petal
length, and pinna length and width. Biochemical
parameters—nitrogen balance index (NBI), chlo-
rophyll (Chl), flavonoids (Flav), and anthocyanins
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Fig. 1 Aeroponic system Rh+FR+B
with three cultivation trays
under different artificial
lighting treatments for
Matricaria chamomilla:
Rh+FR+B (Red pre-
dominant + Far-red + Blue),
Bh+R+FR (Blue predomi-
nant+ Red + Far-red), and
R+B (Red +Blue)

111.9

Bh+R+FR
—— R+B

95.9 —— Rh+FR+B
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63.9
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32.0
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Fig. 2 Spectral distribution of light treatments: Rh+FR+B (Red predominant+ Far-red+Blue), Bh+R+FR (Blue predomi-
nant+ Red + Far-red), and R + B (Red + Blue)
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(Anth)—were assessed using the Dualex METOS®
leaf sensor (Pessl Instruments, Werksweg, Austria),
which quantifies these compounds through transmit-
tance and foliar fluorescence analysis using a non-
destructive method.

2.3 Data analysis

Statistical analyses were conducted using Python ver-
sion 3.11, an open-source programming language.
Morphological and floral traits of M. chamomilla
were evaluated using two-way analysis of variance
(ANOVA) to test for the effects of light treatment,
time (sampling week), and their interaction. Statisti-
cal significance was set at a=0.05. When the treat-
ment effect was significant, post hoc comparisons
among treatment means were performed using Tuk-
ey’s Honest Significant Difference (HSD) test. In the
figures where letters are shown, different letters indi-
cate statistically distinct groups according to Tukey’s
HSD test. All graphical outputs, including plots of
means with associated standard errors (mean + SEM),
were generated in Python.

3 Results
3.1 Morphological and floral development

No flower production was observed during the first
three sampling weeks across all treatments (Table 1,
Fig. 3a). At sampling week 4, flower development
initiated under Bh+R +FR (mean: 1.63 flowers, “a”)
and Rh+FR+B (mean: 0.63, “a”), while no flowers

were recorded in R+B (mean: 0.00, “a”). Flower
production progressed steadily, peaking at sampling
week 9 under Bh+R +FR (mean: 20.00, “a”), which
was significantly higher than in Rh+FR +B (mean:
11.29, “a”) and R+ B (mean: 3.88, “b”). This pattern
persisted in sampling week 10, where Bh+R+FR
maintained the highest number of flowers (mean:
21.00, “a”), while Rh+FR+B (mean: 7.33, “a”)
showed a slight decline and R+B (mean: 7.00, “a”)
an increase. From sampling week 6 onward, R+B
consistently exhibited significantly lower flower
numbers, often belonging to a different statistical
group (“b”) according to Tukey’s HSD test, indicat-
ing reduced floral development under this spectral
combination.

Significant differences in bud number were
observed from sampling week 5 onward (Table 1,
Fig. 3b). At sampling week 5, plants under R+B
showed significantly lower bud production (mean:
0.25, "b") compared with Bh+R+FR (mean: 1.50,
"a") and Rh+FR + B (mean: 2.88, "a"). A similar pat-
tern was observed at sampling week 7, where R+ B
again exhibited the lowest mean (0.63, "b") relative
to Bh+R+FR (4.88, "a") and Rh+FR+B (3.86,
"a"). This pattern continued at sampling week 9,
with R+ B producing only 0.25 buds ("b"), whereas
Bh+R+FR and Rh+FR+B reached higher val-
ues of 4.75 and 3.14, respectively ("a"). Overall, bud
formation increased progressively in all treatments,
with Bh4+R+FR consistently displaying the high-
est means. Although no significant differences were
detected at early stages (sampling weeks 1 to 4) due
to the absence or minimal bud development, R+B
consistently showed the lowest bud production from

Table 1 Results of
two-way analysis of
variance (ANOVA)

Variable

p-value (treatment) p-value (time) p-value (treat-

ment X time)

for morphological and
biochemical variables of
M. chamomilla evaluated
weekly under different light
treatments

Flower number

Bud number

Flower head diameter
White petal length
Pinna length

Pinna width

Nitrogen balance index (NBI)

Chlorophyll (Chl)
Flavonoids (Flav)
Anthocyanins (Anth)

p-values <0.05 indicate
statistically significant
effects

<0.0001 <0.0001 0.0034
<0.0001 <0.0001 0.1458
<0.0001 <0.0001 0.0002
<0.0001 <0.0001 0.0049
<0.0001 <0.0001 <0.0001
0.0554 <0.0001 <0.0001
<0.0001 <0.0001 0.0022
<0.0001 <0.0001 0.2338
<0.0001 <0.0001 0.0056
<0.0001 <0.0001 0.0205
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Fig. 3 Flower number, a Flower bud number, b Diameter
of flower head, ¢ White petal length, d Pinna length, e and
Pinna width f of M. chamomilla under three LED light treat-
ments: Rh+FR+B (Red predominant+ Far-red+ Blue),
Bh+R+FR (Blue predominant+ Red+ Far-red), and R+B

mid to late stages and was frequently assigned to
lower statistical groups according to Tukey’s HSD
test.

Flower head diameter exhibited significant dif-
ferences among treatments from sampling week

@ Springer

(Red + Blue) across ten sampling week periods. Data represent
means + standard error of the mean (SEM). Treatments sharing
the same letter within each sampling week are not significantly
different according to Tukey’s HSD test (a=0.05)

4 onward (Table 1, Fig. 3c). At sampling week
4, although all treatments presented low values
(Bh+R+FR: 0.29 cm, Rh+FR+B: 0.10 cm, R+ B:
0.00 cm), no statistical differences were detected.
However, from sampling weeks 5 to 9, plants under
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R+B consistently showed significantly smaller
diameters and were assigned to a distinct statistical
group according to Tukey’s HSD test. For instance,
at sampling week 5, R+B reached a mean of only
0.07 cm ("b") compared to 0.54 cm in Bh+R+FR
and 0.30 cm in Rh+FR+B (both "a"). At sampling
week 7, this pattern was accentuated, with R+B
maintaining the lowest mean (0.08 cm, "b"), while
Bh+R+FR reached 0.63 cm ("a") and Rh+FR +B
0.28 cm ("b"). R+B was also consistently placed in
group "b" across sampling weeks 6, 8, and 9, sug-
gesting a delay or restriction in capitulum expan-
sion under this light regime. By sampling week 10,
although no significant differences were observed
(Bh+R+FR: 0.30 cm, Rh+FR+B: 0.24 cm, R+B:
0.12 cm), overall diameters decreased slightly in all
treatments. These results indicate that R+ B limited
flower head growth.

White petal length showed significant differ-
ences among treatments beginning at sampling
week 5 (Table 1, Fig. 3d). At this point, plants under
Bh+R+FR and Rh+FR+B reached similar mean
values (0.35 cm and 0.19 cm, respectively), both
statistically higher than those under R+B (0.04 cm,
"b"). This pattern continued through sampling week 6,
where R + B maintained a lower mean (0.08 cm, "b")
compared to Bh+R+FR (0.45 cm) and Rh+FR+B
(0.21 cm), both grouped as "a". At sampling week
7, petals in Bh+R+FR extended to 0.48 cm, while
both Rh+FR+B and R+B remained significantly
shorter (0.19 cm and 0.06 cm, respectively), confirm-
ing the separation into group "a" for Bh+R+FR and
group "b" for the others. This same grouping pattern
was retained in sampling weeks 8 and 9, with R+B
persistently showing the shortest petals (0.07 cm
and 0.09 cm, respectively), always classified as "b".
By sampling week 10, the differences diminished
(Bh+R+FR: 0.34 cm, Rh+FR+B: 0.18 cm, R+B:
0.13 cm), and no statistical separation was observed.
These results suggest that the R +B light regime con-
strained petal elongation during the floral develop-
ment peak, whereas Bh+R+FR supported the high-
est petal growth throughout the flowering period.

During the first sampling week for pinna length,
Bh+R+FR and R + B reached similar average values
(7.82 cm and 7.45 cm, respectively), both classified in
group "a", while Rh+FR +B recorded a lower mean
(6.88 cm), assigned to group "b" (Table 1, Fig. 3e).
This pattern shifted by sampling week 2, where R+ B

declined slightly (7.13 cm, "b"), and both Bh+R +FR
and Rh+FR+B increased (8.75 cm and 8.55 cm,
respectively), remaining in group "a". In sampling
week 3, Rh+FR+B peaked at 9.03 cm, surpass-
ing Bh+R+FR (8.43 cm), whereas R +B remained
lower (7.68 cm, "b"). From this point forward, R+ B
maintained a consistently higher pinna length than
the other treatments. Between sampling weeks 4
and 6, R+B showed a continuous increase, reach-
ing its highest value at sampling week 6 (9.04 cm).
In contrast, Bh+R+FR and Rh+FR + B presented a
gradual decline. The divergence between treatments
became more pronounced from sampling week 7,
where R+ B maintained the highest values (8.40 cm
to 6.78 cm from sampling weeks 7 to 10, respec-
tively), consistently assigned to group "b", while
Bh+R+FR and Rh+FR+B exhibited a steady
decrease, reaching 3.37 cm and 4.62 cm, respectively,
by the final sampling week. These results indicate that
R +B sustained longer pinna throughout the experi-
ment, while Bh4+R +FR and Rh+FR +B supported
earlier development, followed by progressive reduc-
tion in pinna length.

During the first sampling week, all treatments
showed relatively low values (Bh+R+FR: 1.66 cm,
Rh+FR+B: 1.28 cm, R+B: 2.14 cm), and no sta-
tistical differences were observed among them in
pinna width (Table 1, Fig. 3f). From sampling week 2
onwards, pinna width progressively increased across
treatments, reaching the highest values between
sampling weeks 3 and 6. At sampling week 3,
Rh+FR +B reached a peak value of 3.08 cm, while
Bh+R+FR and R+B showed lower and statisti-
cally different means (2.68 cm and 2.58 cm, respec-
tively, with R+B assigned to group "b"). At sam-
pling week 4, Rh+FR+B maintained the highest
width (3.29 cm), followed by Bh+R+FR (3.01 cm),
whereas R+B was again significantly lower
(2.63 cm, "b"). A similar progression was observed at
sampling week 5, with all treatments showing a slight
decline. Although no statistical differences were
observed at this point, from sampling week 6 onward,
R +B consistently remained in group "a", except at
sampling weeks 8 to 10, where it shifted to group "b"
as its values surpassed those of the other treatments.
Notably, from sampling weeks 7 to 10, Bh+R+FR
and Rh+FR +B showed a marked decrease in pinna
width, dropping to 1.23 cm and 1.67 cm, respec-
tively, by the final sampling week. Conversely, R+B
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maintained higher values (2.13 cm at sampling week
10), consistently separated from the others by sta-
tistical grouping ("b"). These results indicate that
while Bh+R +FR and Rh+FR + B supported earlier
expansion of pinna width, R+B preserved a wider
pinna in the later stages of development.

3.2 Physiological traits across development

NBI, during the initial sampling week, showed val-
ues ranged from 12.68 in Bh+R+FR to 19.87 in
Rh+FR+B and 19.51 in R+B, with no statisti-
cal differences among treatments (Table 1, Fig. 4a).
From sampling week 2, NBI increased in all treat-
ments, with R+ B reaching the highest mean at this
stage (25.38), although not statistically different
from Bh+R+FR and Rh+FR+B. From sampling

weeks 4 to 7, a clear separation became evident,
with R+B consistently displaying higher values and
being assigned to group "b", while Bh+R+FR and
Rh+FR + B remained lower and grouped as "a". The
most pronounced difference occurred at sampling
week 5, where R+ B reached its peak (37.06), con-
trasting with Bh+R+FR and Rh+FR+B (22.49
and 18.86, respectively). After sampling week 7,
NBI values decreased in all treatments, especially in
Bh+R+FR (from 15.03 to 8.83) and Rh+FR+B
(from 16.65 to 9.03), while R + B also declined (from
34.49 to 15.94), yet consistently maintained the high-
est means. Notably, in sampling weeks 8 to 10, R+B
remained statistically distinct in group "b", whereas
Bh+R+FR and Rh+FR+B remained in group
"a", except at sampling week 8, where Rh+FR+B
joined R+ B in group "b". These results suggest that

16
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Fig. 4 Nitrogen balance index (NBI), a Chlorophyll (Chl), b
Flavonoid (Flav), ¢ and Anthocyanin (Anth), d of M. chamo-
milla under three LED light treatments: Rh+FR+B (Red
predominant + Far-red + Blue), Bh+R+FR (Blue predomi-
nant+ Red + Far-red), and R+ B (Red + Blue) across ten sam-
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pling week periods. Data represent means =+ standard error of
the mean (SEM). Treatments sharing the same letter within
each sampling week are not significantly different according to
Tukey’s HSD test (a=0.05)
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the R+ B treatment enhanced NBI values during the
peak vegetative and reproductive stages, maintaining
a higher nitrogen status than the other treatments.

In Chl concentration, during the first three
sampling weeks, no statistical differences were
detected among treatments, although R+B con-
sistently showed the highest means (5.49, 8.11, and
6.58, respectively), followed by Rh+FR+B and
Bh+R+FR (Table 1, Fig. 4b). From sampling week
4 onward, R+B consistently displayed significantly
higher Chl concentrations compared to the other treat-
ments, entering group "b" in every sampling week
except the first three and the final one. At sampling
week 4, in R+B sharply increased to 10.87, while
Bh+R+FR and Rh+FR+B remained lower (6.13
and 4.08, respectively), both grouped as "a". A con-
sistent separation was maintained in sampling weeks
5, 6, and 7, with R+ B exhibiting the highest means
(10.28, 9.37, and 11.23, respectively). The most
marked contrast occurred at sampling week 7, when
Chl in R+B peaked at 11.23, whereas Bh+R +FR
and Rh+FR + B reached only 7.63 and 6.27, respec-
tively. In sampling weeks 8 and 9, values declined
in all treatments. By sampling week 10, the statisti-
cal separation disappeared, with values converg-
ing to 7.67 in R+B, 5.21 in Rh+FR+B, and 4.86
in Bh+R+FR. These results indicate that the R+B
light regime stimulated and sustained the highest Chl
accumulation during the central phase of develop-
ment, while Bh+R+FR and Rh+FR +B supported
lower Chl across time.

During the initial four sampling weeks of Flav
concentration, no statistical differences were observed
among treatments, and mean values remained low
and similar across groups (0.29-0.36) (Table 1,
Fig. 4c). However, beginning at sampling week 5, dif-
ferences began to emerge. At this point, Bh+R+FR
(0.31) and Rh+FR+B (0.27) remained within the
same statistical group ("a"), and R+ B recorded the
lowest mean (0.25). Statistical separation became evi-
dent at sampling week 6, where Bh+R +FR signifi-
cantly surpassed both Rh+FR+B and R+B (0.48
vs. 0.31 and 0.26, respectively), with the latter two
grouped as "b". This pattern was reinforced at sam-
pling week 7, with Bh+R +FR maintaining the high-
est flavonoid concentration (0.49), while Rh+FR +B
and R+B remained significantly lower (0.42 and
0.33, respectively). At sampling week 8, Bh+R+FR
continued to dominate (0.48), significantly higher

than both Rh+FR+B (0.35) and R+B (0.34),
which again fell into group "b". At sampling week
9, Bh+R+FR (0.48) and R+ B (0.44) shared group
"a", while Rh+FR+B (0.40) remained in group
"b", indicating a transient increase in R+ B. By sam-
pling week 10, differences among treatments were no
longer statistically significant, with values converging
to 0.56 (Bh+R+FR), 0.47 (Rh+FR+B), and 0.49
(R+B). These results suggest that the Bh+R+FR
light regime promoted the highest and most consist-
ent accumulation of Flav throughout the experiment,
especially from sampling weeks 6 to 8, whereas
Rh+FR+B and R + B induced lower concentrations,
with R+B showing partial compensation toward the
end of the evaluation period.

Anth showed no statistical differences among
treatments during the first four sampling weeks, and
all values remained stable, ranging from 0.13 to 0.21
(Table 1, Fig. 4d). However, beginning at sampling
week 5, Rh+FR +B exhibited a significant increase
(0.23), surpassing both Bh+R+FR (0.13) and R+B
(0.13), which remained grouped as "a". At sampling
week 6, Bh+R+FR showed a further increase to
0.22, while Rh+FR +B and R+ B reached 0.18 and
0.15, respectively. In this case, R+B was statisti-
cally separated as group "b", indicating a delayed
Anth concentration under this treatment. A com-
parable separation was observed in sampling week
8, where Bh+R+FR and Rh+FR+B remained
statistically similar (0.18 and 0.19), whereas R+B
dropped to 0.14, remaining in group "b". This sepa-
ration was also evident in sampling week 9, where
Bh+R+FR (0.23) and Rh+FR+B (0.22) continued
to show higher values than R+B (0.20), although
all treatments were grouped as "a". By sampling
week 10, Anth increased across all treatments, with
Bh+R+FR reaching the highest value (0.28), fol-
lowed by Rh+FR+B (0.27) and R+B (0.22), but
statistical differences were no longer detected. These
results indicate that the Bh+R +FR and Rh+FR+B
light regimes favored a higher accumulation of Anth,
while R+B consistently showed the lowest values
during the period of most active pigment synthesis.

4 Discussion

The application of distinct LED spectra induced dif-
ferentiated morpho-physiological responses in M.
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chamomilla, demonstrating the critical role of light
quality in modulating developmental processes. Blue-
enriched light, particularly in the Bh+R+FR treat-
ment, was consistently associated with enhanced
reproductive development, including earlier flower
initiation, higher bud and flower numbers, and larger
floral structures. These effects are consistent with the
regulatory role of blue light in photomorphogenesis
and flowering, mediated by cryptochrome activation
and downstream signaling involving gibberellin bio-
synthesis and floral integrators (Runkle and Heins
2001; Ghareeb et al. 2022). The concurrent inclusion
of far-red light likely contributed to these outcomes
through phytochrome-related signaling processes,
which in other species have been associated with
transitions toward low Pfr/Ptotal states that promote
flowering in long-day plants (Wollenberg et al. 2008).

However, the flowering response observed can-
not be attributed solely to individual wavebands;
rather, it reflects a dynamic interplay between spectral
components and their physiological thresholds. As
highlighted by Kong and Zheng (2024), the balance
between red and far-red light often exerts a stronger
regulatory influence on flowering than the absolute
intensity of blue light. Moreover, light quantity and
quality are inherently interdependent, and previous
studies have shown that blue light may act either
as a promoter or suppressor of flowering depend-
ing on its irradiance and spectral context (Meng and
Runkle 2015; He et al. 2024). Therefore, the flower-
ing enhancement observed under Bh+R+FR likely
emerged from the combined effect of spectral synergy
and optimal PPFD, jointly modulating photorecep-
tor networks and hormonal pathways that govern the
reproductive transition in M. chamomilla.

The differences observed between Bh+R+FR
and Rh+FR + B underscore the regulatory impact of
spectral ratios on organogenesis, extending beyond
floral induction alone. Although both treatments
included far-red wavelengths that, according to previ-
ous studies, can favor reproductive transition through
reduced phytochrome B activation, the more pro-
nounced response under Bh+R +FR suggests a more
favorable spectral balance for engaging photorecep-
tor-related signaling pathways previously associated
with floral morphogenesis. In this context, a blue-
dominant spectrum likely enhanced cryptochrome
activity, which has been associated with increased
expression of genes involved in cell expansion and

@ Springer

floral morphogenesis, such as EXPANSINs and HYS
(Kong and Zheng 2024; X. Wang and Lin 2025).
Concurrent far-red exposure has also been reported
to facilitate DELLA protein turnover and activate
gibberellin-responsive pathways in other species
(Courbier et al. 2021; Gautam et al. 2015), which
may help explain the enhanced floral organ develop-
ment observed under Bh+R+FR. Moreover, the
suppressed floral development under R+B further
highlights the functional relevance of far-red light for
maintaining phytochrome-mediated regulatory net-
works described in the literature, including pathways
involving CONSTANS and SOCI1 (King et al. 2008).
Together, these findings support the view that repro-
ductive and morphogenetic outcomes in M. chamo-
milla result from the integration of multiple light-
sensing pathways and their downstream interactions
with hormonal and transcriptional regulators.

In this context, the pronounced divergence
between the number of buds and the number of fully
developed flowers in the Rh+FR + B treatment indi-
cates a decoupling between floral initiation and the
completion of reproductive development. While this
spectral combination promoted the formation of floral
primordia, its lower conversion into mature flowers
points to an interruption in late-stage floral develop-
ment. In several species, the progression from vis-
ible bud to anthesis depends on regulatory modules
involving SOC1, LFY, APl, and GA-responsive
pathways, all of which show sensitivity to red:far-red
balance and phytochrome-mediated signaling (L6pez
etal. 2021; Lee et al. 2023). Reports also indicate that
far-red exposure can accelerate early meristem differ-
entiation while limiting organ expansion or increasing
reproductive abortion under red-dominant contexts
(Chen et al. 2024; Xia & Mattson 2024). The pat-
tern observed in Rh+FR + B is consistent with these
findings and reflects wavelength-dependent regula-
tion of the final phases of floral development in M.
chamomilla.

Vegetative traits were strongly influenced by light
quality. The R+B treatment, which excluded far-
red light, resulted in the greatest leaf elongation and
broader pinnae during the later stages of develop-
ment. This response reflects the effect of red and blue
light in balanced proportions, which promotes cell
expansion, optimal chloroplast development, and effi-
cient stomatal conductance, thereby enhancing leaf
growth (R. Li et al. 2019; Flores-Pérez et al. 2021). In
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contrast, the inclusion of far-red light in Rh+FR +B
and Bh+R+FR is consistent with shade-avoidance
responses reported in the literature for far-red—asso-
ciated phytochrome signaling, which can limit lateral
organ expansion and favor reproductive allocation
(Demotes-Mainard et al. 2016; Kong and Nemali
2021). Due to this spectral modulation, the reduc-
tion in pinna width observed under these treatments
corresponds to a developmental trade-off, where
resource allocation shifts toward floral structures at
the expense of leaf development (Kami et al. 2010;
Craine and Dybzinski 2013).

In addition to promoting vegetative growth, the
R+B treatment consistently enhanced physiologi-
cal performance, as evidenced by increased values
of both NBI and Chl concentration. These param-
eters reflect key aspects of plant metabolic activity,
particularly nitrogen assimilation and photosynthetic
efficiency (VirSilé et al. 2020). The combined action
of red and blue wavelengths is known to support chlo-
rophyll biosynthesis, maintain Rubisco activity, and
optimize chloroplast development, thereby sustain-
ing higher carbon fixation rates (Y. Li et al. 2020).
Furthermore, a high NBI is indicative of an elevated
chlorophyll-to-flavonoid ratio, which is associated
with efficient nitrogen use and reduced oxidative
imbalance, both critical for sustained leaf develop-
ment (Fan et al. 2013; Gao et al. 2022). These coor-
dinated biochemical responses under R+B condi-
tions are consistent with the observed dominance of
vegetative traits, reinforcing the role of spectral bal-
ance in supporting biomass accumulation and delayed
resource diversion toward reproductive sinks.

In contrast, the inclusion of far-red light in
Bh+R+FR and Rh+FR +B treatments altered this
physiological profile, resulting in reduced pigment
accumulation. In previous studies, far-red exposure
has been associated with phytochrome-mediated
modulation of developmental and photosynthetic
gene networks, contributing to shade-avoidance
responses and reduced chlorophyll accumulation.
This shift includes the downregulation of chlorophyll
biosynthesis and impaired chloroplast maturation,
particularly when far-red is combined with high red
light irradiance (Oh and Montgomery 2017; Q. Wang
et al. 2024). As a result, assimilates are preferentially
allocated to floral structures rather than to expanding
vegetative organs, limiting the development of photo-
synthetically active tissues. These findings underscore

the critical role of far-red light in redirecting meta-
bolic investment and shaping the developmental tra-
jectory of the plant through light-quality-dependent
regulation of hormonal and genetic pathways.

Flavonoid concentration exhibited greater tem-
poral variation than treatment-dependent differ-
ences, but a transient increase was observed in
Bh+R+FR during peak flowering. This may reflect
blue light—induced activation of chalcone synthase
(CHS) and other enzymes in the flavonoid biosyn-
thetic pathway, which are sensitive to blue/UV-A
regions (Zoratti et al. 2014; H. Li et al. 2018). Similar
induction of CHS and other phenylpropanoid-related
genes under UV-B has been demonstrated in red
rubin basil, suggesting a shared regulatory mecha-
nism linking high-energy light exposure with second-
ary metabolite biosynthesis (Ali et al. 2025). While
overall differences among treatments were not sig-
nificant, the progressive accumulation observed in all
groups supports the idea that these metabolites also
respond to internal developmental programs and mild
oxidative signals associated with maturation (Paschko
et al. 2023; Su et al. 2024). Similarly, anthocyanins
increased gradually throughout the experiment, with
a visual indication of higher accumulation under far-
red—enriched treatments. Although statistical differ-
ences were minimal, the overall behavior aligns with
the role of far-red light in promoting anthocyanin bio-
synthesis under high red:far-red ratios, potentially as
a compensatory mechanism to optimize light harvest-
ing in spectral environments with limited blue pho-
tons (Collado and Hernandez 2022; Trivellini et al.
2023). A similar compensatory pattern was observed
in variegated Solenostemon scutellarioides grown
under sun and shade, where anthocyanins accumu-
lated in the palisade parenchyma acted as optical fil-
ters, reducing chlorophyll excitation under low light
but contributing to photoprotection under high irradi-
ance (Gaion et al. 2025). The anthocyanin accumu-
lation observed in far-red—enriched conditions may
serve dual functions depending on ambient photon
availability: shielding the photosystems from excess
light or compensating for spectral imbalances.

5 Applicability and future research

This study provides a basis for developing more
refined experimental approaches to explore the
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complex interactions between light spectra and
metabolic regulation in M. chamomilla. Its meth-
odological framework can be readily applied to
assess other medicinal species or cultivar-specific
responses in indoor systems aimed at pharmaceuti-
cal-grade production. However, several limitations
open new avenues for investigation.

The present work focused primarily on morpho-
logical and physiological traits; further studies are
needed to elucidate the biochemical and molecu-
lar responses to spectral variation. Specifically, the
analysis of essential oils, polyphenols, and other
secondary metabolites using chemical profiling
techniques such as gas chromatography—mass spec-
trometry (GC-MS), liquid chromatography—mass
spectrometry (LC-MS), or nuclear magnetic reso-
nance (NMR) would help determine whether differ-
ent light spectra induce qualitative or quantitative
changes in metabolic pathways. Additionally, while
three representative spectral compositions were
tested, all treatments maintained comparable PPFD.
Future studies should evaluate the effect of vary-
ing light intensity under constant spectral compo-
sition to distinguish responses attributable to light
quantity versus quality. This would clarify poten-
tial dose-dependent effects and enable more precise
light regime designs.

Together, these extensions would provide a deeper
mechanistic understanding of spectral effects and
support the development of targeted lighting proto-
cols for high-value medicinal plant cultivation.

6 Conclusions

This study demonstrates that the spectral composi-
tion of LED lighting drives key physiological pro-
cesses in M. chamomilla grown aeroponically. Blue-
enriched spectra promoted floral differentiation and
reproductive development, whereas red-blue com-
binations favored vegetative growth and leaf expan-
sion. Secondary metabolite accumulation increased
progressively across treatments, suggesting a stronger
influence of developmental cues than of specific
light wavelengths. Overall, these results confirm that
targeted spectral manipulation can optimize physi-
ological performance under controlled environment
agriculture.

@ Springer
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