The project studied the effect of light intensity and spectral composition on the growth, development
and metabolism of several crops. Our phytotron growth systems equipped with modulated LED lighting
technology provided a unique opportunity for these studies. Our research focused on cultivating
several crop species, including leafy (spinach), and fruit-producing (tomato) vegetables. Tomato was
studied at different developmental stages (young and mature plants). Finally, investigations were
completed additionally with studies of chilli and herbs. Our special aim was to understand how light
can determine plant product characteristics: such as appearance and quality and how the light can be
used for targeted manipulation of plant metabolism by changing the light intensity and spectral
composition

Thus, we aimed to answer several questions:

1. What is the effect of light intensity and spectral composition on the growth and development

of spinach and tomato plants?

Whether the optimal spectral composition depends on the light intensity?

Whether the best light combination depends on species or genotype?

How do the different light components affect the primary and secondary metabolism?

Which photoreceptors participate in the different morphological processes and different

primary and secondary metabolisms?

6. What is the most important light factor in these processes: The absolute amount or the
proportion of different light components?

7. Whether the plant metabolism and yield quality can be modified by changes in the light
environment during development to produce functionalized foods?

8. How much time is necessary for inducing modifications?
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Results:

1: To determine the best light combinations (in terms of light intensity and spectral distribution) for
growing spinach and tomato seedlings indoor, these seedlings were grown under different light
regimens, namely at low (250 umol/ m? s), medium (450 pmol/ m? s) and high (650 pmol/ m? s) light
intensities under different spectral combinations (5-30% blue light proportions) and at fixed green
regions (10% ) provided by blue, red and white LED.

In the case of spinach plants, the spectral composition caused slight (but significant) variations in the
plant height and leaf number and high variations in plant weight and leaf area at all (250, 450 and 650
umol m-2 s-1) light intensities. The highest plant height was given when the plants were grown at
R/G/B=85/5/10 and the lowest was when the highest proportion of blue was applied. This indicates
an inhibitory effect of blue light on stem elongation. These tendencies were observed at all light
intensities; however, the blue light-induced inhibition of elongation was slightly reduced when the
light intensity was high. Evidently, the increase in light intensity provided elevated biomass production
due to the increase of the photosynthetic activity of plants. The slope (differences between the weights
of plants vs proportion of blue light) was slightly higher at medium light intensity as compared to others
indicating that the manifestation of the effect of spectral composition on biomass production
depends on the light intensity too. The leaf number was hardly affected both by the spectral
composition and light intensity, but the leaf area and the leaf density changed significantly, especially
with the spectral composition. The leaf area increased with increasing the proportion of red light,
while leaf density (specific leaf area, cm?/ g FW) increased with increasing the proportion of blue
light. These results indicated that the different spectral regions affect differently to the different
morphological parameters. Studying several physiological parameters, it was found that the
photosynthetic activity of spinach leaves affected strongly both the light intensity and spectral



composition. With increasing light intensity, the CO, assimilation rate increased and the effective
quantum vyield of PS Il decreased intensively (as usual), while with an increase in the proportion of
blue light, the stomatal was more open, but the Pn was lower than those at higher red light
proportion. This contrary behaviour of Pn and gs regulation suggested different regulatory
mechanisms. The CO; metabolism differed under red and blue light: At low Ci levels different Rubisco
activity, while at high Ci levels, the utilisation of triose phosphate metabolites can contribute to the
changes of CO2 assimilation in red light, while under blue light, both the stomatal movements and
RuBP regeneration processes can contribute to the spectrum-dependent changes of photosynthesis.
Our results supported the hypothesis that the red- and blue-light-induced stomatal opening differs
both in sensitivity and mechanisms: the red-light syndrome is mainly related to the accumulation of
sugar metabolites including sucrose in mesophyll cells while the blue-light-induced stomatal opening
is mediated rapidly by photoreceptor phototropin in guard cells, where the malate accumulation was
observed through the activation of mitochondrial respiration.

Studies of the effect of light intensity and spectral combinations in tomato plants revealed many
specific correlations. An increase in light intensity resulted in a suppression of stem elongation (the
plant height decreased) and an increase in stem diameters, leaf area and biomass production.
However, the increase in biomass production was more intense than the leaf expansion resulting in a
light-intensity-dependent decrease of the specific leaf area. The spectral dependence showed
interesting correlations. Namely, we found that many morphological and physiological parameters,
such as plant height, specific leaf area, photosynthetic activity and stomatal conductance changed
linearly with the increase in the proportion of blue light. While the plant height, specific leaf area and
photosynthetic activity (Pn) of plants decreased linearly with the increase in the proportion of blue
light, the stomatal conductance showed an inverse relationship. We also observed that the blue light
stimulated the stomatal opening in the case of tomato too (similarly as found for spinach). Other
parameters, including stem diameter, leaf area, biomass production and the number of flowering
plants grew up only to a critical blue% value, but above this threshold, the blue light had adverse
effects. These tendencies were similar at all light intensities.

In adult tomato plants, the effect of light intensity and spectral composition also modified the growth,
flowering and yield production. The plant height was the highest at low light intensity and under a
high proportion of red light, which can be well explained by the shade avoidance syndrome. The largest
plant green mass was also measured at low light intensity and with a lot of red light indicating that the
low light intensity and too much of red light induced the production of leafy biomass instead of
inducing flowering and fruit production. Therefore, these light combinations are useless for fruit-
ripening plants. At elevated light intensity, the elevated photosynthetic activity did not improve the
plant biomass significantly, indeed the fruit production was stimulated. These results indicated that
the increase in light intensity in an adequate phase of plants can improve the yield production. In
addition, the number of flowers and thus the number of fruits was the highest at high proportion of
blue light. However, at low light with a high proportion of blue light, only small fruits were
developed, as shown by the low fruit weight per pc. With a high red ratio, fewer but larger (in
diameter and weight) tomato fruits were formed, even at a low (250 umol m-2 s-1) light intensity.

Overall, these investigations highlighted the importance of an adequate light environment in indoor
cultivation systems related to both light fluence and spectral composition and in growth and
development. Furthermore, we presented evidently that the light intensity and spectral composition
regulate the growth and development in interaction.

2: The best light combination for the cultivation of spinach plants was around 5-10/ 10/85-80 %
blue/green/red light proportion depending on the light intensity. At low light (250 pmol/ m? s)



10/10/80, while at moderate or elevated light intensities, 5/10/85 % blue/green/red light proportion
provided the best spectral combination for the cultivation of spinach plants indoor. We also found that
although the increase in light intensity increased the biomass, the increase in light intensity resulted
in a less increase in biomass (no more than 30-40 %) than the double or triplicate energy cost required
for producing elevated light intensities. Thus, we concluded that the cultivation of spinach plants is
sufficient even under relatively low light intensity (250 pmol/ m? s). (However, our preliminary results
at 100 umol/ m? s showed that the too-low light intensity causes many adverse effects on the growth
(elongated plants with low biomass).

In the case of tomato plants, the optimal spectral conditions were found under 15 : 10: 75 % of blue:
green: red regions at moderate and high light intensities (450 and 650 pmol/ m? s), while at low light
(250 umol/ m? s) intensity elevated (20%) proportion of blue light are preferred. According to the
results, in general, moderate light intensity with a 15B:10G:75R spectral combination seems suitable
for the cultivation of tomato seedlings due to energetic reasons, however, it should also be mentioned
that elevated light intensity induced the flowering in tomato plants. The shortening in the
development period has also huge agronomic importance.

In adult plants, for stimulation the flowering elevated light intensity (above 500 pumol/ m? s) with a
higher proportion of blue light (20%) is desirable, however, at the ripening phase, the change of light
environments toward a higher proportion of red light (above 80%) is also suggested according to the
desired properties of fruits (see below 4. point).

According to these investigations, it can be concluded that the optimal spectral combination
depends on the applied light intensity. At moderate or high light intensities lower
proportion (5-15% , depending on species) is enough, however, if this light intensity is not
available, a higher proportion of blue light is recommended to use to alleviate the adverse
effect of low light intensity. The investigations confirmed that light intensity and spectral
composition regulate the growth in interaction.

3:

Comparing the two spinach cultivars (cv. Matador and cv. Popey), we found significant differences
between the genotypes in all parameters, especially in plant height, weight, leaf area, specific leaf
area and SPAD values. In general, the spinach Popey is lighter, but greener than Matador, especially at
250 and 450 light intensities, however, they showed similar tendencies in all parameters measured
as described above (1. and 2. points).

In the case of tomato, 4 tomato cultivars were investigated for morphological parameters, but only 2
(cv. Mano and cv. Vilma) were investigated in detail. Although significant differences were also found
between the genotypes (e.g. the tomato cv. Mano is higher with bigger and less green leaves as
compared to cv. Vilma, which is a small, compact and dark green plant), both genotypes showed
similar tendencies both for the light intensity and spectral composition. The seeds of the other 2
tomato genotypes (cv. Mobil and Roma) did not seem homogenous in the habits, therefore we
eliminated them from further investigations.

However, it can be said that similar tendencies (with different absolute values) were observed for the
given parameters mentioned above within the genotypes both in the case of spinach and tomato
plants. However, comparing the tomato and spinach plants, we found a shift in the optimal spectral
composition and fluence. We found that lower light intensity and a higher proportion of red light



(85%) is optimal for the cultivation of leafy spinach plants as compared to fruit-producing tomato
seedlings.

4.

The effect of light intensity and spectral composition was also studied on the changes of primary and
secondary metabolism. Some common features have been observed both for spinach and tomato
plants, namely: the red light stimulated the accumulation of carbohydrates, while the blue light
induced the protein (and amino acid) biosynthesis both in spinach and tomato plants. In addition, the
light intensity also forced the synthesis of both carbohydrates and proteins due to the increase of
absorbed and utilized light energy. Furthermore, our investigations revealed that the carbohydrate
accumulation depended linearly with the proportion of blue light (namely carbohydrate content
decreased with the increase of the proportion of blue light), while the protein accumulation showed
non-linear correlations rather it followed the threshold hypothesis in the case of tomato seedling.

In the case of spinach plants, the mineral composition and ascorbate content was also measured. We
found that both light intensity and spectral composition affected the mineral content in spinach leaves:
The free nitrate content decreased with the increase of light intensity (mainly due to its
incorporation into organic amino acids and proteins). It was also supported by the elevated activity
of nitrate reductase and the expression of genes responsible for nitrate reduction (nitrate reductase)
and transport (nitrate transporter 1.3; 1.4; 1.5). In addition, the nitrate content was also lower under
high proportion of blue light due to the elevated expression of nitrate reductase, glutamine synthase
and several nitrate transporter genes (1,4, 5). The amount of potassium and iron decreased with the
increase of light intensity, however at the lowest light intensity,100 pmol/ m? s) the K and Fe uptake
was reduced. The changes in the proportion of blue light slightly (not significantly) modified the K
uptake, however, the increase in the proportion of blue light reduced the light intensity differences
in Fe content. Ca content increased with the increase of light intensity, while Mg showed slight light-
induced modifications.

Elevated ascorbate content was reached with the increase of light intensity as well as with the
increase of the proportion of blue light in spinach leaves. Surprisingly, the blue-light-induced
accumulation of ascorbate was not correlated with the expression of ascorbate biosynthetic
pathways, namely the gene of L-galactono-1,4-lacto dehydrogenase (GLDH) belonging to the main
ascorbate synthesis pathway, with the L-gulonolactone oxidase (GULO6) gene, which controls the
ascorbate synthesis through the glucose pathway and with myo-inositol oxygenase (MIOX1) as the
ascorbate can also be synthesised through myo-inositol. Rather ascorbate content showed correlation
with the transcript level of dehydroascorbate reductase 2 (DHAR2) which participates in the
regeneration of ascorbate.

In the case of young tomato seedlings, we found that the increase of light intensity stimulated the
accumulation of both primary and secondary metabolites, including the amount of soluble
carbohydrates, proteins, anthocyanin and flavonoid contents. However, we also found that these
metabolites showed changes with the changes in the proportion of blue light. Namely, carbohydrate
content decreased linearly, while the anthocyanin and flavonoid content increased linearly with the
increase of the proportion of blue light. The elevated flavonoid and anthocyanin content was also
correlated to the expression of genes of phenylalanine ammonia-lyase (PAL) and Chalcone synthase
(CHS), which are part of the phenylpropanoid and flavonoid biosynthetic pathways. The protein
content did not show a linear tendency, rather it followed the threshold hypothesis. Chlorophyll
content and carotenoid content changed rather by the light intensity and they were slightly affected
by the spectral composition.



In adult tomato plants, besides monitoring the growth and flowering, the yield quality and quantity
were also determined through monitoring of the amount and size of fruits (see above), their colour
(lycopene content), sweetness (sugar content) and organic acids content, which determines primarily
the taste of tomato fruits and acidity of the fruits. We found that both the effect of light intensity and
spectral composition affected the quality of fruit: The highest amount of soluble sugar was measured
in the fruits of plants grown under a red-dominant spectrum, but the sugar content also increased
with increasing light intensity. In contrast, the acid content (mainly the amount of malic acid and
citric acid) of fruit increased with the increase of blue light proportion. According to these, sweet
tomatoes were obtained under a red-dominant light, while the fruit was mainly acidic under a blue-
dominant light. In addition, tomato contains lots of antioxidants including lycopene (which gives
tomato colour) and ascorbic acids. Lycopene content did not change significantly with the changes in
spectral composition, while the ascorbic acid level increased significantly under blue light. Similarly,
flavonoid content (flavonoids are also strong antioxidants) also increased with the rise of blue light.
Thus, the total antioxidant status of tomatoes was the highest under blue light combined with
elevated light intensity.

These investigations demonstrated that light regulation of synthesis of primary and secondary
metabolites strongly depends not only on the light intensity but also on the spectral combinations
and even in some cases on their interactions (i.e. the spectral compositions dependence is also
regulated by the light intensity). These studies are important in the understanding of light (spectral
and intensity) dependent regulation of primary and secondary metabolisms.

5.

One of the most important aims was to determine the participation of photoreceptors in the
regulation of growth, development and metabolism. Therefore, both in the case of spinach and
tomato, the expression of several genes responsible for growth, flowering and metabolism were
studied together with the expression of photoreceptors Phytochrome A, B, cryptochromes and
Phototropins.

In the case of spinach plants, elevated expression of PHYA was detected under FR application, while
the lowest expression was detected under high light intensity. PHYB is activated by red light, but
there was no significant difference under other light spectral compositions. Blue light caused the
most prominent effect on the expression of photoreceptors CRY1, PHOT1 and 2, resulting in elevated
expression of these genes as compared to those of control, red and far-red light.

In addition, the high-light-induced reduction in nitrate content was correlated with the elevated
expression of nitrate reductase (NR) and nitrate transport (VRT1.4 and NRT1.5) genes, which showed
a significant correlation with the expression of blue-light mediated CRYPTOCHROME 1 (CRY1) and
PHOTOTROPIN 2 (PHOT2) photoreceptors. Fe content showed a moderate correlation with the
expression of PhyB.

The expression of several genes responsible for ascorbic acid biosynthesis and metabolism was also
studied. The L-galactono-1,4-lacto dehydrogenase (GLDH) synthesises ascorbate through the main
ascorbic acid production pathway in plants. The expression of the GLDH gene showed light
dependence, as the highest expression was found under FR and the lowest under high light completed
with blue light. A similar trend was found in the case of the GULOG6 gene, which controls the ascorbate
synthesis through the glucose pathway. However, ascorbate can be synthesised through myo-inositol
too, where the myo-inositol oxygenase (MIOX1) plays a role in the synthesis. The expression of this
gene was induced by red light, but other light was mainly unaffected. The dehydroascorbate
reductase (DHAR) participates in the regeneration of ascorbate. Its gene is highly expressed under



blue light as well as under FR light, while in other cases there were no significant differences between
the light treatments. In contrast, the blue-light-induced accumulation of ascorbate was not correlated
with the transcript level of genes responsible for de novo synthesis of ascorbate, (GLDH, MIOX1,
GULOS6), but rather with the transcript level of dehydroascorbate reductase 2 (DHAR2). Its correlation
with PHOT1 and 2 indicates that the ascorbate regeneration is more important than the de novo
synthesis in the blue-light-induced ascorbate accumulation.

In tomato plants, the expression of photoreceptor genes, including of phytochromes (PHYA, PHYB1
and PHYB2), cryptochromes (CRY1 and CRY2) and phototropins (PHOT1 and PHOT2) together with the
expression of PAL, CHS1 and CHS2 responsible for the anthocyanin and flavonoid biosynthesis were
investigated under different spectral composition (at 5, 15 and 30% blue light) and light intensities
(250, 450 and 650 umol m-2 s-1). In addition, as some plants have already been transferred from the
vegetative phase to flowering under several light spectral combinations and intensities during the 28
days experimental period, the flowering-induced genes such as SINGLE FLOWER TRUSSS (SFT) florigen
and its regulator genes CONSTANS (CO1) and CONSTANS-LIKE (COL) were also studied.

Among the photoreceptor genes, the expression of PHYB2 decreased and CRY2 increased with the
increase of blue light proportion gene at all light intensities in both cultivars, while clear tendencies
were not found in the expression of PhyA and PhyB1 genes as well as in the expression of Cry1.

The stem elongation (plant height) and specific leaf area were strongly affected by red light mediated
by the expression of PHYA and suppression of CRY2 genes. The accumulation of carbohydrates and
chlorophyll is controlled by PHYB1 and PHYB2, while CRY2, PAL, CHS1 and CHS2 are strongly
correlated with the accumulation of anthocyanins and carotenoids.

The expression of the tomato florigen gene SFT and its regulator genes CO1 and COL showed higher
expression at 15% blue light than at 5 and 30% blue light at all light intensities in both tomato
cultivars. The elevated expression of these genes corresponded with the high number of flowered
plants grown under these spectral combinations.

Among the genes responsible for secondary metabolism, the Phenylalanine ammonia-lyase (PAL) and
Chalcone synthase (CHS) are enzyme initiators in the phenylpropanoid and flavonoid biosynthetic
pathways including anthocyanin biosynthesis. The expression of the genes PAL, CHS1 and CHS2
showed clear light-dependent characteristics, namely the transcript level of PAL and CHS1 genes
increased with the rise of the proportion of blue light at all light intensities in both cultivars. In the case
of CHS2, higher expression of CHS2 was found at 15% of blue light as compared to 5 and 30% of blue.
This trend was observed in both cultivars at all light intensities, except at high light in cv. Mano where
the higher the blue light proportion, the greater the transcript level of CHS2.

Correlation analysis between the expression of the above-mentioned genes revealed a strong
connection between the PHB1 & PHB2, CRY2 & PAL and PAL & CHS1. Medium correlation was found
between CRY1 & PHYB2, PHYA & CHS2, Cry2 & CHS1 and CHS2, PAL & CHS2, CO1 & COL and CHS1
&CHS2. Further analyses were performed to reveal the connection between gene expression and
changes in metabolic levels. The results showed a strong correlation between the contents of
anthocyanin and flavonoids & CRY2, PAL, CHS1; and between the carotenoid content & CRY2 and
PAL. Medium correlation was revealed between the number of flowering plants & CO1, CHS2; the
carbohydrate content (CH) & PHYB1 and PHYB2; anthocyanin and flavonoid contents & CHS2 and
between carotenoids & CHS1 and CHS2. Interestingly, the chlorophyll content was associated with
the expression of several genes, such as PHYA, PHYB1, PHYB2, CRY2, PAL, CHS1, CHS2. A negative
correlation was found between the chl a/b ratio & PHYA and between the protein content & PHYA.



These studies revealed correlation networks among the photoreceptors and genes responsible for
growth and metabolism.
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6.

The next question was: “What is the most important light factor in growth and metabolism “ It was
investigated whether the absolute amount or the proportion of different light components are
important in the regulation.

In spinach plants the correlation analyses revealed that the light intensity (e.g. the absolute amount
of light) was the main factor for biomass production, carbohydrate, protein, anthocyanin and
flavonoid accumulation, and also for the decrease in free nitrate content. Related to spectral
composition, the broad white light spectrum was the main factor for biomass production and
anthocyanin accumulation, while the absolute amount of red light was the most important factor
for carbohydrate accumulation. The absolute amount of blue light caused the main effect on Ca
content. The nitrate content was affected inversely both by the absolute and relative (%) amount of
blue light as well as by the B:R proportion. All of these light factors were important for ascorbate
accumulation but in contrast to nitrate, the amount of ascorbate showed a positive correlation with
the absolute, relative (%) amount of blue light and with the B:R proportion. In those experiments,
were FR application occurred, the plant height and specific leaf area were affected by the absolute,
relative amount of far-red light and by R:FR ratio, while these light factors determined also the
amount of K in an inverse direction. In addition, the PCA analysis revealed correlations among the
amount and proportion of blue light as well as B:R ratio & photoreceptor Cryptochromel, among the
amount and proportion of far-red light and Phytochrome A, while the red light correlated with the
expression of Phytochrome B gene.

In tomato seedlings, plant height correlated negatively with the absolute amount of blue and green
light (there was no far-red application in these experiments), fresh weight, flowering time and
carbohydrate content with the absolute amount of green and red light. Leaf area showed a
correlation with the absolute amount of green and red light as well as with R% (and negatively with



B%). The amount of proteins, anthocyanins and flavonoids showed correlations with the absolute
amount of green light and blue% (and thus inversely with red%).

This type of correlation analysis revealed the importance of different light factors in the different
morphological traits and in metabolic profile, meanwhile many common features have been found in
light regulation of the growth, development and metabolism in spinach and tomato seedlings.
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7. We also tested whether the changes in light environment during the development can modify the
growth and especially metabolism. It can be an important question for producing functionalized
foods. For testing this, spinach plants were cultivated under optimal light environment, but before
harvest the spectral compositions were changed for a week, and we tested their effect on the yield
quality. Although the changes in light intensity and spectral composition did not modify the growth
parameters (because the plants were mainly developed), they strongly affected the leaf composition.
Similarly, as we observed before, the increase in light intensity induced the accumulation of primary
metabolites (carbohydrates and proteins) and decreased the free nitrate content in leaves. Together
with a high proportion of blue light they also stimulated the accumulation of ascorbate (vitamin C)
and increased the TAC activity in leaves. The present investigations demonstrated that the yield
quality of spinach leaves can be improved significantly by the increase of light intensity and the
proportion of blue light for a week before harvest. This process enriched the spinach leaves with
health-promoting compounds without a significant increase in energy consumption. According to
this technique app. 40% of the total energy (kWh) can be saved as compared to those where the given
light spectra and light intensity would have been applied for the total cultivation period. In addition, it
should keep in mind, that those spectral combinations with provided good results (elevated light
intensity and high blue light proportion would not be good for growth during a long cultivation period.

This experiment demonstrated that a week period is enough for reprogramming of metabolism.

8

In the next step, we tested how much time is enough for reprogramming of metabolism. Since
photosynthetic processes are really sensitive to changes in light intensity and spectral compositions,
the short-term changes in the light intensity and spectral composition were studied on the function of
photosynthesis and in the change of metabolic processes in spinach leaves. We demonstrated that
within a short (15 min) time, red light provided more CO; assimilates per electron produced in
spinach leaves, while the stomatal opening was stimulated more intensively by blue light than by red



or white lights. However, these processes strongly depended on light intensity too. With the increase
in light intensity, the red- and blue-light-induced spectrum-dependent changes were more
pronounced. Interestingly, white light containing wide spectral regions showed a similar light
response to blue light in electron transport processes, and to red light in the behaviour of stomatal
opening, while in CO; assimilation characteristics, the white light resembled blue light at low light
intensities and red light at high light. Furthermore, changes in spectral composition modified the
primer metabolic processes as well. Red light induced the sugar accumulation, while more organic
acids belonging to respiration streamline were produced under blue and white lights. These changes
occurred even within a short (30 min) period.

These results support the previous results indicating that the changes in light intensity and spectral
composition affect the photosynthetic processes in interaction. The new finding: the light-induced
changes occurred even within a short (30 min) time frame draw the attention to the importance of
the changes in the light environment during experiments, measurements and under sample
collections.

Further investigations:

Besides achieving the aims of the project, additional experiments were also performed with the use
of chilli and a herb called Catharanthus.

Chilli is widely used as a food additive and a flavouring and colouring agent and also has great
importance in health preservation and therapy due to the abundant presence of many bioactive
compounds, such as polyphenols, flavonoids, carotenoids, and capsaicinoids. Most of these
secondary metabolites are strong antioxidants. In these experiments, the effect of light intensity and
spectral composition was studied on the growth, flowering, and yield of chilli together with the
accumulation of secondary metabolites in the fruit. Two light intensities (300 and 500 umol m™ s7)
were applied in different spectral compositions. High light intensity increased the harvest index (fruit
yield vs. biomass production) and reduced the flowering time of the plants. In these traits the absolute
amount of different spectral regions paid an important role, the proportion of green light and the R/B
ratio also had an influence. Among the light-induced changes, the increase of light fluence and the
proportion of blue light stimulated flowering and yield in chilli, whereas low amounts of blue light
enhanced green mass accumulation. Secondary metabolite production in the fruit was also affected
by spectral composition and light fluence. The phenolic content and the radical scavenging activity
were stimulated by blue light where its absolute amount was the main factor, whereas capsaicin
accumulation was suppressed by blue light. The red colour of the fruit (provided by carotenoids) was
inversely correlated with the absolute amount of blue, green, and far-red light. The results suggest
that a single spectral combination is not sufficient to ensure the optimal growth of chilli along the
whole life cycle, only an adjustable light environment can ensure such conditions in indoor
cultivation systems. The accumulation of secondary metabolites could be modified by the adjustment
of light intensity and spectral composition; however, different types of metabolites required different
light environments.

Common periwinkle (Catharanthus roseus L.) is also an important medicinal plant used by the
pharmaceutical industry. Our work aimed to determine the effect of light intensity on the primary and
secondary metabolic processes, using various photosynthesis and targeted and untargeted analytical
techniques. Growth light had only limited effects on the photosynthetic electron transport processes,
although membrane stability seemed slightly higher in plants growing under higher light conditions.
The reduced growth light caused a reduction in certain primary metabolites, including amino acids
and sugars, and it also reduced the contents of most of the phenolic compounds, such as coumaric



acids, quercetin, kaempferol, rutin and their derivatives. In addition, under blue light application, we
also observed an intense alkaloid accumulation including vinblastine and vincristine which are
important for medical industry alkaloids together with their precursors, as compared to other light
environments. These results also support that plant metabolism can significantly be modified by the
changes in light environment, which is an easy mode to manipulate the metabolism and reach desired
effects.

All of these results are published in 6 scientific papers, one is under evaluation and some others are
still waiting for publication.

Brief summary

The investigations revealed many relationships between the changes in the light environment
(including the changes of both the light intensity and spectral composition) and the growth and
development, flowering and primary and secondary metabolisms. It was revealed that many
morphological traits such as plant height, specific leaf area, physiological parameters including
photosynthetic activity of plants and stomatal conductance and the accumulation of several primary
and secondary metabolites (for instance carbohydrate, chlorophyll, carotenoid, anthocyanin and
flavonoid contents) showed a linear correlation with the changes of the proportion of blue light.
Others, including stem diameter, biomass, leaf area and protein content grew up only to a point.
Above this threshold, the blue light had adverse effects. While red light stimulates biomass
production and accumulation of carbohydrates. blue light forced the accumulation of proteins, their
precursors, amino acids, secondary metabolites including anthocyanins and flavonoids in many
species. However, the light regulation of different metabolic pathways can be different, as presented
in the case of chilli pepper. It was also determined which photoreceptors participated in the different
morphological and primary and secondary metabolic processes. Furthermore, we also determined
what was the most important light factor (namely the absolute amount or the proportion of different
light components ) in these processes.

The optimal light intensity and spectral combinations depend on the genotypes and developmental
stages of plants, but hardly on the cultivars, however, the optimal spectral combination depends on
the light intensity too. If the light intensity is too low, an elevated proportion of blue light is
suggested to use. These results showed that light intensity and spectral composition regulate the
growth and metabolism of tomato plants in interaction. We also demonstrated that the changes in
light environments can modify the metabolism very quickly (photosynthesis within 15 min, primary
metabolism within 30 min, and secondary metabolism within a day) which can be manifested in a
significant modification in the yield quality within a week.

All of our results supported our theory that for ensuring the optimal light conditions indoor or to
manipulate the metabolism in order to achieve the desired effect, a programable light environment
is recommended to be used adequately for species and developmental stages.

During this period (2019-2024) 6 papers have been published, however, one paper is under review
and another is under preparation.



