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Abstract

Light provides energy for photosynthesis and also acts as an important environmental signal. During their evolution, plants
acquired sophisticated sensory systems for light perception and light-dependent regulation of their growth and development
in accordance with the local light environment. Under natural conditions, plants adapted by using their light sensors to
finely distinguish direct sunlight and dark in the soil, deep grey shade under the upper soil layer or litter, green shade under
the canopy and even lateral green reflectance from neighbours. Light perception also allows plants to evaluate in detail the
weather, time of day, day length and thus the season. However, in artificial lighting conditions, plants are confronted with
fundamentally different lighting conditions. The advent of new light sources — light-emitting diodes (LEDs), which emit
narrow-band light — allows growing plants with light of different spectral bands or their combinations. This sets the task of
finding out how light of different quality affects the development and functioning of plants, and in particular, their photosyn-
thetic apparatus (PSA), which is one of the basic processes determining plant yield. In this review, we briefly describe how
plants perceive environment light signals by their five families of photoreceptors and by the PSA as a particular light sensor,
and how they use this information to form their PSA under artificial narrow-band LED-based lighting of different spectral
composition. We consider light regulation of the biosynthesis of photosynthetic pigments, photosynthetic complexes and
chloroplast ATP synthase function, PSA photoprotection mechanisms, carbon assimilation reactions and stomatal develop-
ment and function.

Keywords LED lighting - Light quality - Photosynthetic apparatus regulation - Photosynthetic pigment synthesis -
Photosynthetic carbon assimilation - Stomata

Introduction and direction of light, photoperiod and its changes, which

allows them to regulate their development in accordance

Plants, as phototrophic organisms, heavily rely on light as
a source of energy for photosynthesis. Light that is used
in photosynthesis is absorbed by photosynthetic pigments
— chlorophylls (Chls) and carotenoids (Cars). Chls absorb
red and blue light most efficiently; Cars absorb blue light.
Green light, although less efficient, can also be a source of
energy in photosynthesis. Its absorption efficiency by the
leaf depends on leaf structure which determines light scat-
tering inside the leaf. Light is also an important source of
information about the environment. Plants are able to eval-
uate the spectral composition, intensity or dose, duration
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with current light conditions. The signal, or regulatory, role
of light is carried out by a system of photoreceptors that
specifically perceive different ranges of the spectrum and
evaluate their ratios: plants sense red and far-red light by
phytochromes; blue and ultraviolet A (UV-A) light — by
cryptochromes, phototropins, Zeitlupes and partly by phy-
tochromes; ultraviolet B (UV-B) — by the photoreceptor
UV-B; green — partly by cryptochromes and phototro-
pins; and partly by phytochromes (Galvao and Fankhauser
2015). The photosynthetic apparatus (PSA) is also a kind
of photoreceptor, the signals from which affect the expres-
sion of nuclear and plastid genes — primarily associated
with photosynthesis, but not exclusively (Szechynska-Hebda
and Karpinski 2013). Another role of light is biosynthesis,
as photons directly take part in the synthesis of chemicals
crucial for organism functioning. For example, one of the
reactions in the Chl biosynthesis pathway — conversion of
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protochlorophyllide into chlorophyllide — requires a photon,
and in angiosperms, it is the only pathway of Chl synthesis
(Yuan et al. 2017; Solymosi and Mysliwa-Kurdziel 2021).
Light also may be harmful for all living organisms — exces-
sive light, particularly high-energy blue and ultraviolet,
causes photodamage due to nonspecific absorption of these
photons by various cell components (Yadav et al. 2020).

Studies of the physiology and productivity of plants
grown with light of different spectral bands have a long
history. In earlier works, light of different spectral quality
was yielded by full-spectrum light sources (natural sunlight,
incandescent, white fluorescent, high pressure sodium-
vapour lamps or others) in combination with broad-band
filters, or by fluorescent lamps of a certain colour (Voskre-
senskaya et al. 1968; Lichtenthaler et al. 1980; Leong et al.
1985; Deng et al. 1989; Bukhov et al. 1995).

During the last three decades, there has been a new inter-
est in such works because of the advent of new light sources
— light-emitting diodes (LEDs), which emit narrow-band
light (with half bandwidth ~ 10-30 nm) of different wave-
bands and have a light intensity high enough for long-term
plant growth (Goins et al. 1997; Wang et al. 2009; Berkovich
et al. 2017; Tarakanov et al. 2022). With such light sources,
researchers can treat plants with narrow-band light of dif-
ferent wavelengths, which is important for photobiological
research. Also, LEDs are increasingly used in horticultural
lighting (greenhouses, vertical farms and space greenhouses)
due to their beneficial technical characteristics: electrical
efficiency, small mass and volume, solid state construc-
tion, low heat production, longevity and safety (Goins et al.
1997; He et al. 2015; Berkovich et al. 2017). Knowledge
gained through fundamental research can help build LED-
based horticultural light sources with an optimal spectrum.
By manipulating the spectral composition of the lighting
source, it is possible to create plants with certain growth
characteristics, induce accumulation of important chemicals
or increase plant yield (Landi et al. 2020).

The first works involving LEDs studied the effects of
individual spectral bands and their combinations on plant
growth and development, photosynthetic carbon assimi-
lation, metabolite accumulation and yield. The spectral
bands studied were mostly red and blue, due to their pri-
mary importance for photosynthesis; later studies included
green, far-red, orange, yellow and violet spectral bands.
The aim of these works was to find a spectrum that would
allow optimal plant performance (Goins et al. 1997; Matsuda
et al. 2007; Wang et al. 2009; Hogewoning et al. 2010; Liu
et al. 2011a, b; Xiaoying 2012). Works aimed at optimis-
ing LED horticultural lighting are still being carried out. At
the same time, more works focused on understanding the
physiological, biochemical and genetic mechanisms behind
the effects of narrow-band light on plants (Avercheva et al.
2009; 2010; 2016; Savvides et al. 2012; Muneer et al. 2014;
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Su et al. 2014; Miao et al. 2016; He et al. 2017; Kochetova
et al. 2018, 2022; Lanoue et al. 2018; Hamdani et al. 2019;
Gao et al. 2020; Karlicky et al. 2021; Tantharapornrerk et al.
2021; Trojak and Skowron 2021; Tarakanov et al. 2022).
Many of them focus on the PSA as the source of organic
compounds for plant growth and development. The PSA is
itself a complex, multi-component structure, and its com-
ponents can be affected by light spectrum in different ways
(summarised in Fig. 1).

Despite there being a large body of literature concerning
LEDs as light sources for growing plants, the results of these
works are often hard to compare. This is, in part, because
plants of different species and age are used in these stud-
ies. Light spectrum, irradiance, photoperiod and length of
plant exposure to narrow-band light may also vary. Control
plants can be grown with light sources with different emis-
sion spectra. It has also been shown that effects of narrow-
band light on plants are often specific to species, ecotype and
cultivar (Landi et al. 2020; Yavari et al. 2021), which further
complicates data systematisation. However, the accumulated
knowledge allows putting together a general, though incom-
plete, scheme of the interaction between light of different
spectral wavebands and plant physiological state. It is espe-
cially important to understand the interaction between the
role of light as a source of energy and as an environmental
signal.

In this review, we aim to analyse the current data on
PSA development and function under narrow-band light of
different spectral wavebands — red (600—700 nm), green
(500-570 nm), blue (420-500 nm) and near ultraviolet (UV-
A, 315-400 nm). This requires considering two topics: (1)
what is the structure and function of the photosynthetic
apparatus and its components in plants grown with light of
different spectral bands; (2) what regulatory mechanisms
light can use to control photosynthetic apparatus develop-
ment. Here, we summarise the recent literature on these top-
ics, considering separately the effects of light spectrum on
different PSA components (as shown in Fig. 1) and attempt
to integrate them where possible. As the photosynthetic
apparatus relies on stomata for sufficient CO, uptake, the
regulation of their development and function by light spec-
trum is also considered.

Photoregulatory role of light
Plant photoreceptors

Plants get information about the spectral quality of the sur-
rounding light via photoreceptors. Five groups of plant pho-
toreceptors are known, which perceive specific wavebands
from ultraviolet B to far red and, according to the signal
received, regulate many physiological processes (Christie
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Fig.1 The scheme of the photosynthetic apparatus components and
their interactions. Chlorophyll (Chl) and carotenoids (Car) are syn-
thesised in plastids by nuclear coded enzymes (Yuan et al. 2017; Sun
et al. 2018) and used for photosynthetic pigment-protein complex
assembly. Electron transport chain (ETC) consists of the two pho-
tosystems, PSII and PSI, cytochrome b¢f complex (bgf) and mobile
electron carriers: plastoquinone pool (PQH,/PQ) in the thylakoid
membrane, plastocyanin (PC) in the lumen and ferredoxin (Fd) in the
stroma. Light harvesting antennae, LHCII and LHCI, help to harvest
light for PSII and PSI, respectively. Linear electron transport through
ETC from H,0 to NADPH provides H* cross-membrane transport
and produces the proton gradient. ATP synthase uses this gradient
energy for ATP synthesis. Calvin cycle of carbon assimilation from
CO, to sugars consumes NADPH and ATP, produced by ETC. Gen-

et al. 2015; Galvao and Fankhauser 2015; Kong and Oka-
jima 2016; Yadav et al. 2020). All photoreceptor genes are
located in the nucleus, and the photoreceptors themselves
operate in the nucleus and/or the cytosol (Yadav et al. 2020).

Phytochromes are photoreceptors that perceive red
(540-690 nm, maximum sensitivity at 640—-670 nm) and far-
red (695-780 nm, maximum sensitivity at 720-750 nm) light
(Borthwick et al. 1954; Shinomura et al. 1996). The phy-
tochrome chromophore is a linear tetrapyrrole phytochromo-
bilin. Upon absorbing a red photon, it cis—trans isomerizes,
which leads to conformational changes of the apoprotein
from an initial inactive P, form to a physiologically active
Py, form (Butler et al. 1964; Tu and Lagarias 2005; Rock-
well and Lagarias 2020). The P, form interacts with part-
ner proteins, autophosphorylates and transphosphorylates,
its transduction chain partners, and most of the photoacti-
vated phytochrome is transported from the cytosol into the

erated trioses may be stored transiently in the chloroplast as starch
or are exported and transported to other organs as sucrose and other
sugars (Raines 2003). A part of the mobile pool of LHCII can dis-
connect from PSII with the help of serine/threonine kinase STN7 and
PsbS subunit and move to PSI or dissipate absorbed light energy to
heat (red curly arrows). Violaxanthin de-epoxidase (VDE) converts
violaxanthin to zeaxanthin which quenches light energy in LHCII
and PSII minor antennae. The major light input targets for photosyn-
thetic apparatus formation, function and regulation are marked with
red lightning symbols. Pigment-protein complexes containing Chls
and Cars capture light for photosynthesis. Photoreceptors percept
light and regulate gene expression and cell metabolism. In particular,
photoreceptors control stomata development and opening. The light-
dependent step in the Chl biosynthesis pathway is also marked

nucleus, where it regulates the expression of multiple light-
dependent nuclear genes (Viczian et al. 2016; Inoue et al.
2017). Dark reversion or the absorption of a far-red photon
by the P, form inactivates the photoreceptor, changing it
back into the inactive P, form, attenuating the signal induced
by the photoreceptor (Viczian et al. 2016; Klose et al. 2020).
Phytochromes are a small family of photoreceptors which,
in most angiosperms, includes four (in dicots) or three (in
monocots) members (Li et al. 2015) with distinct and partly
overlapping functions. All angiosperms possess two major
phytochromes: A and B. Phytochrome A (phyA) is photo-
labile. It accumulates in the dark and is the predominant
phytochrome in etiolated plants, determining their high sen-
sitivity to light. The level of phyA decreases quickly and dra-
matically upon illumination. Its main role is to perceive the
first photons during dark to light transition, upon emergence
from the soil, and low lighting during seed germination and
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seedling development inside the soil or under litter, when the
plant is under the conditions of short pulses and/or very low
light intensities of any light. phyA also plays the dominant
role in deep green shade under the canopy, under the condi-
tions of relatively high intensity of continuous irradiance
by light with a high content of far-red photons that have not
been absorbed by the above situated green leaves (Chen and
Chory 2011; Casal et al. 2014; Menon et al. 2016). Phy-
tochrome B (phyB) is photostable — its content decreases
upon illumination but less drastically than that of phyA. It is
the main phytochrome of a de-etiolated adult plant growing
in direct sunlight. Its role is to assess the ratio of red light
suitable for photosynthesis and far-red light unsuitable for
photosynthesis (Chen and Chory 2011; Casal et al. 2014;
Menon et al. 2016). Minor phytochromes (phytochrome C
(phyC) in monocots or phytochromes C (phyC) and E (phyE)
in dicots) are also photostable, but their content and role in
regulatory processes are secondary to major phytochromes
A and B (Alba et al. 2000). Some plant species have lost one
or all of minor phytochromes (Zostera marina — monocot
without phyC (Olsen et al. 2016), Pisum and Populus nigra
— dicots without phyC and phyE (Platten et al. 2005)) or
acquired additional copies of phytochromes due to recent
gene duplication (Arabidopsis, tomato — Alba et al. 2000,
Ranunculales — Li et al. 2015).

In the dark, phytochromes are located in the cytosol.
Photoactivated phytochromes initiate two major signal-
ling chains. The rapid directional cytosolic signal branch,
activated mainly by phyA, affects events on the plasma
membrane (polarisation and activation of ion fluxes and
the distribution of the PIN-FORMED 3 (PIN3) auxin efflux
transporter) and in the cytosol (translation regulation) (Long
and Iino 2001; Hughes 2013; Galvao and Fankhauser 2015).
The main signalling pathway involves the import of photo-
activated phytochromes into the nucleus, where they alter
gene expression via two pathways. The first nuclear signal-
ling pathway involves inhibiting the CONSTITUTIVELY
PHOTOMORPHOGENIC 1/SUPPRESSOR OF phyA-
105 (COP1/SPAs) complex — a component of CULLIN
4/DAMAGED DNA BINDING 1 (CUL4-DDBCOPV/SPAs)
E3 ubiquitin ligase complex, a key repressor of photomor-
phogenesis that facilitates ubiquitylation and degradation
of many transcription factors — positive regulators of pho-
tomorphogenesis, such as ELONGATED HYPOCOTYL 5
(HYS), HY5S HOMOLOGUE (HYH), LONG HYPOCOTYL
IN FAR-RED 1 (HFR1), CONSTANS (CO), GIGANTEA
(GI), EARLY FLOWERING 3 (ELF3). The second nuclear
signalling pathway is more characteristic of phyB rather than
phyA. It involves the basic helix-loop-helix (bHLH) tran-
scription factors of the PHY TOCHROME INTERACTING
FACTORs (PIFs) family, which are negative regulators of
photomorphogenesis. Photoactivated phytochromes inhibit
the binding capacity of PIFs with their target promoters
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and induce PIFs proteolytic degradation (Casal et al. 2014;
Menon et al. 2016; Viczian et al. 2016; Inoue et al. 2017).

Phytochromes are involved in the regulation of germina-
tion and de-etiolation — inhibition of hypocotyl elongation,
opening of the apical hook and expansion of the cotyledons.
Phytochromes also define the architecture of adult plants —
they modulate shoot and root gravitropism, regulate develop-
ment of rosette, determine branching and apical dominance.
In addition, they induce PSA and chloroplast development,
shade avoidance response, play a role in modulating signal-
ling induced by biotic and abiotic stresses, thermosensing
and senescence, entrainment of the circadian clock and flow-
ering transition (Galvao and Fankhauser 2015; Kong and
Okajima 2016; Viczian et al. 2016). Thus, phytochromes
are the major family of plant photoreceptors, which “func-
tion as a master regulator of photomorphogenesis to control
germination, flowering, and almost everything in between”
(Rockwell and Lagarias 2020). The functions of two major
phytochromes, phyA and phyB, are most thoroughly stud-
ied. Some responses are induced by only one phytochrome
— for example, phyA is solely responsible for germination,
de-etiolation and anthocyanin synthesis under far-red light,
and phyB provides thermosensing. While other responses
are the result of the joint action of both phytochromes. Their
effects can be additive, like in de-etiolation under red light,
or opposite, like in flowering time and shade avoidance
response (Shinomura et al. 1996; Casal et al. 2014; Viczian
et al. 2016).

Cryptochromes are photoreceptors of blue and UV-A
light (340-500 nm, maximal activity 400-500 nm with
an additional peak at 360-380 nm) (Christie et al. 2015).
They have a main chromophore, flavin adenine dinucleotide
(FAD) (absorption maximum 450 nm with subsidiary shoul-
ders at 430 and 470 nm), and a supplementary chromophore,
pterin derivative 5,10-methenyltetrahydrofolate (MTHF)
(absorption maximum at 380 nm) (Ahmad and Cashmore
1993; Christie et al. 2015; Mishra and Khurana 2017). Pho-
toexcited FAD enters an intramolecular redox reaction with
apoprotein amino acids, which changes the conformation of
the apoprotein, and leads to its oligomerization, (auto)phos-
phorylation and interaction with partner proteins (Chris-
tie et al. 2015; Galvao and Fankhauser 2015; Mishra and
Khurana 2017). Dark reversion, as well as absorption of a
green photon (500-600 nm), returns the cryptochrome into
the inactive form, attenuating the signal (Christie et al. 2015;
Mishra and Khurana 2017). Angiosperms have two cryp-
tochromes with overlapping and partially redundant func-
tions: the photostable cryptochrome 1 (cryl) and the photo-
labile cryptochrome 2 (cry2) (Menon et al. 2016; Mishra and
Khurana 2017; Wang et al. 2018). Some species have more
than one copy of these cryptochromes (Mishra and Khurana
2017). In the dark, cryptochromes are located in the nucleus.
In their light-activated form, they regulate the expression
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of many light-dependent nuclear genes via two pathways.
The first pathway overlaps with phytochrome signalling and
inhibits a key repressor of photomorphogenesis, the COP1/
SPAs complex (explained in section “Phytochromes”),
which stops the proteolysis of transcription factors — posi-
tive photomorphogenesis regulators, such as HYS, CO, and
others (Christie et al. 2015; Menon et al. 2016; Wang et al.
2018; Yadav et al. 2020). The second pathway, unique to
cry2, involves its direct interaction with, stabilisation and
activation of cryptochrome interacting basic helix-loop-
helix (CIBs) transcription factors — positive regulators of
some photomorphogenesis components (Christie et al. 2015;
Galvao and Fankhauser 2015; Menon et al. 2016; Wang
et al. 2018). Both cryptochromes directly interact with and
inhibit PIF4/5, negative photomorphogenesis regulators
(Mishra and Khurana 2017; Wang et al. 2018). Also, some
of the photoactivated cryl exits the nucleus and launches
the cytosolic signalling branch, activating anion channels on
the plasma membrane, among other targets (Christie et al.
2015; Mishra and Khurana 2017).

Like phytochromes, cryptochromes play a global role in
the regulation of growth and development, including seed
dormancy and germination; de-etiolation; synthesis of Chls,
Cars, anthocyanins and flavonoids; protein synthesis; circa-
dian clock regulation; flowering time control; shade avoid-
ance and modulation of stress responses, suppressing leaf
senescence and root growth (Xu et al. 2009; Menon et al.
2016; Mishra and Khurana 2017; Wang et al. 2018; Yadav
et al. 2020; Griffin et al. 2020). Functions of both cryp-
tochromes are partially overlapping and partially distinct
due to differences in their expression pattern, photolability
and signallings. Photolabile cry2 predominates in germinat-
ing embryos and roots and acts under low light, and cryl
predominates in leaves, especially in green leaves, and acts
under high light (Xu et al. 2009). cry1 plays a predominant
role in seed dormancy (in barley), de-etiolation and circa-
dian clock entrainment. cry2 regulates leaf senescence (in
soybean) and photoperiod sensing (Galvao and Fankhauser
2015; Mishra and Khurana 2017).

Phototropins are photoreceptors of blue/UV-A light
(~340-500 nm, maximal activity at 410-480 nm with an
additional broad, less effective peak at 360-370 nm) (Lis-
cum and Briggs 1995; Okajima et al. 2012; Christie et al.
2015). Each of the two flavin mononucleotide (FMN)
chromophores, upon absorbing a blue/UV-A photon, forms
covalently bound thioadducts with the polypeptide chain,
which changes the conformation of the adjacent apoprotein.
The photoconversion of the second FMN plays an essential
role in light perception, as it liberates the apoprotein kinase
activity, its autophosphorylation and interaction with partner
proteins with phosphorylation of some of them. The pho-
toconversion of the first FMN has a modulating function
(Okajima et al. 2012; Kong and Wada 2014; Galvao and

Fankhauser 2015). Dark reversion of the chromophore and
the apoprotein shuts down the signal induced by the pho-
toactivation (Okajima et al. 2012). Phototropins are cyto-
solic proteins and are predominantly localised to the plasma
membrane. In darkness, they are associated with the inner
face of the plasma membrane, and under blue light, they are
partially internalised into the cytoplasm, relocating to the
soluble fraction of the cytosol (phototropin 1 (photl)) or
associating with endomembranes (Golgi apparatus and chlo-
roplast outer membrane for phototropin 2 (phot2)) (Kong
and Wada 2014; Galvdo and Fankhauser 2015; Liscum
2016). In contrast to other plant photoreceptors, which pri-
marily act in the nucleus, phototropins affect plasma mem-
brane and cytoplasmic proteins. They induce the opening of
Ca**-channels, activate the plasma membrane H"-ATPases
and aquaporins via a kinase phosphorylation cascade, inhibit
auxin transporters and induce cytoskeleton dynamic reor-
ganisations, including cortical microtubules and specific
cp-actin filaments responsible for chloroplasts attachment
to the plasma membrane and their movement (Kong and
Wada 2014; Christie et al. 2015; Ishka 2022). Angiosperms
have two phototropins: photl and phot2. Their functions are
largely redundant, but the light sensitivity of photl is much
larger than phot2, firstly due to slower dark reversion (Oka-
jima et al. 2012) and secondly due to a decrease of photl
levels and increase of phot2 levels upon illumination (Kong
and Wada 2014).

Phototropins orient plant photosynthetic organs and orga-
nelles to capture light energy efficiently by controlling pho-
totropic stem bending, leaf expansion and flattening, petiole
and leaf orientation, palisade mesophyll cells growth, chlo-
roplast positioning and movements (accumulation or avoid-
ance, depending on light intensity) and stomatal opening
(Liscum and Briggs 1995; Kong and Wada 2014; Christie
et al. 2015; Liscum 2016; Yadav et al. 2020). Thus, photo-
tropins highly overlap in function, optimise photosynthetic
efficiency and provide avoidance of damage from high light
intensity in response to variable and changing light con-
ditions. They also regulate defensive mechanisms, such as
negative root phototropism, nuclear avoidance movements
(mediated by the avoiding plastids), regulating resistance
protein—mediated viral defence, improving plant perfor-
mance (Christie et al. 2015).

The UV-B photoreceptor, UV RESISTANCE LOCUS
8 (UVRY), perceives light between 250 and 300 nm (with a
maximum at 280 nm). It does not have a prosthetic chromo-
phore. A tryptophan cluster of the polypeptide chain serves
as a chromophore (Rizzini et al. 2011). Other tryptophans of
the polypeptide chain act as antennae, increasing light har-
vesting efficiency (Li et al. 2020). In the dark, UVRS8 as an
inactive dimer is mainly localised in the cytosol. Upon UV-B
photon absorption, a local transfer of electron and proton
occurs between tryptophans forming the chromophore and
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other amino acid residues of the protein, and the dimer mon-
omerizes into active monomers. The monomer of UVRS is
imported to the nucleus, where it regulates gene expression
by two pathways (Rizzini et al. 2011; Yin and Ulm 2017).
In the first pathway, UVRS binds to COP1, disconnecting
(COP1/SPA), from CUL4/DDB1CPVSPAS mytisubunit E3
ubiquitin ligase complex, thus inhibiting its E3 ubiquitin
ligase activity against target proteins, which include tran-
scription factors such as HYS, HYH and others (Rizzini
et al. 2011; Ulm and Jenkins 2015; Menon et al. 2016). The
rescued HYS and HYH accumulate and induce transcription
of a subset of UV-B-regulated genes, including HYS itself
(Menon et al. 2016; Yin and Ulm 2017; Liang et al. 2019;
Tossi et al. 2019). In the second pathway, nuclear-localised
UVRS8 monomer interacts with several transcription factors,
inhibiting their binding to promoters of genes which they
activate or repress. UVRS is inactivated with the help of
Repressor of UV-B Photomorphogenesis 1/2 (RUP1/2) pro-
teins, whose expression is induced by photoactivated UVRS.
These proteins provide negative feedback regulation, facili-
tating redimerization of the photoreceptor (Liang et al. 2019;
Tossi et al. 2019). Many angiosperm species have more than
one copy of UVRS gene, but most UVRS copies from the
same species show a high level of sequence identity, and it
is not known if they behave as a gene family or have fully
redundant roles (Fernandez et al. 2016). On the other hand,
the seagrass Zostera marina has lost the UVRS gene (Olsen
et al. 2016).

The UVRS8 photoreceptor, through changes in gene
expression, inhibits hypocotyl elongation and other com-
ponents of shade- and high temperature—promoted plant
growth responses. It inhibits leaf growth and promotes leaf
thickening, downward leaf curling, UV-B-dependent photot-
ropism and entrainment of the circadian clock. To prevent
damage caused by short-wavelength light, this photorecep-
tor also activates accumulation of screening of excessive
and high-energy light flavonoids and anthocyanins and
other secondary metabolites, essential for damaging light
and defence responses, and induces DNA repair (photol-
yases expression) and protection against oxidative stress and
photoinhibition (Galvao and Fankhauser 2015; Yin and Ulm
2017; Tossi et al. 2019; Yadav et al. 2020). Some physiologi-
cal responses to UV-B light, high-intensity damaging and
low-intensity non-stressful are independent of UVRS. They
are induced by photochemical damage to cellular biomol-
ecules that launches downstream signal cascades, including
ROS production and stress hormones. The targets of these
cascades are enzyme activity and gene expression (Tossi
et al. 2019; Yadav et al. 2020).

Zeitlupes (ZTLs) are a family of blue/UV-A photorecep-
tors (the absorption spectrum is the same as in phototropins)
and components of the nuclear multi-subunit SCF E3-ubiq-
uitin-ligases. In the SCFZTHIKPYEKEL ¢omplex, they play a
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role of substrate receptors. They specifically recognize target
proteins in a light-dependent manner, bind and destabilise
(via ubiquitylation and subsequent proteasomal degradation)
or conversely stabilise them, thus regulating the abundance
of target proteins. Their chromophore, FMN, has a photo-
cycle like that in phototropins but with a much longer dark
reversion. Photoconversion of the chromophore changes the
conformation of the apoprotein and activates the E3-ligase
activity of the complex (Pudasaini and Zoltowski 2013; Gal-
vao and Fankhauser 2015; Feke et al. 2021). The photocy-
cle of ZTL is photoreversible — shorter wavelength light
(UV-A with maximal effectiveness at 382 nm) — reverses
the photoactivated chromophore to the ground state, pro-
viding sensitivity of the photoreceptor to light fluence and
spectral quality (Pudasaini and Zoltowski 2013; Pudasaini
et al. 2017). Different members of the ZTLs protein fam-
ily have highly similar primary amino acid sequences and
partially redundant functions, but their major functions vary
between individual proteins. ZTL/LKP2 (LOV KELCH
PROTEIN 2) mostly entrains the circadian clock by targeting
some of circadian oscillator components to proteolysis in a
light-dependent manner. These include repressor transcrip-
tion factors TIMING OF CAB EXPRESSION 1 (TOC1)
and PSEUDORESPONSE-REGULATOR 5 (PRRS5). FKF1
(FLAVIN-BINDING, KELCH REPEAT, F-BOX 1) regu-
lates photoperiodism in a light-dependent manner, by tar-
geting CYCLING DOF FACTORs (CDFs) transcription
factors to proteolysis (these transcription factors suppress
florigen expression) and stabilising CO transcription factor
that induces florigen expression (Somers et al. 2000; Christie
et al. 2015; Galvao and Fankhauser 2015; Pudasaini et al.
2017).

Phenotypically, effects of ZTL manifest in the correct
expression rhythm of clock-controlled genes, including
photosynthetic genes, and leaf movement rhythm, which
increases plant growth, photosynthesis and productivity
(Somers et al. 2000). The circadian clock independently
operates and is entrained by the photoreceptor ZTL in the
mesophyll and stomata guard cells. Thus, blue/UV-A light
via ZTL controls circadian rhythms of CO, fixation and
stomatal conductance (Dodd et al. 2004). Since photosyn-
thesis is only possible during daytime, when there is light,
chloroplast functioning is strongly regulated by circadian
clocks: up to 70% of total chloroplast-encoded protein-
coding genes, including many photosynthetic genes,
are dependent on the circadian clock (Atkins and Dodd
2014). This regulation is carried out mostly via SIG5 — a
circadian-regulated gene, one of the six sigma-factors of
plastid-encoded plastid RNA polymerase (Noordally et al.
2013). Many nuclear genes of the PSA are also rhythmic,
and there are strong circadian rhythms of photosynthesis
(Atkins and Dodd 2014). The measurement of the day
length and its changes allow plants to sense the season
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and to regulate in concordance with it the time of pho-
toperiodic flowering, and thus the time and abundance
of seed production, and storage organ formation (Feke
et al. 2021).

Photoreceptor interaction and its significance for
plant development. Signalling pathways from photo-
receptors interact on different levels. Direct interaction
between some photoreceptors has been shown to modu-
late their activity. Photoreceptors also interact with com-
mon partner proteins. The light-dependent regulation of
gene expression of photoreceptors and their signalling
partners is mediated by other photoactivated photorecep-
tors. Signalling pathways share key components such
as the nuclear COP1-HY5 module and the inhibition of
PIF4/5 for phytochromes, cryptochromes and UVRS and
the interaction of phytochromes and phototropins via
common protein partners PHYTOCHROME KINASE
SUBSTRATESs (PKSs) in cortical cytoplasm layer. Pro-
moters of many light-dependent genes (for example, light
harvesting chlorophyll binding proteins LHCBs, chalcone
isomerase (CHI)) contain regulatory elements targeted
by signalling from different photoreceptors (Casal et al.
2014; Mishra and Khurana 2017; Galvao and Fankhauser
2015; Menon et al. 2016; Yadav et al. 2020). Due to this
complex interaction between elements of the whole pho-
toreceptor system, photoreceptors often have overlapping
functions, synergistic or additive effects. Many signalling
components are common for photoreceptors and phyto-
hormones, which further complicates the network of plant
growth regulation with light. COP1/SPAs, HY5 and PIFs
are major hubs where light and phytohormone signalling
pathways converge. Some aspects of these interactions
have been recently reviewed (Jing and Lin 2020; Kusnet-
sov et al. 2020). Because of this, plants are highly sensi-
tive to light cues and their changes, even minor ones, and
some photoreceptors can partially compensate for others,
at the same time affecting and being affected by phyto-
hormones. Natural sunlight has a continuous spectrum
and contains, in various proportions, photons that excite
all photoreceptors to some extent. The resulting physi-
ological response is the output of a complex interaction
between all components of the photoreceptor system.
When some elements of this system are artificially elim-
inated — for example, by using mutants lacking photo-
receptors or their signalling components, or by growing
plants with light lacking certain essential spectral bands
— many elements of the photoreceptor system may be
affected to a certain extent, and the resulting effect on
plant physiological responses may be difficult to pre-
dict. Due to variations in the photoreceptor system, some
physiological responses to changes in light spectrum can
differ between species, ecotypes and cultivars (Casal et al.
2014).

Photoregulatory role of the photosynthetic
apparatus

Photosynthetic pigments and electron transport chain also
play a photoregulatory role. Through events that are termed
retrograde signalling, chloroplastic signals affect the expres-
sion of many nuclear genes, mostly photosynthesis-associ-
ated and stress-related (reviewed in Singh et al. 2015; Yurina
and Odintsova 2019). Multiple chloroplast components are
considered signal transductors for the retrograde signal,
among them tetrapyrrole biosynthesis intermediates, the
redox-state of electron transport chain components (mainly
the plastoquinone pool) and soluble redox compounds, reac-
tive oxygen species and various plastid metabolites. For
example, the redox state of the plastoquinone pool controls
the expression of LHCBI.1 (encoding a chlorophyll binding
protein of the light harvesting complex), RBCS (encoding
the small Rubisco subunit) and PETE (encoding plastocya-
nin) among other genes (Oswald et al. 2000; Pfannschmidt
et al. 2001), and methylerythritol cyclodiphosphate, a chlo-
roplast metabolite from the isoprenoid biosynthetic pathway,
regulates the expression of stress-responsive genes but not
photosynthesis-associated genes (Xiao et al. 2012).

The full mechanism of signal transduction from chlo-
roplasts to the nucleus is not yet known, but Mg-proto-
porphyrin-IX (Strand et al. 2003) and H,0O, (Borisova-
Mubarakshina et al. 2015) apparently play a significant
role. Plastid-to-nucleus signals involving tetrapyrroles,
ROS and redox signals from the electron transport chain
converge on GENOMES UNCOUPLED1 (GUN1), a pen-
tatricopeptide-repeat chloroplast protein (Yuan et al. 2017).
The ABA INSENSITIVE4 (ABI4) transcription factor acts
downstream of GUNT1 (Koussevitsky et al. 2007), provid-
ing a link with abscisic acid metabolism. Retrograde sig-
nals from chloroplasts also affect photoreceptor-mediated
responses. Signals from the GUN1 pathway mediate signal-
ling from cryl via HY5 (Ruckle et al. 2007). Redox signals
from the NADPH-thioredoxin reductase control the expres-
sion of genes for cry2 and FAR1-RELATED SEQUENCE 3
(FRS3), a protein that mediates phyA-controlled responses
to far-red light (Lepisto et al. 2009).

In this way, chloroplasts can be considered another
photoreceptor, with photosynthetic pigments being the
chromophore. Chloroplast retrograde signals interact with
photoreceptors and hormones and form a complex regula-
tory network that fine-tunes the PSA and cellular metabo-
lism in response to light cues. Chloroplasts react to light in
the whole PAR range, but most efficiently to red and blue
light, as in the action spectrum of photosynthesis (McCree
1972). It has been shown that in rice seedlings, high-inten-
sity red but not blue light induced retrograde signalling to
repress LHCB and GOLDEN2-LIKE (GLK1) expression
(Duan et al. 2020), indicating that red and blue light, while
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both efficiently exciting the photosynthetic photochemical
reactions, can have a different role in inducing retrograde
signalling.

Light reactions of photosynthesis
under narrow-band light

Light reactions of photosynthesis are the processes that
are needed to capture light energy and use it to synthesise
ATP and NADPH which are then used to make carbohy-
drates from CO, (Allen et al. 2011) and mechanisms that
protect the PSA from excess light energy (Fig. 1). When the
substantively unnatural narrow-band LED light is used for
growing plants, it leads to changes in the PSA on many lev-
els. These include changes in the content and ratio of photo-
synthetic pigments, pigment-protein complexes of thylakoid
membranes and their interaction, thylakoid membrane archi-
tecture, functional parameters of PSI and PSII and electron
transport activity. Plants grown with such narrow-band light
have altered capability for photoprotection and plasticity in
adapting to the changing environment.

B/UV-A uv-B B/UV-A

CcorP1

v L

circadian
clock

v v

HY5

vV V
/ 1 POL Cars

Effects on photosynthetic pigment biosynthesis,
content and pigment-protein complexes

Light regulation of chlorophyll biosynthesis

Light plays a significant role in the regulation of Chl bio-
synthesis (Fig. 2). The expression of most Chl biosynthesis
genes (~2/3, including some isoforms of protochlorophyllide
oxidoreductase (POR), a key enzyme in Chl biosynthesis)
is induced by white light (Yuan et al. 2017). The mecha-
nism of this induction involves the COP1-HY5 module and
PIFs (Yuan et al. 2017), the components of signalling chains
of three groups of photoreceptors — phys (red light), crys
(blue/UV-A light) and UVRS8 (UV-B light) (Fig. 2; Yadav
et al. 2020), which can all react to components of white
light. phyA has been shown to take part in the regulation
of POR synthesis (Sineshchekov and Belyaeva 2019). The
photoreceptor ZTL, acting via regulation of circadian clock
components, also controls the biosynthesis of Chls at the
transcriptional level (Fig. 2; Yuan et al. 2017). Light also
plays a key role in the regulation of Chl biosynthesis at the

R G

R
Car synthesis
(see Fig. 3)
|

lipid membrane
composition

Chl synthesis genes

(most nuclear, and ~2/3 are light regulated)

 Chls

Fig.2 Photoregulation of chlorophyll (Chl) biosynthesis by blue (B),
red (R), green (G), ultraviolet A (UV-A) and B (UV-B) light. Light-
activated UV-B receptor (UVRS), cryptochromes (crys) and phy-
tochromes (phys) inhibit COP1-based E3-ubiquitin-ligase and thus
rescue HYS transcription factor from proteolysis. Light-activated
phys also inhibit PIF transcription factors. HY5 induces and PIFs
repress Chl biosynthesis-related nuclear genes. Photoreceptor Zeit-
lupe (ztl) controls some of these genes via regulation of circadian
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clock. Chl biosynthesis depends on local lipid membrane composi-
tion. R and G promote lipid peroxidation (POL) in thylakoid mem-
branes, probably via imperfectly formed PSA, which produces an
excessive ROS amount. Dashed arrow — unknown mechanism, prob-
ably negative influence. Carotenoids (Cars) modulate Chl synthe-
sis, because proper functioning of some Chl synthesis enzymes also
needs the presence of carotenoids in their environment. Double line
matches regulation on transcription level
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translational and posttranslational levels (Yuan et al. 2017).
If the highly orchestrated synthesis of Chls and their inter-
action with Chl-binding proteins is disrupted, phototoxic
tetrapyrrole intermediates and unbound Chls may accumu-
late, leading to ROS production (Yuan et al. 2017; Solymosi
and Mysliwa-Kurdziel 2021).

Light is also required for the operation of the Chl biosyn-
thesis pathway in plants. This pathway includes only one
light-activated photochemical reaction — the reduction of
protochlorophyllide to chlorophyllide, which is catalysed
by POR. This step is the most well-studied and is crucial
for conversion from dark-formed etioplast to chloroplast,
possessing grana and mature PSA. POR enzyme reaction is
strictly light-dependent in angiosperms. The light-absorbing
chromophore is the substrate itself, protochlorophyllide,
which accumulates in the dark as a part of a ternary complex
with the enzyme POR and the second substrate NADPH.
According to the absorption spectrum of protochlorophyl-
lide, the most effective light for executing this photocatalytic
reaction is blue and red light. Some angiosperms contain
only one POR isoform, but several species contain two or
more different isoforms, with different expression patterns
and regulation (Sineshchekov and Belyaeva 2019; Solymosi
and Mysliwa-Kurdziel 2021).

Light quality used for growing plants is known to affect
photosynthetic pigment content. Red light, as compared to
blue and white, decreased Chl and Car content in leaves of
rice (Hamdani et al. 2019), cucumber (Su et al. 2014) and
barley (Kochetova et al. 2018). The Chl a/b ratio did not
change in barley, decreased in cucumber and increased in
Arabidopsis, in all three ecotypes tested (Yavari et al. 2021).
However, in tomato, no notable changes of the photosyn-
thetic pigment content in red light were observed, as com-
pared to green and blue. Green light notably decreased pig-
ment content in tomato leaves (Trojak and Skowron 2021).
Acclimation of Arabidopsis plants to green light also led to
a decrease in total Chl and Car content, as well as a decrease
in the Chl a/b ratio (Karlicky et al. 2021). In blue light, total
chlorophyll content decreased in cucumber (Su et al. 2014)
and barley (Kochetova et al. 2018) and increased in tomato
(Trojak and Skowron 2021). In rice (Hamdani et al. 2019)
and barley (Kochetova et al. 2018) seedlings, blue light, as
compared to white light, increased the Chl a/b ratio, which
can coincide with decreased PSII antenna size and PSI/PSII
ratio (Brestic et al. 2015), as well as with PSII heterogeneity
(Mehta et al. 2010).

Blue light stimulates the development of “sun-type”
leaves and chloroplasts, which show high photosynthetic
activity and high Chl a/b ratio (Lichtenthaler et al. 2007;
Zivcak et al. 2014). Using different combinations of red
and blue LEDs in light sources has shown that blue light
is essential to the organisation and activity of the PSA.
In works with spinach (Matsuda et al. 2007), cucumber

(Hogewoning et al. 2010), lettuce (Wang et al. 2016) and
Mesembryanthemum crystallinum (He et al. 2017), the low-
est Chl content and Chl a/b ratios were observed in pure
red light. Adding even a small amount of blue light (7%
for cucumber, 10% for spinach, ~8% for lettuce, 10% for
Mesembryanthemum crystallinum) increased these param-
eters, and no significant change was observed upon further
increase of the proportion of blue quanta. In spinach leaves,
growing with 10% blue light increased LHCII content per
leaf area. In Chinese cabbage grown with a red to blue ratio
of 7:1 (Avercheva et al. 2009), no differences in the pigment
content were found as compared to white light (high pres-
sure sodium-vapour lamp); however, a higher Chl a/b ratio
in plants grown under LEDs indicated a different proportion
of functional complexes in thylakoid membranes.

An unusual effect of green light on Chl, described in
Karlicky et al. (2021), is that it led to accumulation of Chl
containing geranylgeranyl instead of phytol (up to 50% of
total Chl content), due to an incomplete hydrogenation of
phytyl chains. Such Chls have been found in all major pig-
ment-protein complexes, but preferentially in LHCII, and
this hindered the formation of PSII and PSI supercomplexes
and their ordered macro-arrays in the thylakoid membranes
and increased the fraction of free LHCIIs. Thermal stabil-
ity of LHCII trimers decreased in these conditions, which
facilitates decomposition of trimers to monomers (Karlicky
et al. 2021). Instability of geranylgeranyl-Chl-containing
PSI and especially PSII in green light apparently led to an
increased probability of photodamage to reaction centre
core complexes and to the decrease in the proportion of
core complexes to LHCII. Incomplete hydrogenation of Chl
phytyl chains was probably caused by reduced activity of
geranylgeranyl reductase (GGR). Similar problems can be
caused by impaired import of this enzyme into chloroplasts
in high light or when the association of the enzyme with the
membrane is disrupted. As GGR reduces geranylgeranyl to
phytyl, not only for Chl synthesis but tocopherol and phyl-
loquinone as well (Karlicky et al. 2021), the reduced activity
of this enzyme may also lead to reduced ROS scavenging by
tocopherol in thylakoid membranes and to reduced activity
of PSI due to phylloquinone deficit.

Another factor affecting Chl biosynthesis and function
is the lipid composition of thylakoid membranes. Many
enzymes of the Chl biosynthesis pathway depend on their
lipid environment (Solymosi and Mysliwa-Kurdziel 2021).
Lipids surrounding the LHCII trimers are important in
determining their functions (Akhtar et al. 2019). Trojak
and Skowron (2021) have shown that green and red light
activate lipid peroxidation, which can affect the properties
of LHCII by altering their lipid-protein interactions and
lead to changes in Chl accumulation (Fig. 2). However,
Karlicky et al. (2021) show that decreased thermostabil-
ity of LHCII in green light was caused by the presence of
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geranylgeranyl-Chl and not changes in lipid composition.
Proper functioning of some of Chl synthesis enzymes,
including POR, also needs the presence of Cars in their
environment (Solymosi and Mysliwa-Kurdziel 2021), and
Cars may thus modulate Chl biosynthesis as well (Fig. 2).

Light regulation of carotenoid biosynthesis

Light-dependent control of Car biosynthesis in plants is
mediated by photoreceptors as well as by the photosyn-
thetic electron transport chain (Fig. 3). Light-activated cryp-
tochromes and phytochromes, acting via the COP1-HYS5
signalling module, induce the expression of phytoene syn-
thase (PSY; Fig. 3) — the first and main rate-determining
enzyme in the Car biosynthesis pathway. Phytochromes also
induce this enzyme by inhibiting PIF1, which represses the
phytoene synthase expression in the dark or deep green
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shade (Fig. 3). Interestingly, both positive HYS and negative
PIF1 transcription regulators bind to the same element of
the promoter, which serves as a relatively simple switch for
inducing Car synthesis and accumulation upon illumination
similar to direct sunlight, rich in blue and red. UV-B light,
possibly at least partially mediated by the photoreceptor
UVRS acting via the same COP1-HY5 module, also induces
Car synthesis, especially of zeaxanthin — a major Car for
photodamage protection in the PSA (Fig. 3; Stanley and
Yuan 2019). The final reactions of polyisoprenoid desatura-
tion — from phytoene to phytofluene and from phytofluene
to lycopene — are regulated by the photosynthetic electron
transport chain, where oxidised plastoquinone serves as an
oxidising agent in these reactions (Fig. 3; Norris et al. 1995;
Ruiz-Sola and Rodriguez-Concepcion 2012). Because of
this, light quality that affects the PSII/PSI ratio or the activ-
ity of photosystems (Miao et al. 2016) can alter the redox
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Fig.3 Photoregulation of carotenoid (Car) biosynthesis by blue (B),
red (R), ultraviolet A (UV-A) and B (UV-B) light. Light-activated
UV-B receptor (UVRS8), cryptochromes (crys) and phytochromes
(phys) inhibit COP1-based E3-ubiquitin-ligase and thus rescue HY5
transcription factor from proteolysis. Light-activated phys also inhibit
PIF1 transcription factor. Phytoene synthase (PSY), the first and main
rate-determining enzyme in the carotenoid biosynthesis pathway, is
regulated by HY5 and PIF1 on the transcription level. Violaxanthin
de-epoxidase (VDE) transcription is activated by HYS as well. Low
temperature increases HYS binding with VDE and PSY promoters
(Stanley and Yuan 2019). Light-dependent photosynthetic electron
transport chain (ETC) decreases pH in lumen, increasing VDE activ-
ity. In addition, ETC differently changes the balance of reduced and
oxidised plastoquinones (PQs): photosystem II (PSII) and plastidial
NADH dehydrogenase (NDH) reduce PQ, and photosystem 1 (PSI)
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and plastidial terminal oxidase (PTOX) oxidise PQH,. Desaturases
(two desaturases, phytoene desaturase and (-carotene desaturase,
catalyse four desaturations from phytoene to lycopene) use oxidised
plastoquinone as an electron acceptor for the desaturation reactions
(Ruiz-Sola and Rodriguez-Concepcién 2012). Zeaxanthin (Zea) is a
major Car for photodamage protection in the photosynthetic appara-
tus. Zea level depends both on the activity of f-carotene hydroxylase,
which converts p-carotene to zeaxanthin in the common Car biosyn-
thetic pathway, and on the activity of VDE, which converts violax-
anthin back to zeaxanthin (Stanley and Yuan 2019). Light quality
regulates the expression of both these enzymes, and light, via lumen
acidification, activates VDE post-translationally. Gene names in ital-
ics and double lines — regulation at transcription level, regular —
regulation at post-translation level — protein level and/or activity
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state of the plastoquinone pool and, as a consequence, the
biosynthesis of lycopene, the precursor of all photosynthetic
Cars. High-intensity light differently modulates the expres-
sion of the enzymes of different branches and steps in Car
biosynthetic pathways, leading to preferential accumulation
of zeaxanthin (Fig. 3). However, mechanisms responsible
for these gene expression changes remain unknown (Stanley
and Yuan 2019).

Zeaxanthin level in the leaf depends both on the activ-
ity of pB-carotene hydroxylase, which converts -carotene
to zeaxanthin, and the activity of violaxanthin de-epox-
idase (VDE), which converts violaxanthin back to zeax-
anthin (Stanley and Yuan 2019). Light quality regulates
the expression of both these enzymes: the amount of
[-carotene hydroxylase increased in blue light (Fig. 3; Tran
et al. 2021), and the amount of VDE increased in the series
green < white <red < blue (Fig. 4; Trojak and Skowron
2021). The photosynthetic electron transport chain also post-
translationally activates VDE, thus increasing zeaxanthin
content (Fig. 3; Demmig-Adams 1990; we describe this in
detail in the section “Photoprotection in narrow-band light™).

Although different spectral bands of light can induce Car
biosynthesis via their respective photoreceptors, their final
effect on Car content in plant leaves is not the same. Red
light, as compared to white light, decreased Car content
in leaves of cucumber (Miao et al. 2016), rice (Hamdani
et al. 2019), barley (Kochetova et al. 2018) and Arabidop-
sis (Yavari et al. 2021). Blue light increased Car content
in Mesembryanthemum crystallinum (He et al. 2017) and
in Arabidopsis (Yavari et al. 2021). This can increase the
photoprotection capacity of plants grown with blue light.
In cucumber plants, Car content per unit leaf area increased
when blue light was added to red light (up to 50%) (Hoge-
woning et al. 2010). However, barley seedlings showed a
decrease in Car content in blue light as compared to white
light (Kochetova et al. 2018). In tomato, Car content in red
light was the same as in blue light but higher than in green
light (Trojak and Skowron 2021).

Reaction centres and electron transport chain
in narrow-band light

The function of the PSA in vivo is usually studied with vari-
able Chl fluorescence (Maxwell and Johnson 2000; Baker
2008; Murchie and Lawson 2013; Goltsev et al. 2016). It is
also widely used to characterise photosynthesis of plants
grown with narrow-band light.

Plants grown with narrow-band blue light usually show a
more functional PSA than in red and green light, as reflected
by Chl fluorescence parameters (Hogewoning, et al. 2010;
Savvides et al. 2012; Miao et al. 2016; He et al. 2017; Tan-
tharapornrerk et al. 2021; Tran et al. 2021; Trojak and Skow-
ron 2021; Kochetova et al. 2022). In most cases, in plants

grown with red light, parameters of functional activity of
PSII and electron transport chain — F,/F, , @pg; and gP —
were lower than in plants grown with white light or did not
differ from them (cherry tomato — Xiaoying et al. 2012;
cucumber — Su et al. 2014; rice — Hamdani et al, 2019;
rice — Tran et al. 2021; tomato — Trojak and Skowron
2021; barley — Kochetova et al. 2022). In blue light, these
parameters were higher or the same as in white light (cherry
tomato — Xiaoying et al. 2012; cucumber — Su et al. 2014;
rice — Tran et al. 2021; tomato — Trojak and Skowron
2021; barley — Kochetova et al. 2022). However, in other
cases, blue light decreased F,/F,, and ®@pg, (rice — Hamdani
et al. 2019).

When different amounts of blue light were added to red
light, F'\/F,, and ®pg;; increased until saturation: F,/F,, was
saturated at 7% of blue light and @, was saturated at 22%
blue light (cucumber — Hogewoning et al. 2010). In a simi-
lar experiment, gP (reflecting the amount of open PSII reac-
tion centres) saturated at 10% blue light, and ETR (electron
transport rate) increased monotonously with increasing pro-
portion of blue photons (Mesembryanthemum crystallinum
— He et al. 2017). Thus, in these experiments, blue light
increased the efficiency of photosynthesis. Chinese cabbage
plants grown with red and blue LEDs with a ratio of 7:1
showed F,/F,, and gP similar to that under white light (high
pressure sodium lamps; Avercheva et al. 2009). This corre-
sponded well with coupled electron transport rate in isolated
chloroplasts, which also did not differ between red-blue light
and white light (Avercheva et al. 2010).

Green light, as red light, usually decreases chlorophyll
fluorescence parameters, which points to an impaired func-
tionality of PSII and electron transport (cherry tomato
— Xiaoying et al. 2012; lettuce — Muneer et al. 2014;
cucumber — Su et al. 2014; rice — Tran et al. 2021; tomato
— Trojak and Skowron 2021). Green light is also known to
induce the accumulation of geranylgeranyl-Chl in pigment-
protein complexes, which led to destabilisation of PSII and
disrupted the connection between the PSII reaction centre
and antenna Chls (as reflected by an increased F,)), decreased
F /F,, and increased PSII sensitivity to photoinhibition (Kar-

m

licky et al. 2021).
Photoprotection in narrow-band light

Photoprotection includes dissipation of excess light energy
as heat (Messant et al. 2021) and an antioxidant system
(including antioxidant enzymes and low-molecular-weight
antioxidants) that scavenges ROS which can be generated
by the PSA when it cannot process all the absorbed energy
into a useful product (Hamdani et al. 2019; Tran et al.
2021; Trojak and Skowron 2021). In greenhouses, plants
are usually grown with moderate light intensities. How-
ever, narrow-band lighting creates unusual conditions for
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Fig.4 Light-dependent components of non-photochemical quenching
(NPQ) of chlorophyll a fluorescence. Photoregulation of NPQ by blue
(B), red (R), green (G) and white (W) light. Photosynthetic electron
transport chain (ETC) affects NPQ via lumen acidification ({pHj,men)
and via change of plastoquinone redox state (1PQH,/PQ). Lumen
acidification promotes PsbS protein protonation following disconnec-
tion of LHCII trimers from PSII and energy dissipation — this is the
qE component of NPQ. Lumen acidification also promotes protona-
tion and activation of the violaxanthin de-epoxidase (VDE) following
violaxanthin (Viol) to zeaxanthin (Zea) conversion and energy dissi-
pation by Zea — this is the qZ component of NPQ. Reduced plas-
toquinones via cytochrome b4f complex activate the serine/threonine
kinase STN7, which phosphorylates the mobile antenna LHCII and
thus induces its dissociation from PSII and relocation from granal to
stromal thylakoids, reducing energy transfer to PSII — this is the qT

the photoreceptor system controlling PSA development, as
well as the PSA itself. This kind of lighting may lead to
an imbalanced pigment-protein complex ratio, which can
require extra photoprotection. Photoprotective mechanisms
which dissipate excess absorbed energy are often charac-
terised by non-photochemical quenching (NPQ) of excited
Chl in PSII (Goltsev et al. 2016), kinetics of its induction
and relaxation.

NPQ consists of several components (shown in Fig. 4,
boxes on the right). Most of them depend on processes in
the PSA, which are activated most efficiently by blue and
red light absorbed by photosynthetic pigments (Fig. 4;
McCree 1972). gE, energy-dependent quenching, depends
on the electrochemical proton gradient and acidification of
the lumen, which in turn are the result of light reactions
in the chloroplast electron transport chain (Fig. 4). Light-
induced lumen acidification promotes the protonation of
PsbS protein, a peripheral subunit of PSII. Protonated PsbS
induces disconnection of LHCII trimers from PSII (Fig. 4),
thus reducing energy transfer from LHCII to the reaction
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component of NPQ. Light-induced destruction of PSII (primarily D1
protein) is responsible for the photoinhibition component ql. The qgH
component of NPQ is connected with the PSII antenna, and its mech-
anism is yet to be elucidated (dashed arrow). High-intensity (1I) blue
light induces chloroplast avoidance response, decreasing light absorp-
tion by Chls. However, the contribution of this process to NPQ and
the existence of gM component are questionable (dashed arrow). Sev-
eral protein effectors of NPQ (PSBS, VDE and PETA for cytf subunit
of cytochrome b4f complex) are regulated by light at the transcrip-
tional level, and the light of different quality induces these genes dif-
ferently (shown based on data from Trojak and Skowron 2021). The
mechanism of light regulation of VDE expression is shown in Fig. 3.
Gene names in italics and double lines — regulation at transcription
level, regular — regulation at post-translation level — protein level
and/or activity

centre and increasing the thermal dissipation of this energy.
These processes are induced in the first 1-3 min and relaxed
in the first 1-3 min after dark. Lumen acidification also
activates VDE. Its activity leads to zeaxanthin formation,
which increases energy dissipation in PSII minor anten-
nae. This component takes 10-15 min to induce and the
same amount of time to relax. This part of gE has also been
termed gZ (Fig. 4; Li et al. 2000; Dall’Osto et al. 2005;
Kalituho et al. 2007; Johnson and Ruban 2009; Kereiche
et al. 2010; Haniewicz et al. 2013; Sylak-Glassman et al.
2014; Ware et al. 2015; Kress and Jahns 2017; Demmig-
Adams et al. 2020; Wang et al. 2020; Nicol and Croce 2021).
Increased reduction of the plastoquinone pool in high light
activates serine/threonine protein kinase STN7 (Bellafiore
et al. 2005), which reversibly phosphorylates LHCII and
leads to its dissociation from PSII and transfer from granae
to stromal thylakoids (Fig. 4). This process, termed state
transitions, reduces energy flow to PSII and leads to another,
even slower NPQ component, g7 (Fig. 4). The cytochrome
bef complex serves as the sensor for the redox state of the
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plastoquinone pool in this process (Chuartzman et al. 2008;
Minagawa 2011; Grieco et al. 2012). NPQ can also occur
due to photoinhibition of photosynthesis (gl), which usually
involves photodamage to PSII (Fig. 4). Photoinhibition can
also occur in dark-adapted plants right after the onset of illu-
mination during photosynthesis induction (Malno& 2018).
ql is a slowly reversible process, requiring hours to relax.

qE, gZ, qT and gl are considered the most important
mechanisms for protecting the plant from excess light. Apart
from them, chloroplast avoidance movement can also con-
tribute to NPQ, as it decreases light absorption by chloro-
plasts (Ptushenko et al. 2016). This component is termed
gM and is activated by blue light via phototropins (Fig. 4).
However, its contribution to NPQ requires re-evaluation
(Wilson and Ruban 2020). Another, newly described NPQ
component is gH (Fig. 4; Brooks et al. 2013; Malnog 2018;
Malnog et al. 2018). It is the slowest NPQ component, con-
nected with the PSII antenna, whose mechanism is yet to
be elucidated.

Narrow-band LED light is known to affect the photopro-
tective capacity of plants, especially the faster NPQ compo-
nents. In rice seedlings, blue light increased NPQ as com-
pared to white light, and also increased the rate of initial
NPQ induction (Hamdani et al. 2019). Increased NPQ ampli-
tude and induction rate in blue light has also been observed
in tomato (Trojak and Skowron 2021). This is probably due
to the increased content of NPQ protein effectors: PsbS,
PROTON GRADIENT REGULATION-LIKEI (PGRL1),
cytochrome bf subunit f (cytf) and VDE (Fig. 4; Trojak and
Skowron 2021). Increased PsbS content in blue light was
also observed by Steen et al. (2020). Tran et al. (2021) have
shown in rice seedlings that blue light not only increases
NPQ and zeaxanthin content but also induces expression
of genes for f-carotene hydroxylase (converts -carotene to
zeaxanthin) and VDE (Fig. 3), as well as anthocyanin accu-
mulation. In barley plants (Kochetova et al. 2022) grown
with blue light, NPQ had not just a higher amplitude but also
different induction kinetics, as compared to red and white
light. For the first 1-3 min, NPQ rapidly increased, and then
decreased, not reaching a stationary state by 5.5 min after
onset of illumination. In plants grown with red and white
light, NPQ increased in the first 2-3 min, reaching a sta-
tionary state. He et al. (2017) have shown that when blue
light is added to red light, NPQ increases monotonously with
the increase in the proportion of blue quanta. Trojak and
Skowron (2021) conclude that in plants grown in a com-
bined red—green—blue light source, green light contributes
to decreasing the amplitude of NPQ, and blue light increases
the photosynthetic and photoprotective capacity of plants.
Blue light appears to be beneficial to photoprotection mecha-
nisms in most cases.

Red light also increased NPQ in rice seedlings (Hamdani
et al. 2019). However, in Mesembryanthemum crystallinum

(He et al. 2017) and cucumber (Miao et al. 2016), red light
decreased NPQ. Tomatoes also showed lower NPQ in red
light, as well as different induction kinetics (Trojak and
Skowron 2021). This appears to be a more widespread reac-
tion of NPQ to red light. Green light has been shown to
decrease NPQ (tomato — Trojak and Skowron 2021). This
decrease is probably due to a decrease in the amount of NPQ
protein effectors. In Arabidopsis, accumulation of geranylge-
ranyl-Chl in green light led to a substantial increase of PSII
susceptibility to photoinhibition (the rapid phase of NPQ
relaxation was impaired). The mechanism of NPQ in plants
grown with white and green light apparently has a different
nature. In green light—grown plants, when LHCII dissociates
from trimers to monomers, the ability to rapidly dissipate
excess energy in free LHCII increases (Karlicky et al. 2021).

Not just the overall NPQ but also its separate components
can be affected differently by narrow-band light. In rice
(Hamdani et al 2019), the most rapid gE phase, regulated by
the transthylakoid proton gradient but independent of violax-
anthin de-epoxidation to zeaxanthin (Fig. 4; Johnson et al.
2008), was faster in both red and blue light as compared to
white light. The middle gZ phase, dependent on zeaxan-
thin accumulation and its association with minor proteins of
the PSII antenna (CP26 and CP29) (Fig. 4; Dall’Osto et al.
2005; Nilkens et al. 2010), was also higher both in blue and
red light. The slowest phase (200-600 s) had the highest
amplitude in blue light (22.5% of white light), then in red
light (6% of white light), which probably led to a decreased
Dy, observed at this time (Hamdani et al. 2019).

Effects of light spectrum on the ATP synthase
system

ATP synthesis in chloroplasts is carried out by the ATP
synthase, a multi-subunit protein complex. It is integrated
into the thylakoid membrane and has two components: F|,,
the lipid-soluble integral complex, and F,, the water-soluble
peripheral complex. F|, consists of four types of subunits
(I, 1L, III, IV ) and transfers protons through the thylakoid
membrane. F, is made up of five types of subunits (a3, B, 7,
9, €) and contains catalytic sites for reversible ATP synthesis
(Walker 2013). Genes encoding subunits of the complex are
located both in the nuclear and plastid genomes. The plas-
tid genes of ATP synthase subunits are organised into two
operons, large, Atpl/H/F/A (genes of 1V, III, I, a subunits),
and small, AzpB/E (genes of B and € subunits, respectively).
Genes for vy, 9, and II subunits (ATPC, ATPG and ATPD)
are nuclear-encoded; the ATPC gene has been shown to
have two copies in dicots (Inohara et al. 1991) and mono-
cots (barley — Mascher et al. 2021). Because two genomes
are involved in encoding ATP synthase genes, and because
of a complex stoichiometry of subunits, the ATP synthase
requires a strict mechanism that regulates its assembly. Thus,
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it has been shown that the B-subunit activates translation
of a-subunit mRNA, and aff heterodimers bind p-subunit
mRNA, inhibiting its translation. Re-activation of transla-
tion occurs in the presence of y-subunit proteins that are
imported into the chloroplast stroma from the cytosol. The
y-subunit helps form (of);-hexamers and releases the repres-
sion of B-subunit mRNA translation (Drapier et al. 2007).

Photoreceptors affect the chloroplast ATP synthase
mainly on the level of gene expression. Phytochromes and
cryptochromes regulate the expression of nuclear genes
whose products take part in transcription, translation and
post-translational regulation of plastid-encoded genes (Grif-
fin et al. 2020). Genes of subunits encoded in the chloroplast
genome are transcribed by the plastid-encoded RNA-pol-
ymerase (PEP) containing o-factors which recognize their
respective promoters (Ghulam et al. 2012). The expression
of all o-factor genes is activated by phytochromes and cryp-
tochromes in red and blue light. By this mechanism, light
induces the expression of plastid-encoded PEP-transcribed
genes, including genes of ATP synthase subunits (Lysenko
2007; Ghulam et al. 2012; Chi et al. 2015). It has been
shown that phyB increases the expression of IV, III and I
ATP synthase subunits in plastids (Griffin et al. 2020). Light
also takes part in the post-transcriptional regulation of plas-
tid gene expression (Deng et al. 1989). It has been shown to
affect AzpB/E-mRNA stability in spinach cotyledons. In red
light, the AtpB/E-mRNA level was 50% of that in yellow and
white light, while the transcriptional activity of the AtpB/E
operon was similar in light of different spectrum.

Light also activates the expression of nuclear genes
encoding ATP synthase subunits. In spinach, the promoter of
the ATPC gene, encoding the y-subunit, contains regulatory
elements responsible for light-dependent expression (Bolle
et al. 1996); illumination with red light (650 nm) led to a
substantial increase of ATPC] transcription in Arabidopsis
(Yavari et al. 2021).

ATP synthase is also regulated by light on post-transla-
tional level. Differences in light intensity can lead to post-
translational modification of ATP synthase proteins, which
affects the rate of ATP synthesis in chloroplasts (Romanow-
ska et al. 2008; Reiland et al. 2009; Schonberg and Baginsky
2012). The PSA itself, as a sensor of light, can induce post-
translational modifications of ATP synthase subunits. When
the chloroplast electron transport chain is working, it reduces
stroma components, including thioredoxin. Reduced thiore-
doxin reduces y-subunit thiol groups and thus activates ATP
synthase (reviewed in Kang et al. 2019). Chloroplasts also
have their own kinase system whose activity depends on
the redox state of the plastoquinone pool and stromal redox
components (Schonberg and Baginsky 2012). This kinase
system affects a wide range of targets, among them o-factors
of the plastid RNA polymerase (Reiland et al. 2009; Schweer
et al. 2010) and ATP synthase subunits a, §, and y (Reiland
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et al. 2009). These subunits have phosphorylation sites for
chloroplast kinases which are important for regulating ATP
synthase activity upon changes in light intensity (Reiland
et al. 2009; Schonberg and Baginsky 2012). As the PSA
absorbs and utilises quanta with different efficiency, depend-
ing on their position in the visible spectrum (McCree 1972),
it is reasonable to expect that light of different wavelengths
will affect ATP synthesis differently.

Our results support the idea that photophosphorylation
in chloroplasts is regulated by light intensity and spectrum.
Thus, in Chinese cabbage plants grown with light sources
made with red and blue LEDs with a ratio of 7:1, photophos-
phorylation rate in isolated chloroplasts decreased with
an increase in light intensity. The opposite was observed
in control plants grown with high-pressure sodium lamps
(Avercheva et al. 2010). However, the details of ATP syn-
thesis regulation by light spectrum remain to be investigated.

CO, assimilation and carbon fixation
reactions

The carbon fixation reactions use light energy stored in
ATP and NADPH to fix CO, and synthesise carbohydrates
(Fig. 1). CO, assimilation rate can be viewed as an integral
characteristic of photosynthesis rate, incorporating rate of
electron transport, Rubisco and Calvin cycle activity and
triose phosphate utilisation (Busch and Sage 2017).

In most cases, blue light increases (or does not change)
the net assimilation rate and maximum assimilation rate as
compared to broad-spectrum white light (cucumber — Wang
et al. 2009, tomato — Xiaoying et al. 2012; cucumber — Su
et al. 2014, lettuce — Tarakanov et al. 2022), and growing
with red light decreases these parameters as compared to
white or blue light (Bukhov et al. 1995; Wang et al. 2009;
Xiaoying et al. 2012; Su et al. 2014; Tarakanov et al. 2022).
The same pattern was observed for starch, sucrose and solu-
ble sugar content (Wang et al. 2009; Xiaoying et al. 2012;
Hu et al. 2016) and Rubisco activity in vitro (Wang et al.
2009). Rubisco content, however, was the same in plants
grown with blue, red and white light (Su et al. 2014). Other
works, on the contrary, showed different patterns. Net pho-
tosynthetic rate can be higher in red light than in blue light
(lettuce — Amoozgar et al. 2017; Arabidopsis — Yavari
et al. 2021); the same pattern for soluble sugar content was
also observed (lettuce — Chen et al. 2014). Net photosyn-
thesis has also been observed to be lower in blue light than
in white light (Hu et al. 2016). It has been shown for various
species that low net photosynthetic assimilation under red
light can be increased by adding blue light to the spectrum.
In some cases, a small amount of blue quanta in addition
to red significantly increased photosynthetic assimilation,
and further increase in the amount of blue quanta did not
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increase this parameter (spinach — Matsuda et al. 2007,
Mesembryanthemum crystallinum — He et al. 2017). In
other cases, the increase in assimilation correlated well with
the amount of blue quanta in the spectrum (cucumber —
Hogewoning et al. 2010, Brassica alboglabra — He et al.
2015). For cucumber, this correlation was observed up to
50% blue light, for B. alboglabra — up to 16% blue light;
at higher amounts of blue quanta, a decline in assimilation
was observed in both cases.

The Calvin cycle is activated by thioredoxin which, in
chloroplasts, is reduced primarily by ferredoxin and may
also be reduced by NADPH (Kang et al. 2019), both of
which are products of the photosynthetic light reactions.
Chls and Cars, light-harvesting pigments in higher plants,
absorb mainly red and blue light; Chl can also absorb green
light to some extent, which can also activate light reactions
(McCree 1972). From the action spectrum of photosyn-
thesis, we can expect the highest activity of Calvin cycle
enzymes under red and blue light, with slightly lower activ-
ity under green light.

The expression of RbcL, the gene for the large Rubisco
subunit (as well as RCA, gene for Rubisco activase), is
increased in blue light (cucumber — Wang et al. 2009; Su
et al. 2014). For red light, the data are less certain. In dif-
ferent experiments, red light can decrease or not affect RCA
expression and decrease or increase RbcL expression. Blue
light has the same ambiguous effect on RBCS expression
(gene for the small Rubisco subunit), while red light tends
to decrease its expression (Wang et al. 2009; Su et al. 2014).
Light spectrum affects the expression of genes for Rubisco
subunits using the whole network of plant photoreceptors.
It has been shown for the large Rubisco subunit that cryp-
tochromes and phototropins either do not affect its amount
in the leaf or are completely interchangeable (Weston et al.
2000). The same was shown for phototropins and RBCS
(Lopez-Juez et al. 2007). The authors suggest that chloro-
plast-derived signals play a crucial role in the regulation of
Rubisco subunit gene expression. However, phyA has also
been shown to take part in the regulation of RbcL transcrip-
tion, among other photosynthetic genes (plastid-encoded), in
red as well as blue/UV-A light (Chun et al. 2001).

Genes of most Calvin cycle enzymes (apart from
Rubisco) decrease their expression (as measured with RT-
PCR) in red light as compared to broad-spectrum white light
(Wang et al. 2009). Blue light increases the expression of
Calvin cycle genes, except for triose-phosphate isomerase
(TPI) and sedoheptulose bisphosphatase (SBPase) (Wang
et al. 2009). The expression of the TPI gene in blue light is
lower or equal to the control. The effect on the expression
of the SBPase gene depends on the wavelength of blue light.
A shorter wavelength (394.6 nm) decreased its expression,
and a longer wavelength (452.5 nm) increased it (Wang et al.
2009).

Studies of carbon isotope ratios have shown that blue
light increases the fraction of '’C and red light increases the
fraction of '3C (Tarakanov et al. 2022). This indicates that
blue light activates the Calvin cycle while red light activates
photorespiration. The presence of both red and blue in the
light spectrum evens out these effects.

Overall, we can conclude that blue light is favourable
and red light is unfavourable for the biosynthesis of carbon
assimilation enzymes, which corresponds well with data
on sugar content. This is probably because cryptochrome
(cry2 as well as cryl) enhances the expression of multiple
photosynthetic genes, including some Calvin cycle enzymes
(reviewed in Mishra and Khurana 2017). However, for some
genes, the spectrum-dependent regulation of their expres-
sion can be ambiguous and depend on other factors. Light
that combines red and blue light would probably be more
favourable to carbon metabolism than sole red or blue light
(Matsuda et al. 2007; Hogewoning et al. 2010; Savvides
et al. 2012; He et al. 2015, 2017; Hu et al. 2016).

Stomata

Stomata are crucial for photosynthesis as they play a fun-
damental role in gas exchange regulation in plants. Gas
exchange includes CO, uptake for photoassimilation and
transpiration — water vapour outward diffusion (Fig. 1).
Transpiration is crucial for water balance, water and nutri-
ent transport in plants and thermoregulation — leaf cooling,
necessary to prevent overheating which can result in pho-
toinhibition and yield penalties (von Groll et al. 2002; Heth-
erington and Woodward 2003; Wei et al. 2020). Stomata
optimise plant gas exchange to maximise the photosynthetic
rate, while avoiding starvation for CO, or excessive water
loss and drought stress. Both guard cell development and
mature stomata function are regulated by many external and
internal environmental factors: light, CO,, temperature, air
humidity, water status, hormones and sugars play an impor-
tant role (Driesen et al. 2020). One of the most important
signals is lighting conditions. Long-term lighting conditions
during leaf development determine mutual patterning of sto-
mata and stomatal density (Croxdale 1998; von Groll et al.
2002; Wei et al. 2020), while current, local lighting condi-
tions determine optimal stomatal opening (Hetherington and
Woodward 2003; Driesen et al. 2020).

Light regulation of stomatal development

Stomata initiation and development in the leaf epidermis are
affected by endogenous as well as exogenous factors, such as
location on the leaf (upper or lower side, middle or edge of
the leaf plate) (Croxdale 1998); phytohormones, CO, and O,
concentrations, temperature, relative humidity, water deficit,
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lighting regime and intensity (Croxdale 1998; von Groll
et al. 2002; Hetherington and Woodward 2003; Driesen
et al. 2020); interaction with surrounding epidermal cells
(Serna and Fenoll 2000) and mesophyll cells (Hethering-
ton and Woodward 2003; Wei et al. 2020). Increasing light
intensity to a certain level during leaf development increases
stomata number, which enables sufficient gas exchange for
a high photosynthetic rate (Driesen et al. 2020; Wei et al.
2020). In this regard, not only the irradiance illuminating the
leaf directly, but also irradiance detected by phyB in mature
leaves via a systemic signal has a significant impact on the
stomatal index of developing leaves (Driesen et al. 2020).
It has been shown that dark-grown Arabidopsis plants have
only few mature stomata on the cotyledons, forming occa-
sional stomatal clusters, and many of them are retained in
the stomatal precursor stage (Wei et al. 2020).

All major spectral bands of white light take part in regula-
tion of stomatal density and stomatal index (Fig. 5a). Red
light, perceived by phyB, via PIF4 increases stomatal index
and stomatal density (Fig. 5b; Arabidopsis — Boccalandro
et al. 2009; Casson et al. 2009). Blue light via crys and far
red light via phyA also increase stomatal index. phyA, phyB
and crys work together to promote light-induced stomatal
development via COP1, YODA (YDA) and transcription
factors (SPEECHLESS (SPCH), MUTE and FAMA —
closely related bHLH transcription factors, which regulate
consecutive steps in the differentiation pathway of stomata).
This pathway is critical for the development of stomata
from the protodermal cell (Fig. 5b; Boccalandro et al. 2009;
Kang et al. 2009). YDA is a MAPK kinase kinase, heading
MAPK kinase cascade. It might be positively regulated by
E3-ubiquitin ligase COP1 through yet unknown mechanisms
and inhibits downstream transcription factors probably via
their targeting by phosphorylation (Casson et al. 2009). Blue
light via phototropins also increases stomatal density, and
both phototropins work additively (Fig. Sa; Arabidopsis
— Rusaczonek et al. 2021). In response to UV-B, stoma-
tal density is increased by a UVR8-dependent mechanism
but decreased in a UVR8-independent manner (Fig. 5a;
Arabidopsis — Gustavsson 2018). Supplementary UV-B
exposure (together with WL) via UVRS increases stomatal
index (Arabidopsis — Wargent et al. 2009). Photosynthe-
sis in underlying mesophyll, driven mostly by red and blue
light, regulates stomatal index, and stomatal density (Fig. Sa;
Hronkova et al. 2015).When plants are grown with light of
different spectrum and the same intensity, blue LED light
usually yields higher stomatal density in the developing epi-
dermis than red LED light (cucumber — Wang et al. 2009;
cucumber — Hogewoning et al. 2010; tomato — Liu et al.
2011a, b; lettuce — Muneer et al. 2014; Morus alba — Hu
et al. 2016; barley — Kochetova et al. 2022).

Stomata are distributed non-randomly in the plane of
the epidermis: their distribution and density are strictly
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controlled (Croxdale 1998; von Groll et al. 2002; Wei et al.
2020). Stomatal density (the number of stomata per unit
area) and stomatal index (the number of stomata per total
number of epidermal cells (pavement and stomatal)) may
change differently, depending on both the number and size
of pavement cells (Casson et al. 2009; Wargent et al. 2009).
This is achieved by regulating the number of cells entering
the stomatal pathway, the number and the correct place-
ment of unequal cell divisions during the development of
stomatal complex (Serna and Fenoll 2000), when neces-
sary — arrested differentiation of some stomatal precursors
(Croxdale 1998; Kang et al. 2009; Driesen et al. 2020). This
leads to a more orderly and even distribution of stomata,
which must be separated by a number (at least one) of non-
stomatal cells (Serna and Fenoll 2000; von Groll et al. 2002;
Driesen et al. 2020). Thus, stomatal initiation is an imperfect
mechanism, but stomatal development is strictly controlled
and adjusted on later stages (Croxdale 1998; Driesen et al.
2020; Wei et al. 2020).

Light regulation of stomatal function

Photoregulation of stomatal movement involves most
known photoreceptors, as well as the PSA as a light-
perceiving system (Fig. 6). [llumination with photosyn-
thetically active radiation, which is most efficient in the
red and blue range but also operates in the green range,
opens stomata by launching photosynthesis in guard cells
as well as in adjacent mesophyll cells (Fig. 6). Activating
photosynthetic assimilation in the mesophyll leads to a
decrease in intercellular CO, concentration, and stoma-
tal opening is triggered by this signal (Fig. 6; Vavasseur
and Raghavendra 2005). When photosynthesis is activated
in the guard cells themselves, it generates soluble sugars
and energy necessary for stomatal movement (Schwartz
and Zeiger 1984). Carbohydrates imported from the
mesophyll can also help increase the osmotic pressure in
guard cells, which is necessary for stomatal opening in
response to light (Fig. 6; Shimazaki et al. 2007). Stomatal
opening is also induced by photoreceptors via their spe-
cific signallings. These responses are much more sensi-
tive and can be already saturated at a low fluence rate
(5 to 10 umol m~ s7! for blue light response) (Driesen
et al. 2020). From the PAR range, blue light induces the
strongest stomatal opening (Frechilla et al. 2000; Talbott
et al. 2002), and this opening is mediated by phototropins
through phosphorylation of downstream signalling kinases
(Fig. 6). This leads to the activation of the plasma mem-
brane H*-ATPase AHA?2 and 14-3-3 proteins, opening of
potential-driven inward K*-channels in plasma membrane
and accumulation of K*, followed by anions and water
in guard cells’ vacuoles (Fig. 6). Starch degradation pro-
vides malate and sucrose synthesis and accumulation in
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Fig.5 Photoregulation of stomatal development which determines
protodermal cell divisions and resulting stomatal index and stoma-
tal density at epidermis by ultraviolet A (UV-A) and B (UV-B), blue
(B), green (G), red (R), and far red (FR) light. a Light spectral ranges
and the groups of photoreceptors that participate in the regulation of
stomatal pattern. UV-B light acts via UVRS8 photoreceptor and via
nonspecific absorption by various cell components, regulating sto-
matal development in an opposite manner. Blue light via phots and
crys, red light via phyB and far red light via phyA increase stomatal
index. Photosynthetic apparatus (PSA) in underlying mesophyll regu-
lates stomatal index and stomatal density via photosynthetic products
and/or carbon dioxide concentration changes. b Key components of
the most well-studied signalling pathways involved in photoregula-
tion of stomatal development. Photoreceptors phyA, phyB and crys
(cryl/2) act in concert to promote light-induced stomatal develop-
ment via COP1 (E3-ubiquitin ligase), YDA (MAPK kinase kinase,

heading MAPK kinase cascade) and transcription factors (SPCH,
MUTE and FAMA — closely related bHLH transcription factors,
which regulate consecutive steps in the differentiation pathway of
stomata), critical for the development of stomata from the protoder-
mal cell. YDA might be positively regulated by COP1 through yet
unknown mechanisms (dashed arrow) and inhibits downstream tran-
scription factors probably via their targeting by phosphorylation. PIF4
transcription factor represses SPCH expression, and phyB, inhibiting
PIF4, derepresses SPCH, increasing stomatal development. Besides,
light promotes ANGUSTIFOLIA3 (AN3) at transcriptional and post-
translational levels, likely through the photoreceptor-mediated path-
ways (crys and probably phys as well), which then downregulates the
expression of COPI and YDA (Wei et al. 2020). Light-green rectan-
gular matches promoting, and pink rectangular matches restricting
conditions for photosynthesis. Double line matches regulation on
transcription level
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Fig.6 Photoregulation of stomatal opening which determines sto-
matal conductance and transpiration rate by ultraviolet A (UV-A)
and B (UV-B), blue (B), green (G), red (R) and far-red (FR) light.
Light spectral ranges, the groups of photoreceptors and key compo-
nents in their signalling pathways regulating stomatal opening. UV-B
light acts via UVRS8 photoreceptor and via nonspecific absorption by
various cell components, regulating stomatal opening in an opposite
manner, depending on light intensity: high UV-B light (1I) induces
stomatal closure and low UV-B light (|I) induces stomatal opening.
UVRS closure signalling contains COP1-HY5 module and ethylene,
and both closure pathways converge on H,O, and nitric oxide (NO)
production. Photoactivated crys act via COP1 as well. Photoactivated
phots act via activation of the AHA2 (Arabidopsis H*-ATPase 2)

vacuoles (Fig. 6; Kinoshita et al. 2001; Shimazaki et al.
2007; Kostaki et al. 2020; Ishka 2022). Less pronounced
opening in response to blue/UV-A light is mediated by
cryptochromes via COP1 signalling (Fig. 6; Mao et al.
2005). Blue/UV-A light also acts via ZTL and its entrain-
ment of circadian clock (Fig. 6), which forms circadian
rhythms of PSA function and thus CO, fixation and stoma-
tal opening (Dodd et al. 2004). UV-B light of low fluence
rate induces stomatal opening, with maximum efficiency
at 284 nm. This response is nearly three times greater
than the response in the blue region (450 nm) (Vicia faba
— Eisinger et al. 2000) and is probably provided by the
photoreceptor of UV-B UVRS (Fig. 6). Phytochromes
mediate stomatal opening in response to red light (Fig. 6;
Paphiopedilum — Talbott et al. 2002; Pisum — Sokolskaya
et al. 2003; Arabidopsis — Wang et al. 2010). Green light,
given after dark, induces the smallest stomatal opening
among all visible spectral bands (Vicia faba — Frechilla
et al. 2000), and this opening is mediated by phytochromes
(Fig. 6; Paphiopedilum — Talbott et al. 2002). In some
conditions, light may induce partial stomatal closure.
Green light reverses blue/UV-A-induced stomatal opening
(Fig. 6; Vicia faba — Frechilla et al. 2000; Paphiopedi-
lum — Talbott et al. 2002), far red light reverses opening
induced by red light (Fig. 6; Pisum — Sokolskaya et al.
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in plasma membrane, following ion and water fluxes across plasma
membrane and accumulation in vacuoles. phots also induce starch
degradation to malate and its accumulation in vacuoles. Photosyn-
thetic apparatus (PSA) in guard cells generates soluble sugars (also
accumulating in vacuoles) and energy for all these transmembrane
translocators. PSA in mesophyll produces sugars imported into guard
cells and decreases intercellular CO, concentration, which triggers
stomata to open. Blue/UV-A light via ZTL and its entrainment of cir-
cadian clock forms circadian rhythms of CO, fixation and stomatal
opening. The thickness of arrows approximately symbolises relative
intensity of the response. Light-green rectangular matches promoting
and pink rectangular matches restricting conditions for photosynthesis

2003) and by green light (Fig. 6; Paphiopedilum — Talbott
et al. 2002). High intensity-UV-B light closes stomata via
UVRS through the COP1-HY5 signalling pathway induc-
ing production of ethylene (Fig. 6), as well as via a UVRS-
and ethylene-independent non-specific pathway (Fig. 6).
Both pathways converge on H,0, and NO production
(Arabidopsis — Tossi et al. 2014; Ge et al. 2020).

Stomatal conductance — CO, influx through stomata
inside the leaf — depends both on stomatal density and
current opening state. With lighting of different spectra,
especially at medium and high light intensities, stomatal
conductance in blue LED light is higher than in red LED
light (cucumber — Wang et al. 2009; cucumber — Hoge-
woning et al. 2010; cucumber — Savvides et al. 2012;
cucumber — Su et al. 2014; lettuce — Muneer et al. 2014;
Brassica alboglabra — He et al. 2015; Morus alba — Hu
et al. 2016; tomato — Lanoue et al. 2018; Digitalis purpu-
rea — Verma et al. 2018; Allium fistulosum — Gao et al.
2020; lettuce — Tarakanov et al. 2022) and in white or
mixed red and blue light is usually in between (Wang et al.
2009; Hogewoning et al. 2010; Hu et al. 2016; Lanoue
et al. 2018; Gao et al. 2020; Tarakanov et al. 2022). When
the fraction of blue light increases, stomatal conductance
gradually increases too (Hogewoning et al. 2010; He et al.
2015).
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Conclusions

After more than 30 years of research, the effects of LED
lighting on plant photosynthesis are still not fully under-
stood, and many aspects of photosynthesis in these lighting
conditions remain poorly studied. While there is ample evi-
dence on the effects of spectral quality on net photosynthe-
sis, photosynthetic pigment content and electron transport
chain, other aspects, such as photophosphorylation rate and
activities of Calvin cycle enzymes, remain under-studied.
This is probably due to the lack of widely known, easy-to-
use and non-invasive laboratory techniques. The regulatory
mechanisms behind the observed effects are also poorly
understood. While there is ample information about regu-
lation of stomata by photoreceptors, similar information
about the PSA is scarce. At the moment, it is not possible to
construct a regulatory network that would link light, photo-
receptors and PSA and explain the observed effects of LED
lighting on plants.

The available data show that while certain patterns of red
and blue light effects on photosynthetic parameters can be
elucidated, the effects often vary between species, cultivar
and experimental conditions. The reason for this is probably
the presence of a fine-tuned, multi-component regulatory
system that remains poorly understood. One way for shed-
ding light on this regulation is comparative transcriptomic
studies which allow observing how multiple genes are regu-
lated by light. A recent analysis of microarray data (Griffin
et al. 2020) showed that in Arabidopsis, multiple nuclear
genes encoding chloroplast proteins are up- or downregu-
lated by red or blue light. Phytochromes and cryptochromes
also regulate nuclear genes that are involved in plastome
gene expression. Among them, genes involved in transcrip-
tional and post-transcriptional regulation are regulated both
by phys and crys, while genes affecting translational activ-
ity are regulated predominantly by crys. This is probably
the reason why blue light apparently yields a more com-
petent PSA than red light in most experiments, and why
adding even a small portion of blue light to red greatly
improves photosynthesis (Hogewoning et al. 2010; Savvides
et al.2012; He et al. 2015; Hu et al. 2016; Tarakanov et al.
2022). Such works may, in the future, help us understand
this regulatory network and increase the predictability of
LED lighting effects on plant photosynthesis and growth.
On the other hand, a lot of the regulation of PSA assembly
is post-transcriptional (Deng et al. 1989) and translational
(Drapier et al. 2007), and we also need to take into account
these aspects, which are still poorly studied.
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