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Abstract—Green light, along with other portions of the visible region of electromagnetic radiation, brings
plants environmental information. Green light is a factor regulating the morphology of cells, tissues, and
organs; photosynthesis; respiration and growth; and duration of stages of plant ontogenesis. This review sum-
marizes the impact of the green light on the life of plants, and green light receptors and the mechanisms of its

action are discussed.
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INTRODUCTION

Plants have a fixed lifestyle and are constantly
under the influence of a large number of external fac-
tors, among which the decisive role is played by light,
because it is a source of energy for photosynthesis and
a signal involved in the regulation of plant life. Light
acts as a multifaceted factor, characterized by qualita-
tive (wide range of wavelengths) and quantitative
parameters (intensity, integrated daily radiation [1],
photoperiod), as well as by direction. Light is impor-
tant for the implementation of relevant programs for
the development of plants (deetiolation, photomor-
phogenesis, photoperiodism, phototropism, etc.).
Light is necessary for successful plant reproduction,
since it controls the timing of seed germination, tran-
sition from the vegetative stage to flowering, and tran-
sition from fruiting to aging.

Light controls the functioning of endogenous reg-
ulation systems (genetic, enzymatic, trophic, hor-
monal, etc.), whose cumulative effect provides an ade-
quate response of plants to the light conditions.

Evaluation of the absorption of radiant PAR energy
by the whole leaf shows that its maximums are in blue
(BL, 300—480 nm) and red (RL, 640—680 nm)
regions, caused by the absorption of photosynthetic
pigments. In this connection, the spectral composi-
tion of light changes under the canopy [2] and in the
depth of planting, which gets radiation penetrating
through the leaves of the upper stories, poor in blue
and red rays and rich in green ones (GL, 510—565 nm)

Abbreviations: BR—Dbrassinosteroids; BL—blue light; Chl—
chlorohhyll; FL—far-red light; GL—green light; P—phyto-
chrome; RL—red light; WL—white light; YL—yellow light;
ZR—zeatin riboside.

and far-red rays (FR, ~730 nm). Light in the shade is
characterized by reduced ratios of RL/FR and BL/GL
[3]. The biological significance of the phenomenon of
GL is associated with the existence of dense above-
ground phytocenoses [2—4]. Restriction in the absorp-
tion of green rays by chlorophyll (Chl) can play a pos-
itive role for the life of the lower leaves of plant crown
and lower stories of phytocenosis.

As the optical system, the leaf is different from the
pigment solution in two aspects: (1) local concentration
of pigments in the chloroplasts and (2) diffuse nature of
the distribution of plant tissues. The first feature in the
structure of the leaf causes a local light absorption. The
second feature is associated with the complexity of
organization of cells and plant tissues, leading to light
scattering with multiple internal reflection, and refrac-
tion leads to a substantial increase in the effective opti-
cal path of light to the plant tissues, leading to both
increased absorption capacity and increased reflection
of light [5]. Thus, the same amounts of pigments in
apple fruit tissues absorb almost an order more light
than these in the extract [6].

However, these features may be important only if GL
will be used in the photosynthesis. According to some
authors [4, 7], GL of high intensity does not limit pho-
tosynthesis processes but actively regulates growth pro-
cesses. It can fully provide the life activity of several
plants under irradiation from 300 to 400 uM/(m? s).
Plants of Triticum aestivum and Raphanus sativus, e.g.,
accumulate greater biomass on GL compared with BL
of the same intensity.

By now, a considerable amount of information was
obtained on the role of RL and BL in plant life and on
signal reception and transduction by RL and BL. The
mechanisms of the action of GL on plant growth and
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development, as well as the nature of GL receptor,
remain unstudied.

LIFE PROCESSES IN PLANTS,
CONTROLLED BY GREEN LIGHT

Green light regulates many vital processes of plants
from seed germination to flowering (table). In addi-
tion, it is one of the factors that control plant reactions
at “shade avoidance syndrome” (the growth of the
stem and petiole elongation, flowering), allowing it to
compete with neighbors in the dense phytocenosis [8].
However, GL may cause photodamage of photosyn-
thetic pigments, since the maximum energy in the
solar spectrum falls on the green light [6].

The green light is active in regulating seed germina-
tion. The seeds of Lolium rigidum remain at rest on
imbibition in the light, but BL and GL activate their
germination after dark stratification [9, 10]. There is
evidence on the stimulating effect of short exposures
to GL on seed germination. The species-specific
response on GL was noted: species of the family Cista-
ceae were less sensitive to GL compared with the spe-
cies of families Compositae and Labiatae [11].

A low-threshold nonphotosynthetic photomor-
phogenetic answer was found in single-celled algae
Scrippsiella trochoidea: resting cysts required light for
germination, and GL has the greatest effect [12].

The intensity of growth processes is largely depen-
dent on cell division and expansion. It is shown that
GL (with a maximum of 550 nm) makes interphase
gap, breaking the mitotic phase of the cell cycle, and
50% reduction of cell elongation in Lepidium sativum
[13]. Based on these results, one can explain the rea-
son for the formation of a thin lamina with small mes-
ophyll cells during long-term cultivation of certain
plants in GL [4, 14]. However, the formation of the
leaf surface at adaptation to GL is determined by gen-
otype and duration of ontogenesis. Slow-growing spe-
cies (Bergenia crassifolia) form smoller leaf surface on
GL compared with white light (WL), RL, and BL,
while the leaf surface area of more actively growing
species (Rhaponticum carthamoides) on GL is compa-
rable with that on RL. Leaf of monocots (Avena sativa
and A. fatua) grows faster and longer on GL compared
with that on BL [14]. GL increases the growth of
plants of the genus Fragaria and their fruits [15].

The action of narrowband optical radiation (16 h
photoperiod) at a wavelength of 522 nm (70 uM/(m?s))
reduced fresh and dry masses of leaves and roots of
Lactuca sativa, which was associated with reduced
intensity of photosynthesis, transpiration rate, and
stomatal conductivity compared with RL (639 nm,
88 and 328 uM/(m? s)) and BL (470 nm, 80 and
328 uM/(m? s)). However, the effect of GL
(180 uM/(m? s)) on net photosynthesis and the con-
tent of Rubisco was comparable with the action of RL
(88 uM/(m?)) [16].
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It has been found in studying the effects of light
(12 h photoperiod) at wavelengths ranging from 490 to
540 nm that the length of hypocotyl increased on GL
in the seedlings of Brassica oleracea, but fresh and dry
masses decreased compared with those for plants on
BL and RL [17].

The combined effect of BL, RL, and 24% of GL
caused the strongest growth of the L. sativa plant. The
growth of leaf area and dry mass decreased with
increase in the proportion of GL from 24 to 86% in the
total luminous flux [18].

The study on the light regulation of survival and
subsequent development of in vitro culture of Cymbid-
ium insigne plants demonstrated that the effect of dif-
ferent light spectral composition (WL, RL, BL, and
GL) and two polysaccharides—chitosan H and hyalu-
ronic acid (HA9)—accelerated the formation and
increase in protocorm-like bodies (PLB). The highest
PLB formation occurred among culture explants on a
medium supplemented with chitosan H, and the rate
of formation of shoot and root increased also. The
increase in biomass PLB was noted when plants were
treated with HA9 on GL [19].

It should be noted that there is a common pattern
in the regulatory action of GL on morphogenesis
B. crassifolia, Rh. carthamoides, Lychnis chalcedon-
ica, and Serratula coronata plants. Green light, regu-
lating cell growth and density of their packing in the
mesophyll, reduced the total number of chloroplasts
per unit of leaf surface area. The latter circumstance
determines the weak assimilation of CO, in the leaf
on GL [4, 14]. Meanwhile, the level of photosyn-
thetic pigments in a single chloroplast increases. This
regulation of the level of chloroplast pigments is
probably directed at reducing their shading within
the leaf.

The seedlings of higher plants orient their growth
according to the direction of the light (phototropism),
seeking to optimize the light exposure for photosyn-
thetic organs. As a rule, phototropism is set by BL, but
it is also effective on GL in Arabidopsis thaliana.
Transmission mechanisms of phototropism signals
vary in shoot and root, because some mutants (nphl)
have a broken phototropism of shoot and root, while
others (rpt1 and rpt2) have a broken phototropism of
root only [20]. Only phototropism of A. thaliana shoot
is sensitive to GL [21]. The differences between the
action of GL on phototropism of A. thaliana seedlings,
grown under different conditions (in the light and in
the dark), were shown. GL did not affect the regula-
tion of root phototropism, caused by RL or BL. How-
ever, GL impulse significantly reduced positive
BL phototropism in the hypocotyls of seedlings grown
in the dark, increasing the rate of growth. In contrast,
the impulse of GL increased significantly positive cur-
vature in the hypocotyls of seedlings grown in the light
without affecting the rate of growth [22].

Green light regulated the movement of chloro-
plasts (phototaxis) in the cell of diatom Pleurosira lae-
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Process Object Source
Seed germination Lolium rigidum, Cistaceae < Compositae, Labiatae, | [9, 10, 11, 54]
Hordeum vulgare
Germination of cysts Scrippsiella trochoidea [12]
Cell cycle (interphase) Lepidium sativum [13]
Growth of cells and chloroplasts Avena sativa, A. fatua, Bergenia crassifolia, [4, 14, 75]

Rhaponticum carthamoides, Funaria hydrometrica

Growth of leaf and cotyledons

A. sativa, A. fatua, B. crassifolia, Rh. carthamoides,
Lactuca sativa, A. thaliana

[14, 16, 36, 37, 89, 91]

Growth of hypocotyl Brassica oleracea [17, 29, 31, 37, 89, 91]

Plant growth genus Fragaria, B. oleracea, Lactuca sativa [15, 17, 18,90, 91]

Fruit growth genus Fragaria [15]

Formation and growth Cymbidium insigne in vitro [19]

of protocorm-like bodies

“Shade avoidance syndrome” Arabidopsis thaliana [3,61, 79-81]

Movement of leaves Albizzia pinnules [51]

Movement of stomata A. thaliana, photl phot2 mutant [55, 56]

Phototropism of shoot and root A. thaliana [20, 21, 22]

Phototaxis of chloroplasts Pleurosira laevis [23]

Migration of phytoplankton during [24]

the day

Formation of chloroplast and mito- [27, 28]

chondria, chloroplast’s photochemi-

cal activity

Photoperiodism: plant flowering, Rudbeckia bicolor, Perilla ocymoides, Chenopodi-|[25, 26, 82]

FT mRNA levels um rubrum, Nicotiana tabacum

Transpiration and stomatal conduc- | L. sativa [16]

tance

Photosynthesis A. sativa, A. fatua, B. crassifolia, Rh. carthamoides, | [4, 14, 35, 36]
Helianthus annuus, L. sativa

Net photosynthesis and Rubisco L. sativa [16]

content

Accumulation of photosynthetic
pigments

A. sativa, A. fatua, B. crassifolia, Rh. carthamoides,
A. thaliana

[14, 29, 30, 31]

Respiration [27]
Metabolism of carbohydrates and Chlorella vulgaris in vitro, A. sativa [27, 34]
lipids

Accumulation of vitamin C, toco- | L. sativa, Fagopyrum esculentum, A. thaliana [32, 33, 38]

pherols, anthocyanins, and phenols;
removal of free DPPH radicals

Level of GA, IAA, and ABA phyto-
hormones

Lychnis chalcedonica, Rh. carthamoides,
A. thaliana, Phaseolus vulgaris

[3, 14, 29, 37, 54,
81, 86, 89-91]

Core microtubules

A. thaliana

[81]

Transcription of XTH15, -16, -17, -
19—22, CssPLA,a. and CsPLA,B,
PIF4, and PIF5 genes and plastid
gene

A. thaliana, Citrus sinensis, H. vulgare,
A. thaliana, N. tabacum

[3, 30, 39, 78, 80, 81]

Level and gradient of Ca%*, cell po- | Funaria hydrometrica [75]

larity

Transport of ions (protons, potassium) | A. thaliana [55, 56, 81]
Resistance to strawberry anthra- genus Fragaria [15]

cnose
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vis [23]. It influenced photoperiodic responses of pho-
tosynthetic organisms, including phytoplankton verti-
cal migration during the day [24], and flowering of
annual plants (photoperiodism) [25]. In the context of
a long day, faster formation and growth of the stem
took place on GL, as well as budding of Rudbeckia
bicolor compared with those on RL, BL, and WL; at
the same time, on a short, 8-h day, Perilla ocymoides
passed to budding more quickly on RL than on GL,
BL, and WL [25]. A short exposure (5 min) to GL
(554 nm) of Chenopodium rubrum short-day plants
caused suppression of induction of flowering. Irradia-
tion of short-day plants Nicotiana tabacum with GL
during the induction of flowering inhibited their
growth and flowering [26].

Green light (480—570 nm) induced the resistance
of plants from Fragaria genus to strawberry anthra-
cnose (Glomerella cinglata). This was expressed in a
reduced number of damages on the leaves [15].

Despite the fact that GL has an inhibitory effect on
prolonged cultivation of plants, this portion of the
electromagnetic radiation stimulates the processes
accompanying seedlings’ deetiolation in the early
stages of ontogenesis.

In the early stages of morphogenesis, combination
of GL+YL accelerated the formation of plastid mem-
brane system up to the lamellar type, inclusive, and,
subsequently, it began to slow down the transition to
granal chloroplast [27]. Photochemical activity of
chloroplasts is associated with a degree of membrane
system formation. Hill reaction and its coupled non-
cyclic phosphorylation in the early stages of deetiola-
tion (4 h) of cereal seedlings were more active on GL
compared with those on RL and BL [28]. GL+YL had
a significant influence on the formation of mitochon-
drial cristae, but their degradation was observed in the
later stages [27].

Green light is involved in the regulation of the
processes of photosynthesis, not only by modifying
the structure of the photosynthetic apparatus but also
through a change in the intensity of Chl synthesis.
When the seedlings of A. thaliana were deetiolated on
GL, the accumulation of photosynthetic pigments in
cotyledons was noted [29, 30], their content per
seedling increased with an increase in the intensity of
light [31]. The level of pigment per unit of leaf area
decreased in a large number of plant species during
long-term adaptation on GL, but it increased in a
single chloroplast [14].

The character of anthocyanin accumulation in
hypocotyls of Fagopyrum esculentum [32] varied also
depending on the intensity of selective light. Less
anthocyanins accumulated under the influence of GL
and BL of low-intensity than those on RL and FRL.
The role of BL and GL in this process increased with
an increase in the intensity of light. However, increas-
ing intensity of additional GL light from 10 to
40 uM/(m?s) in combination with BL+RL intensified
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its inhibiting effect on the accumulation of anthocya-
nin in A. thaliana [33].

The regulatory role of GL was revealed in energy
processes [27]. Regulating carbohydrate metabolism of
Chlorella vulgaris cell culture, GL increased the propor-
tion of disaccharides, but it reduced the proportion of
mono- and polysaccharides (starch). Increased dura-
tion of its action increased the level of starch and
reduced that of disaccharides. Twofold increase in lipid
synthesis under irradiation of Ch. vulgaris with GL+YL
was accompanied by a two-fold decrease in the synthe-
sis of carbohydrates [27]. There are data on the stimu-
lating effect of 15-minute illumination with GL
(535 nm) on the metabolism of “C-glucose in etiolated
seedlings of A. sativa [34].

Green light changes the differential quantum yield
of photosynthesis. When the leaf of Helianthus annuus
was illuminated with RL, higher differential quantum
yield of photosynthesis was marked on its adaxial side
than that on the GL. The observed phenomenon is
explained by differences in the absorption capacity of
Chl for these two wavelengths. The differential quan-
tum vyield of photosynthesis decreased at additional
lighting with GL or RL along with increasing intensity
of white light. However, the decrease of photosynthe-
sis takes place more actively on RL than that on GL,
since GL can provide photosynthesis in chloroplasts,
located deep in the leaf, where additional RL or BL
are not able to penetrate, and is dissipated as a heat
instead [3, 35]. The efficiency of GL in the photosyn-
thesis depends on its intensity and quality. The rate of
photosynthesis increases with increasing intensity of
GL from 100 to 200 pM/(m? s). Shorter-wavelength
rays (510 nm) are more effective for photosynthesis
than the long wavelength ones (532 nm) [36], whereas
only long-wavelength rays are effective in the regula-
tion of elongation in L. sativa leaf and A. thaliana cot-
yledons [36, 37].

Additional illumination of L. sativa plants with GL
(505, 535 nm) and BL (455, 470 nm) with an intensity
of 30 uM/(m?s) in combination with WL increased the
content of antioxidants (vitamin C and tocopherol) in a
row 535 > 505 > 455 > 470 nm, the total content of
anthocyanins in a row 505 > 455 > 470 > 535 nm, the
total content of phenols in a row 505 > 535, 470 >
455 nm, and the ability for scavenging of free radicals
DPPH in a row 535, 470 > 505 > 455 nm [38]. Follow-
ing that, GL of certain wavelengths in the mixed light
stream is sufficiently active in the biosynthetic processes
of L. sativa.

Green light on par with other parts of the light
spectrum of PAR, but with less activity, is involved in
gene expression of low molecular secretory phospholi-
pase A,a (CssPLA,a) and B (CsPLA,B) in Citrus
sinensis [39], involved in various cellular processes.

Age-specific action of GL on leaf hormonal status
was established in its ontogenesis [14]. Young growing
leaves of L. chalcedonica and Rh. carthamoides are
characterized by increased competence to hormones,
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GL decreased the level of growth promoters—gibberel-
lins (GAs) and indole-3-acetic acid (IAA) and
increased the level of growth inhibitor abscisic acid
(ABA), which probably determined the inhibition of
leaf growth compared with RL and BL. Increased hor-
mone level in all groups of adult leaves that finished
their growth on GL had no effect on the growth pro-
cesses, which may indicate a slowing of their synthesis
and transport in the early stages of leaf development.

MECHANISMS OF GREEN LIGHT ACTION
ON PLANTS

Green Light Reception

Photomorphogenetic effect of light on a plant is
implemented through regulatory photoreceptors,
which are composed of a light-absorbing pigment
(chromophore), associated with an effector protein
molecule (apoprotein). The absorption of light in the
chromophore causes a change in the redox potential or
the conformational state of apoprotein receptor that
triggers the transduction of light signal through a chain
of secondary mediators. Among them there are three
photoreceptors of BL/UV-A (cryptochromes CRY1,
CRY2, and CRY3 (or CRY-DASH)) [40], photorecep-
tors of BL (phototropins PHOT1 and PHOT?2), photo-
receptors of family ZTL/FKF1/LKP2 (or ZEIT-
LUPE/FLAVIN-BINDING, KELCH, F-BOX1/LOV
KELCH PROTEIN2) [41—43], and the photorecep-
tors of RL/FRL (phytochromes PHYA-E) [44]. Photo-
receptor of UV-B—UVR8—was identified [45]. Pho-
toreceptors of RL and BL are well studied now, but
nature of GL receptor remains uncovered.

Rhodopsins are believed to be regulatory pigments
of GL in some algae. Two rhodopsin function as pho-
totaxis receptors of low and high intensity light in
eukaryotic alga Chlamydomonas reinhardtii: sensory
rhodopsins A and B (CSRA and CSRB) [46]. CSRA
has an absorption maximum near 510 nm and regu-
lates the reactions under the action of a high intensity
light. On the contrary, CSRB has an absorption maxi-
mum at 470 nm and controls the reactions saturated at
low intensity light. Somatic cells of multicellular alga
Volvox carteri contain rhodopsin, managing the pho-
totaxis mode of the organism and encoded by VOP
gene (VOLVOOPSIN) [47]. VOP protein is homolo-
gous to opsin of unicellular alga Ch. reinhardtii
(chlamyopsin) and to a full family of animal opsin.
The existence of two photoreceptors was shown for the
diatom P. laevis that regulate the migration of the
chloroplast in the cell, with peaks in the spectrum of
action at 450 and 540 nm [23]. The presence of the
photoreceptor RcaE was established on the basis of the
action spectra of phycobilins’ biosynthesis in cyans
during complementary chromatic adaptation (CCA);
it is similar to plant phytochromes and controls the
process of CCA and absorbs RL (640 nm) and GL
(550 nm) [48].
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The aftereffect of FR inhibits the effect of GL on the
metabolism of '“C-glucose in etiolated seedlings of
A. sativa, as well as the level of phytohormones IAA and
GA during the deetiolation of bean seedlings, suggest-
ing phytochrome as one of GL receptors, which is in a
photostationary state [34, 37]. The threshold intensity
of GL for the excitation of phytochrome is 2.5 times
higher than that for RL and is 1.33 uM/(m? s) for the
studied reactions. The action of GL at doses that satu-
rate the phytochrome effect, is close to the regulatory
action of RL [49].

The participation of other portions of the spectrum
was shown for the phytochrome photoconversions on
par with RL/FR. BL slows further elongation of Sina-
pis alba and L. sativa hypocotyls in the mixed light flux
that was set by the phytochrome [50]. On the other
hand, BL causes an increase in the content of the phy-
tochrome and partially reduces the percentage of the
active form of the phytochrome in the hypocotyl loop
of Vigna radiata. In addition, it was found that the
inhibition of hypocotyl elongation in Trifolium repens,
caused by short-term action of FR, was completely
canceled under the action of GL in addition to FR
[50]. The combined effect of GL+FR reduces the
amount of reversible phytochrome (P) in the seeds of
T. repens, leading to an increase in the intensity of
hypocotyl elongation.

Specific GL photoreceptor, differing from the phy-
tochrome, was suggested as a regulatory pigment, con-
trolling the germination of L. rigidum seeds, since BL
and GL interrupt the rest regardless of FR. Interrup-
tion of the seed rest can be established with GL and
without the participation of cryptochrome [9, 10].

It was shown in the study on nyctinastic movements
of Albizzia pinnules lamina that BL slowed the process
of dark slows nyctinasty with increased potrion of pho-
ton flux. RL or GL were not effective individually.
However, in the case of low-intensity blue light (BL),
RL and GL interacted with BL, increasing its effi-
ciency. At high intensity of blue light, GL reduced its
efficiency [51]. The author suggested the existence of
heliochrome—a pigment absorbing GL.

The sensitivity of plants to GL can be provided by a
group of photoreceptors (cryptochromes CRY1 and
CRY2 [40, 52], phototropins PHOT1 and PHOT2,
and ZTL/FKF1/LKP2 [40—43]) binding semire-
duced flavins [2, 53].

GL-dependent intramolecular electron transfer
from adenine to lumiflavin, leading to the photore-
duction of the latter, was proposed as a primary reac-
tion of the mechanism of CRY1 light activation.
According to some authors [2], the cycle of CRY1
conversion in A. thaliana at light consists of light
dependent transition between three interchangeable
redox forms of FAD (FAD, FADH ¢, and FADH-);
among them, a stable neutral form of flavo semi-
quinone (FADH ¢ ) is considered to be an intermedi-
ate link in transmission of receptor signals. Mean-
while, other authors [53] believe that the cofactor may
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exist in four different redox-forms: oxidized (FAD),
anion semiquinone (FAD-), neutral semiquinone
(FADH-), and anionic hydroquinone (FADH-).
According to the time of life (2 ns), only the anionic
flavin of hydroquinone can be the functional state of
the receptor, because the lifetime of the neutral semi-
quinone is only 135 ps.

The formation of a more reduced form of flavin
allows photoreceptors to absorb GL/YL (500—630 nm)
in addition to the blue light. Activation of cryptochrome
by BL may be slowed down by GL, which is determined
by the change in the redox state of cofactor.

Phototransformations were marked for phototropins
and receptors of family ZTL/FKF1/LKP2 [42, 43].
When a photon is absorbed, FMN photoexcitation of
LOV domain occurs at the D,s,, which leads to the for-
mation of short-living triplet state of Ly, that gives the
metastable tioadduct of isoalloxazine FMN ring with a
conservative cysteine (¥Cys PHOT1)—the state S;q,.
In the darkness, FMN returns gradually to its original
state [43].

Partial reversal of the inhibitory action of BL on
seed germination of barley by green light indicates the
participation of cryptochrome [54]. GL reverses the
opening of stomata, caused by BL, in a double mutant
photl phot2 of A. thaliana |55, 56] that is insensitive to
FR, which is an additional proof of GL involvement in
the regulation of CRY1 functioning.

The level of plant photoreactions is determined by
cell concentration of photoreceptors; thus, an overex-
pression of CRY1 leads to increased sensitivity of seed-
lings to GL [57], and a mutation in HY4 gene reduces
their sensitivity to this spectral region [29, 58]. Full sen-
sitivity of transgenic plants to GL is lower than that for
BL. The intensity of radiation required for 50% inhibi-
tion of hypocotyl elongation in CRY1-overexpressed
seedlings of V. tabacum is 0.75 uM/(m? s) of BL com-
pared with 4.00 pM/(m? s) of GL [57].

Nphl mutants, defective at the early stage of pho-
totropism signaling transmission, mediated by BL and
GL, have no most likely photoreceptor of BL and
GL-PHOTI1 [21].

A reversion of the reaction controlled by phyto-
chrome was shown by a light of a another quality, dif-
ferent from FRL [59]. Increased (10—15%) germina-
tion of wild-type A. thaliana seeds, as well as phyA and
phyB mutants under the action of RL+GL, is attrib-
uted by the authors to a synergistic effect of either
PHYA and PHYB, or PHYA, PHYB, and other phy-
tochromes.

Two groups of plant reactions were identified,
based on the analysis of the facts on the reception and
action of GL in the plant: reactions on GL, dependent
and independent of CRY [60, 61].

According to the latest data, thioflavines were
found, which absorb light with a peak at 500 nm, i.e.,
at longer wavelength compared to known lumiflavines
in natural photoreceptors of BL [62]. It is believed that
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the time of their existence is sufficient for photochem-
ical reactions.

Cytochromes, carotenoids, some forms of chloro-
phylls, anthocyanins, and betalains can act as nonregu-
latory pigments absorbing GL. The data on the inhibi-
tory effect of GL+YL on oxidative processes suggest the
components of the respiratory chain—cytochromes
(whose reduced forms have a.- and B-bands of absorp-
tion in the green region of the spectrum, 545—600 nm
and 520—535 nm, respectively)—to be nonregulatory
photoreceptors [63]. Carotenoids can also absorb the
green region of the spectrum as a result of the shift in
their spectrum—electrochromic effect—associated
with the disturbance of the energy levels of the molecule
due to the appearance of light-induced transmembrane
fields [64]. Base bands of electrochromic differential
spectrum were observed in the thylakoids at 478 and
518 nm. Some xanthophylls, e.g., fucoxanthin of
brown, golden, and diatomic algae can absorb light in
the range of 500—590 nm in vivo [63].

The forms of secondary carotenoids resistant to
photodegradation were found in algae and terrestrial
plants—these are retro- and keto-carotenoids (such as
rhodoxantin) with extra-plastid and extra-thylakoid
localization that are not involved in the absorption and
transmission of light energy by chlorophyll molecules.
They are able to absorb a significant part of PAR in the
green region of the spectrum [6]. Rhodoxantin forms
effective irradiation traps in the leaves of Aloe arbore-
scens in a broad band of 450—600 nm, in which the solar
radiation penetrates most deeply into the leaf tissue.

Green light may affect the redox reactions, since
the formation of products occurs during the reduction
of pigments (chlorophyll a, pheophytin o, phthalocy-
anine) by ascorbic acid with an absorption maximum
at 530 nm [65]. Anthocyanins can be called among the
nonregulatory GL pigments. The leaves containing
anthocyanins absorb GL well enough. The reflective
capacity of the leaves in green spectral range of irradi-
ation reduces with increasing content of anthocyanin
[66]. It was found in the study on the optical properties
of leaves of five species—Acer platanoides, Cotoneaster
alaunica, Corylus avellana, Cornus alba, and Partheno-
cissus quinquefolia—that anthocyanin has in vivo
absorption maxima between 537 and 542 nm, showing
the red shift of 5—20 nm compared with the corre-
sponding maxima in acidic medium of water-metha-
nol extracts [67]. Maximum absorption of cyanidin,
dominant aglycone of anthocyanins from the leaves
and fruits, giving them a red color, is approximately
525 nm. The rate of linear electron transport in ETC
of chloroplasts in the leaves of Corylus avellana is char-
acterized by a high positive correlation with endoge-
nous content of anthocyanins [6].

Betalains (betacyanins) constitute a separate group
of water-soluble nitrogen-containing compounds
(alkaloids) that are present in plants of the nine families
of the order Caryophyllales. The absorption spectra of
betacyanins are characterized by a broad band with a
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maximum around 539—543 nm, bathochromic shift of
the absorption maximum to 550 nm is possible as a
result of intramolecular copigmentation [68]. Exoge-
nously added amaranthine (betacyanin) increases the
electron transport by noncyclic pathway (Hill reaction)
in isolated chloroplasts of Amaranthus cruentus [69].

Signal Transduction of Green Light

Phytochrome can be converted by GL into a biolog-
ically active form absorbing FRL [70]; therefore, GL is
able to start a chain reaction with a lower efficiency than
that under RL. Reactions on GL are usually low-energy
photoreactions [70], whereby PHYB can act as one of
the receptors that regulate these reactions.

The movement of the light-activated form of pho-
toreceptor (Pfr) from the cytoplasm to the nucleus is
an essential step in the transduction of light signal by
phytochrome (P or PHY). It was shown on the isolated
nuclei of a single-celled green alga Acefabularia ace-
tabulum that the moving of PHYA occurs by a specific
transport protein FHY1 (FAR-RED-ELONGATED
HYPOCOTYL 1), being also actively exported from
the nucleus [71], and by FHL (FHY1-LIKE) [72].
Phytochromes localized in the nucleus are associated
with specific protein complexes, called photobodies.
The size and distribution of these structures are regu-
lated by the intensity and duration of illumination,
and they are included in the adjustment of phyto-
chrome signal transduction [72].

Active conformer PHY Pfr exported into the
nucleus, physically interacts in the light with PIF tran-
scription regulators, causing a decrease in the accu-
mulation of transcription factors in the cell, accompa-
nied by changes in the transcription of certain genes
and the onset of light development (deetiolation). The
interaction between Pfr and PIF causes not only rapid
decomposition of PIF but also relatively slower
decrease in the levels of PHYB photoreceptor under
prolonged illumination. It was found that seven of
15 members of the PIF subfamily (PIF3, PIF1, PIF4,
PIF5, PIF6, PIF7, and PIF8) interact with PHYB in
a RL/FR photo-reversible way [8]. It was proven
experimentally that, in the shadow light signals,
including these from GL, the content of PHYTO-
CHROME INTERACTING FACTOR 4 (PIF4) and
PIFS5 proteins increases [3].

It is believed that PIF4 mediates the regulation of
SHB1 (SHORT HYPOCOTYL UNDER BLUE1) of
A. thaliana hypocotyl elongation and the expression of
CHLOROPHYLL a/b BINDING PROTEIN3 or CHAL-
CONE SYNTHASE genes under the influence of RL,
since overexpression of SHB1 enhances the expression
of PIF4 [73]. Obtained data [3, 73] indicate the
involvement of PHY in the signal transduction of GL.

Form of flavin of CRY1 photoreceptor restored on
BL can absorb GL. The absorption of GL by crypto-
chrome slows its activation with blue light.
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CRY]1 signal transduction is associated with moving
the light activated form from the nucleus to the cyto-
plasm, and the transmission of CRY1 signals may
include both nuclear and cytoplasmic reactions, since
early transmission of CRY1 signals is still able to func-
tion in the nucleus. In contrast, CRY2 localizes in the
nucleus, both in the dark and in the light. It was shown
that CRY1 and CRY2 are exposed to BL-dependent
phosphorylation and that the phosphorylation status
may be closely related to their regulatory functions [73].
It is important that the members of PIFq group of pro-
teins (PIF1, PIF3, PIF4, and PIF5) also slow the pho-
tomorphogenetic development of the seedlings on BL
and PIF4 and PIF5 suppress the lower level of BL pho-
totropin sensor that controls phototropism [8].

Photoreceptors (PHYA and PHYB) can transmit
and enhance the light signal through the activation of
secondary cytoplasmic mediators (G-proteins,
c¢GMP, Ca**, calmodulin, phospholipases D, protein
phosphatases, protein kinases), causing another type
of cellular activity, including the regulation of gene
expression [74]. The main function of the cytoplasmic
protein SHORT UNDER BLUEI that binds calcium
is the transmission of cryptochrome signals, but it also
modulates PHYA-set Pfr reaction [73].

The initiation of protonema polarity was marked
during the germination of spores of moss Funaria
hydrometrica in the light of different spectral composi-
tion, which was accompanied by a change in the dis-
tribution of Ca?* second messenger in the apical cells
and by their growth [75]. Active cell growth under BL
was associated with the maximum content of Ca?* and
its pronounced apical-basal gradient. The gradient of
Ca?* of the same intensity is mitigated on RL and GL
due to its immobilization, resulting in a partial loss of
cell polarity and reduce in the rate of their growth. The
minimal level of Ca?* was noted on GL.

Light signal transduction and production of ROS
turns on in the process of plant transition from het-
erotrophic to autotrophic growth. ROS may be
involved in the transmission of molecular signals that
regulate numerous developmental processes, includ-
ing cell death. It was shown that the transcriptional
modules PIF1/PIF3-HY5/HYH participate in the
exchange between the signaling pathways of different
light spectrum and ROS, which is one of the mecha-
nisms of plant adaptation to the light conditions of the
environment [76].

PAR1 (PHYTOCHROME RAPIDLY REGULA-
TEDI1) and PAR2 [77] were named among the positive
factors functioning in multiple signaling pathways of
photoreceptors during dectiolation of seedlings
enhancing this process. The accumulation of tran-
scripts of these proteins is suppressed by PHYA,
PHYB, and CRY1 under the influence of FR, RL, and
BL, respectively. PAR1 and PAR?2 act at a lower level
than COPI1 does; however, COP1 determines their
proteolysis in 26S proteasome. Localization of COP1
varies in the light with the participation of various
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transduction pathways of light photoreceptors, and it
is exported from the nucleus to the cytoplasm. This
determines the accumulation of HYS5 transcription
factor in the light and causes the activation of the tran-
scription of genes that are required in order to main-
tain the photomorphogenesis. Since PHYB and CRY1
absorb GL, these reactions may be involved in GL sig-
nal transduction.

The cascade mechanism turns on in response to the
action of light that triggers the gene expression of “pos-
itive” regulators of photomorphogenesis. The influence
of GL on the transcription of plastid genes in the etio-
plasts of the first leaves of Hordeum vulgare seedlings
during deetiolation is shown. Treatment with GL
(545 nm, 120 pM/(m? s)) for 16 h increases the tran-
scription of ten genes by 2.0—3.5 times. The activation
of transcription was observed for three genes of PS 11,
gene of Rubisco large subunit, ATP synthase complex,
F subunit of NADP - H-plastoquinone oxidoreductase,
as well as for “household” genes—genes of 16S and
23S ribosomal RNA, genes encoding 3-subunit of plas-
tid RNA polymerase of bacterial type (rpoB) and trans-
port RNA (#rnE-Y) [30].

At the same time, the treatment with short single
impulse of GL with the intensity from 0.1 to
100 uM/(m?s) led to a decrease in the dark transcrip-
tion of chloroplast genes psaA, psbD, and rbsL
(respectively, the transcripts of the proteins of PS I,
PS 11, and stroma) in A. thaliana and N. tabacum
[78]. The expression of nuclear genes Elip and Lhcb,
whose transcripts were not detected in the dark or
after the impulse of GL increased in phyAphyB
mutant in response to GL impulse.

Downregulation of plastid protein synthesis with a
short impulse of GL [78], as well as the support of stem
growth with GL [61], are considered to be a manifes-
tation of a way of development that is different from
the normal way of photomorphogenetic development
resembling a program of partial etiolation.

“Shade avoidance syndrome” was noted in light-
loving plants that grow in the shade of larger plants,
enriched with GL and FRL. This plant reaction is
associated with intensive elongation of shoot and leaf
petioles, more vertical position of leaves on the stem,
lower branching, and accelerated flowering in the case
of a constant shading [3, 79, 80]. Perhaps, this same
phenomenon is observed in hypocotyl elongation
under the effect of GL in the initial stages of deetiola-
tion of A. thaliana seedlings [61]. This syndrome
affects the expression of certain genes. The transcripts
of HAT4 and PIL I genes are accumulated under illu-
mination conditions with low ratio of RL/FRL rays,
which could serve as excellent indicators for reactions
sensitive to GL. However, wild-type plants do not
increase the level of HAT4 and PIL1 transcripts in
response to GL, indicating the absence of fully syn-
chronous responses on the action of FRL and GL
[79]. GL signals cause partial etiolation of a plant,
independent from CRY1-2, PHYA, and PHYB. At the
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same time, GL signals initiate gene expression, whose
profiles resemble the profiles of gene expression,
mediated by FR. The exception is that CRY receptors
block the changes in gene expression in the presence of
GL and in the absence of FR.

It was shown that PAR1 and PAR2 are the nega-
tive factors in the shade avoidance syndrome of
A. thaliana [77].

Rapid elongation of shoot and leaf petioles in the
shadow is determined by a change in the mechanisms of
cell wall elongation. Changes in cell wall plasticity are
associated with two major protein families—expansins
and xyloglucan endo-transglycosylases/hydrolases
(XET). The role of these proteins in the reactions on
two signals, fixed in the shade, low ratio of RL/FRL and
GL rays (so-called “green shadow”) was studied in
A. thaliana [80]. A quick exit of protons into the apo-
plast, compared with the control on WL, was shown in
petioles treated with “green shadow.” Cell wall elonga-
tion induced by acidification depended on the activity
of XET, which increased in petioles placed in the shade.
Five XET genes (XET9, -15, -16, -17, and -19) are pos-
itively regulated by light with a low ratio of RL/FRL,
while a significant increase in expression in response to
a “green shade” was shown also for the latter four and
XET22. XET were also weakened or shade avoidance
reactions to these light signals were lost in the mutants
of A. thaliana with the defects in two of these genes,
indicating the important role of XE'T genes in the regu-
lation of growth by GL.

Further decoding of the regulation mechanism of
leaf petiole elongation in A. thaliana in the process of
shade avoidance showed that a great role in the regula-
tion of expression of XET genes is played by microtu-
bules that are located in the core cells [81].

The regulation of potassium channels is called one
of the mechanisms of stomata movement regulation
with GL, because the sensitivity of stomata to GL is
observed only in the morning, when the movement of
the guard cells is determined by the attraction of
potassium in them as an osmotic [56].

Green light on par with other portions of PAR
spectrum is involved in the gene expression of low
molecular secretory phospholipase A2a (CssPLA2a)
and b (CsPLA2b) in C. sinensis [39], which is involved
in various cellular processes, including the transmis-
sion of light signals, lipid metabolism, injury reac-
tions, pathogen-plant interaction, transmission of
defense signals, fruit dropping, auxin-regulated reac-
tions, and stomatal movement.

We know about the delay of plant flowering under
the effect of GL [25, 26], since the flowering is con-
trolled by CRY2, and the levels of FT (FLOWERING
LOCUS T) mRNA are reduced in cry2 mutant [82]. It
should be noted that the inhibition of GL occurs only
in the presence of the CRY2 and BL, since GL inhibits
the expression of F7T gene by inactivating BL receptor.
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Based on the above said and other known facts of
light signal transduction through phytochromes and
cryptochromes involving nuclear genome [83], as well
as on a possible absorbtion of GL by these sensory pig-
ments, one can also imagine GL signal transmission.
Each photoreceptor is suggested to have multiple sig-
naling pathways of the lower level in photomorpho-
genesis.

More complex interactions of various regulatory
and nonregulatory systems are formed in the process
of long-term plant adaptation to the light conditions.
The presence of several GL photoreceptors with over-
lapping absorption spectra may cause the change in
the force of responses to the action of GL of varying
intensity. The rate of formation of Chl and carotenoids
decreased in 4y4 mutant in the absence of highly ener-
getic CRY1 photoreceptor during deetiolation [30]
and at constant GL (48 uM/(m?)) compared with the
original line of A. thaliana Landsberg erecta (Ler)
ecotype [29]. A twofold increase in GL intensity
increased the content of all groups of pigments, reduc-
ing the differences between the lines [30, 31]. The lat-
ter fact is explained with both regulatory reactions due
to other GL photoreceptors that are different from
CRY1 and energy saturation of biosynthetic reactions.

There are effective mechanisms of accurate regula-
tion of Chl biosynthesis in plants. Two transcription
factors derived from transposase were identified as
positive controls of Chl biosynthesis in A. thaliana:
FHY3 (FAR-RED ELONGATED HYPOCOTYL?3)
and FAR1 (FARRED IMPAIRED RESPONSE1)
[84]. FHY3 binds directly to the promoter and acti-
vates the expression of HEMBI, encoding a dehydro-
genase of 5-aminolevulinic acid (ALAD) of Chl bio-
synthetic pathway. It was shown that PIF1 interacts
physically with FHY3 DNA binding domain and
thereby partially inhibits the expression of
FHY3/FARI activated by HEMBI. Light activates the
expression of FHY3, thereby increasing the level of
HEMBI transcript and the level of ALAD protein,
determining the accumulation of protochlorophyll
and subsequent synthesis of chlorophyll. It can be
assumed that, since GL increases the Chl content in
plants, this mechanism can be used to regulate its bio-
synthesis under GL.

The interaction between transmission pathways of
“sugar signals” (sucrose) and light signals (BL, RL and
FR) has been shown at the present time in the regula-
tion of the three target genes involved in nitrogen
assimilation—asparagine synthetase (ASN/ and
ASN2) and glutamine synthetase (GLN2)—in plants
[85]. Light cancels the regulatory effect of sucrose on
gene expression of ASNI and GLNZ in etiolated seed-
lings. In contrast, sucrose cancels the regulatory effect
of light on the expression of ASN2 and GLN2 in plants
grown in the light. The effect of GL on the condition
of CRY1 can also change the interaction of transmis-
sion pathways of these two signals.
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Green light is involved in the regulation of endoge-
nous level of phytohormones, supporting the synthesis
and redistribution of auxin and decomposition of
DELLA proteins and increasing the expression of
genes activated by auxins, gibberellins, and brassinos-
teroids [3]. Furthermore, the distribution of auxins is
controlled by microtubules of core cells [§1] and, pos-
sibly, by ethylene level [8].

The growth and development rates are decreased
under GL in the plants of light mutants (hy I, hy3, hy4)
in the absence of phytochrome or CRY1 compared
with the original line, indicating the role of these
receptors in GL signal transduction. Organs of small
sizes are formed in mutant plants, and their compe-
tence to the photoperiodic induction of flowering
reduces. In addition, GL reduces the growth and
development of ga4- I and det2 mutant plants, charac-
terized by impaired synthesis of GA and brassinoster-
oids, respectively [30, 31, 86]. Exogenous brassinolide
restores the “etiolated phenotype” of hypocotyls of
det2 mutant with impaired synthesis of brassinoster-
oids under GL [31], which is probably due to the
expression of specific genes [30, 87].

Another proof of the involvement of hormonal
growth regulators in the mechanism of action of photo-
receptors includes the following data. The expression of
ARR4 (AUTHENTIC RESPONSE REGULATOR4)
gene is regulated not only by phytochrome PHYB but
also by phytohormone cytokinin, which may indicate
the interaction between light and hormone-dependent
cascades of signal transmission through ARR4 [88]. At
the heart of GL regulatory action on the growth of leaf,
seedling, and the whole plant are changes in their hor-
monal composition, determined by genotype or exoge-
nous regulators [14, 29, 86, 89—91]. The activation of
the first leaf elongation during deetiolation under GL
(30 min) of seedlings of a bipartite plant (Phaseolus vul-
garis) was accompanied by a temporary increase in the
content of IAA and the sum of gibberellins (GA; +
GA,), followed by a change in the pool of gibberellins
(GA, + GA,), as well as by a temporary reduction in the
level of ABA. The growth rate of the leaf in the dark
retained under similar conditions in the seedlings of a
monocot (A. sativa). The growth rate was maintained by
IAA and zeatin riboside (ZR), synthesized in etiolated
leaves, with a parallel increase in the level of ABA and
inactive gibberellin GAq and reduce in the level of active
GA, [86]. There was a species-specific response to GL.
The action of GL of a shorter duration (1 minute) was
required to enhance IAA and GA, in bean leaf more
sensitive to GL than that for oat leaf (30 min).

The level of hormones is controlled by GL in ger-
minating seeds, too. Thus, GL (57.5 uM/(m? s)) par-
tially reversed the inhibitory effect of BL of same
intensity on seed germination, reducing the ABA con-
tent in them [54], which suggests the involvement of
CRY1 and, thus, the realization of the process due to
reduced gene expression of 9-cis-epoxycarotenoid
dioxygenase that synthesizes ABA, as well as gene
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expression of 8'-hydroxylase involved in seed imbibi-
tion [92].

Different in magnitude and direction response
growth reaction of plants to light may be due to either
different competence (state of photoreceptors), or the
interaction of the various components of signal trans-
duction (hormonal complex). For example, the level
GA, + GA; and TAA synthesized in etiolated seedling
did not change in the absence of CRY1 photoreceptor
in the hy4 mutant of A. thaliana during deetiolation
under GL, but the level of free ABA decreased due to
active binding. The facts show a violation of GL signal
transduction in the absence of CRY1 involving hor-
mones from these groups [89].

At the same time, the deficit of reactive forms of
GA, + GA, in ga4-1 mutant plants of A. thaliana
caused the decrease in the content of IAA and
increase in the level of ZR and ABA compared with
original line Ler [90]. The increase in the deficit of
IAA and the accumulation of inactive precursor of
gibberellins (GAy) during the adaptation of ga4-1 to
GL, as well as the data [93] on the interaction of GA
and IAA at the level of their biosynthesis, suggest an
inhibitory effect of GL on the synthesis of gibberel-
lins on the level of B-hydroxylase.

CONCLUSIONS

In conclusion, it should be noted that GL, along
with other portions of the visible region of the electro-
magnetic radiation, carries information about the
environment to the plants. It is the factor that regu-
lates the morphology of cells, tissues, and organs; the
processes of photosynthesis, respiration, and growth;
and the duration of the stages of plant ontogenesis.

The number of photoreceptors that are in an active
state is an important component of light signaling,
which is capable of signal transmission. Lifetime of the
active state of photoreceptor involved in signaling is
limited due to the return of the chromophore to stan-
dard state and/or due to degradation of the photore-
ceptor in the state activated by illumination. It was
shown that the time of half-life of CRY1 and CRY2
signaling transmission state is, therefore, between 5
and 16 minutes [94].

From the standpoint of modern ideas about the
functioning of photoreceptors, one can assume the
simultaneous participation of several photoreceptors
(CRY1-2, PHOT1-2, ZTL / FKF1 / LKP2, PHYA-
B, etc.) in the regulatory role of GL that are differ-
ently activated by the illumination and interact with
each other. In particular, the illumination-dependent
interaction of CRY1 and PHYB photoreceptors was
shown [95]. CRY1 interacts with inactive form of Pr
PHYB, but it does not interact with Pfr activated by
RL or with chromophore of unbound form of the
enzyme. The interaction is also regulated by the light
activation of CRY1, Pr PHYB interacts only with the
free form of CRY1, but it does not interact with the
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photostimulated protein. There is a hypothesis that
the interaction of PHYB/CRY1 in plants starts a tun-
ing of reactions to the action of light of different
spectral composition at RL/FRL and BL/UV-A. GL
absorbed by cryptochromes and phytochromes,
especially by PHYB, causes a change in the state of
photoreceptors—it inactivates cryptochromes and
activates phytochromes.

The induction of expression of CHS gene (CHS is
the first enzyme on the biosynthetic pathway of fla-
vonoids and anthocyanins) reduces in phyA phyB
mutant, indicating the need of phytochromes for full
induction of CHS gene by CRY1. The observed lack of
GL action on the level of CHS expression is believed to
be the result of interference between the reduced level
of CRY1 activity and elevated levels of active Pfr [94].
Since CRY1 and PHYB absorb GL, these receptors
can be used to adjust the plant response to changing
ratio of BL/GL in the environment [70].

HRB1 (HYPERSENSITIVE TO RED AND
BLUE1) protein was identified among the components
of the lower level of photoreceptors in A. thaliana [96],
which is localized in the nucleus and belongs to the
family Dil9 (Drought induced 19). The activity of
HRBI is required for the induction of PIF4 expression
by RL and BL. HRB1 and PIF4, participating together
in the regulation of reactions by RL and BL, may be the
links where the chains of signal transmission by RL and
BL cross. The same mediator can modify the GL signal
transduction by photoreceptors, since GL increased the
content of PIF4 [3].

There is proof of the possible interactions between
UVRS and cryptochromes [97]. UVRS is required for
the accumulation of transcripts of genes included in
UV-protection, oxidative stress, and hormone signal
transduction. Under the natural irradiance with UV-A,
UVRS probably interacts with UV-A/BL signaling
pathways in order to reduce the level of the transcript
initiated by UV-B, and to accumulate PDXI1 protein
(PYRIDOXINE BIOSYNTHESIS1). Pre-irradiation
with GL (530 and 570 nm), unlike RL, did not increase
the resistance of the photosynthetic apparatus to UV
radiation [98], which may be due to the inactivation of
cryptochrome.

The inclusion of one or another photoreceptor in
combined light stream will depend on the intensity of
GL. GL may reduce the effectiveness of BL in the reg-
ulation of processes through receptors that bind fla-
vins. The duration of reversion in the light and in the
dark will vary depending on the number of flavin
groups in a molecule of the receptor (1 for CRY1-2
and ZTL/FKF1/LKP2 or 2 for PHOT1-2) [43, 94]
and, therefore, the state of the receptor at any given
time will also vary.

This representation explains the reaction of plants of
different levels and their focus in response to the action
of GL. In addition, there is the opportunity to partici-
pate in the regulatory function of GL and little-known
photoreceptors, containing thioflavine cofactors [62].
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The impact of GL on energetic processes may be further
realized through the other pigments absorbing
medium-wavelength region of PAR [6, 63—69].

Generalization of the entire data enables us to rep-
resent the possible ways of GL signal reception and
transduction in plants in a single branched chain. GL
affects the processes occurring in plants through the
regulatory pigments (PHYA-B, CRY1-2, PHOT1-2,
ZTL/FKF1/LKP2, and/or unknown specific GL
receptors) and other pigments that absorb medium-
wavelength region of PAR (chlorophyll a + ascorbate,
phycobilins, carotenoids, secondary carotenoids,
anthocyanins, betalains, cytochromes). Photosyn-
thetic pigments implement the energy action of GL on
the metabolic processes. Excess GL is absorbed by
secondary carotenoids, anthocyanins, and betalains.

Regulatory pigments trigger a cascade of secondary
messengers on GL that activate the genome (nuclear,
chloroplast, mitochondrial) and control the activity of
the processes of plant life.

The reverse effect of the products of metabolism
(photosynthesis and respiration) on the state of the
photoreceptors is possible. For example, the photo-
chemical activity of small metabolites, including
NADPH, NADH, and ATP, serves to maintain the
photoreduction of CRY [99] as a GL receptor, whereas
the reverse reaction of flavin dark reoxidation in the
protein of cryptochrome of A. thaliana (AtCRY1) may
be carried out with molecular oxygen [100].

The regulatory function of GL is implemented
ahead of its energy function, since the GL signal acti-
vates the network of secondary mediators through
PHYA-B, CRY1, and other GL receptors that absorb
light with a wavelength of 515—553 nm, as well as the
hormonal system of regulation, including a program of
plant photomorphogenesis coupled with the forma-
tion of the photosynthetic apparatus.

The growth and development of plant structural
elements of different levels (subcellular, cellular,
organ, organism) determine donor-acceptor relations
between them and affect the intensity and direction of
metabolism.

The ability to absorb GL allows plants to fully
assess the lighting conditions and to respond ade-
quately to the changes in their phytocenosis during the
day or season. The mechanisms of stomata movement,
germination, and circadian rhythms are not by chance
controlled by the ratio of GL/BL [24, 25, 39, 54]. GL
is especially important in the early stages of plant
ontogenesis, since the correct evaluation of light con-
ditions enables the turning on of an adequate develop-
ment program for the regulation of the size and mor-
phological structure of the seedling.

Further study on the mechanisms of GL action on
plant life will enhance the understanding of photoregu-
latory and photobiological processes of the organisms.

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY Vol. 62

737

ACKNOWLEDGEMENTS

This work was supported by the Russian Foundation
for Basic Research, project nos. 08-04-90042-Bel a
and 11-04-98090-r_sibir_a.

REFERENCES

1. Tarakanov, I.G. and Wang, J., Light trophic and signal
roles in the control of morphogenesis of the Brassica
plants developing storage roots, Russ. J. Plant Physiol.,
2009, vol. 56, pp. 232—-241.

2. Bouly, J.-P,, Schleicher, E., Dionisio-Sese, M., Van-
denbussche, FE, Stracten, D.V.D., Bakrim, N.,
Meier, S., Batschauer, A., Galland, P, Bittl, R., and
Ahmad, M., Cryptochrome blue light photoreceptors
are activated through interconversion of flavin redox
states, J. Biol. Chem., 2007, vol. 282, pp. 9383—9391.

3. Casal, J.J., Shade avoidance, in The Arabidopsis Book,
2012, no. 10: e0157.

4. Karnachuk, R.A., Regulation of leaf growth and pho-
tosynthesis by green light, Sov. Plant Physiol., 1987,
vol. 34, pp. 765—773.

5. Terashima, 1., Fujita, T., Inoue, T., Chow, W.S., and
Oguchi, R., Green light drives leaf photosynthesis
more efficiently than red light in strong white light:
revisiting the enigmatic question of why leaves are
green, Plant Cell Physiol., 2009, vol. 50, pp. 684—697.

6. Solovchenko, A.E. and Merzlyak, M.N., Screening of
visible and UV radiation as a photoprotective mecha-
nism in plants, Russ. J. Plant Physiol., 2008, vol. 55,
pp. 719—737.

7. Tikhomirov, A.A., Lisovskii, G.M., and Sid’ko, EYa.,
Spektral’nyi sostav sveta i produktivnost' rastenii (Spec-
tral Composition of Light and Plant Productivity),
Novosibirsk: Nauka, 1991.

8. Leivar, P. and Monte, E., PIFs: systems integrators in
plant development, Plant Cell, 2014, vol. 26, pp. 56—78.

9. Goggin, D.E., Steadman, K.J., and Powles, S.B.,

Green and blue light photoreceptors are involved in

maintenance of dormancy in imbibed annual ryegrass

(Lolium rigidum) seeds, New Phytol., 2008, vol. 180,

pp. 81—89.

Goggin, D.E. and Steadman, K.J., Blue and green

are frequently seen: responses of seeds to short- and

mid-wavelength light, Seed Sci. Res., 2012, vol. 22,

pp. 27-35.

11. Luna, B., Perez, B., Fernandez-Gonzalez, F., and

Moreno, J.M., Sensitivity to green safelight of 12 med-

iterranean species, Seed Sci. Technol., 2004, vol. 32,

pp. 113—117.

Binder, B.J. and Anderson, D.M., Green light-medi-

ated photomorphogenesis in a dinoflagellate resting

cyst, Nature, 1986, vol. 322, pp. 659—661.

Klein, R.M., Reversible effects of green and orange-

red radiation on plant cell elongation, Plant Physiol.,

1979, vol. 63, pp. 114—116.

Karnachuk, R.A. and Golovatskaya, I.F, Effect of

light spectral composition on the hormonal balance,

growth, and photosynthesis in plant seedlings, Russ. J.

Plant Physiol., 1998, vol. 45, pp. 805—813.

Kudo, R., Ishida, Y., and Yamamoto, K., Effect of green

light irradiation on induction of disease resistance in

plants, Acta Hortic., 2011, vol. 907, pp. 251—-254.

10.

12.

13.

14.

15.

No. 6 2015



738

16

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

GOLOVATSKAYA, KARNACHUK

. Muneer, S., Kim, E.J., Park, J.S., and Lee, J.H., Influ-
ence of green, red and blue light emitting diodes on
multiprotein complex proteins and photosynthetic
activity under different light intensities in lettuce leaves
(Lactuca sativa L.), Int. J. Mol. Sci., 2014, vol. 15,
pp. 4657—4670.

Pardo, G.P, Aguilar, C.H., Martinez, ER., and
Canseco, M.M., Effects of light emitting diode high
intensity on growth of lettuce (Lactuca sativa L.) and
broccoli (Brassica oleracea L.) seedlings, Annu. Res.
Rev. Biol., 2014, vol. 19, pp. 2983—2994.

Kim, H.H., Green-light supplementation for
enhanced lettuce growth under red- and blue-light-
emitting diodes, HortScience, 2004, vol. 39, pp. 1617—
1622.

Nabhar, S.J., Shimasaki, K., and Haque, S.M., Effect
of different light and two polysaccharides on the pro-
liferation of protocorm-like bodies of Cymbidium cul-
tured in vitro, Acta Hortic., 2012, vol. 956, pp. 307—
313.

Okada, K. and Shimura, Y., Modulation of root growth
by physical stimuli, in Arabidopsis, Meyerowitz, E.M.
and Somerville, C.R., Eds., New York: Cold Spring
Harbor Lab. Press, 1994, pp. 655—683.

Liscum, E. and Briggs, W.R., Mutations in the NPH1
locus of Arabidopsis disrupt the perception of photo-
tropic stimuli, Plant Cell, 1995, vol. 7, pp. 473—485.
McCoshum, S. and Kiss, J.Z., Green light affects
blue-light-based phototropism in hypocotyls of Arabi-
dopsis thaliana, J. Torrey Bot. Soc., 2011, vol. 138,
pp. 409—417.

Furukawa, T., Watanabe, M., and Shihira-Ishikawa, I.,
Green- and blue-light-mediated chloroplast migration
in the centric diatom Pleurosira laevis, Protoplasma,
1998, vol. 203, pp. 214—220.

Figueroa, FEL., Niell, EX., Figueiras, F.G., and Vil-
larino, M.L., Diel migration of phytoplankton and
spectral light field in the Ria de Vigo (NW Spain),
Planta, 1998, vol. 130, pp. 491—499.

Konstantinova, T.N., Aksenova, N.P.,, and Niki-
tina, A.A., Effect of light spectral composition on
development of coneflower and beef-steak plant
under long- and short-day conditions, Sov. Plant
Physiol., 1968, vol. 15, pp. 363—366.

Negretskii, V.A., Lozhnikova, V.N., and Kanevskii, V.A.,
Effect of green light of different spectral length on flow-
ering of the short-day plant red goosefoot (Chenopodium
rubrum L.), Dokl. Bot. Sci., Akad. Nauk SSSR, 1991,
vol. 313/315, pp. 73—74.

Shakhov, A.A., Fotoenergetika rastenii i urozhai (Pho-
toenergetics of Plants and Harvest), Moscow: Nauka,
1993.

Vrublevskaya, K.G., Zaitseva, T.A., and Mandel’, TE.,
Photochemical activity of wheat chloroplasts during
the greening under light with different spectral compo-
sition, Sov. Plant Physiol., 1978, vol. 25, pp. 1109—
1114.

Golovatskaya, I.F. and Karnachuk, R.A., Effect of jas-
monic acid on morphogenesis and photosynthetic pig-
ment level in Arabidopsis seedlings grown under green
light, Russ. J. Plant Physiol., 2008, vol. 55, pp. 220—
224.

Efimova, M.V., Karnachuk, R.A., Kuznetsov, V.V,
and Kuznetsov, VL.V., Green light regulates plastid
gene transcription and stimulates the accumulation of

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY Vol. 62

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

photosynthetic pigments in plants, Dokl. Biol. Sci.,
2013, vol. 451, pp. 253—256.

Golovatskaya, I.F., Brassinosteroids and light — regu-
latory factors of growth and development of plants, in
Brassinosteroids: A Class of Plant Hormone, Hayat S.
and Ahmad A., Eds., New York: Springer-Verlag,
2011, pp. 119—143.

Tokhver, A.K., Phytochrome, its main forms and
their properties, in Foforegulyatsiya metabolizma i
morfogeneza rastenii (Photoregulation of Metabolism
and Morphogenesis in Plants), Kursanov, A.L. and
Voskresenskaya, N.P., Eds., Moscow: Nauka, 1975,
pp- 56—65.

Zhang, T. and Folta, K.M., Green light signaling and
adaptive response, Plant Signal. Behav., 2012, vol. 7,
pp. 1-4.

Karnachuk, R.A., Postovalova, V.M., Belen’kaya, E.V.,
and Zhulanova, S.G., Phytochrome controls 4C-car-

bohydrate metabolism in plants, Sov. Plant Physiol.,
1978, vol. 25, pp. 268—271.

Terashima, 1., Hanba, Y.T., Tholen, D., and
Niinemets, U., Leaf functional anatomy in relation
to photosynthesis, Plant Physiol., 2011, vol. 155,
pp. 108—116.

Johkan, M., Shoji, K., and Goto, E, Effect of green
light wavelength and intensity on photomorphogenesis
and photosynthesis in Lactuca sativa, Environ. Exp.
Bot., 2012, vol. 75, pp. 128—133.

Golovatskaya, I.F, The role of cryptochrome 1 and
phytochromes in the control of plant photomorphoge-
netic responses to green light, Russ. J. Plant Physiol.,
2005, vol. 52, pp. 724—730.

Samuoliené, G., Sirtautas, R., Brazaityté, A., and
Duchovskis, P, Led lighting and seasonality effects
antioxidant properties of baby leaf lettuce, Food
Chem., 2012, vol. 134, pp. 1494—1499.

Liao, H.L. and Burns, J.K., Light controls phospholi-
pase A2a and b gene expression in Citrus sinensis,
J. Exp. Bot., 2010, vol. 61, pp. 2469—2478.

Liscum, E., Hodgson, D.W., and Campbell, T.J., Blue
light signaling through the cryptochromes and pho-
totropins. So that’s what the blues is all about, Plant
Physiol., 2003, vol. 133, pp. 1429—1436.

Kagawa, T., Sakai, T., Suetsugu, N., Oikawa, K., Ishi-
guro, S., Kato, T., Tabata, S., Okada, K., and Wada, M.,
Arabidopsis NPL1: a phototropin homolog controlling
the chloroplast high-light avoidance response,
Science, 2001, vol. 291, pp. 21 384—21 391.

Moglich, A. and Moftat, K., Engineered photorecep-
tors as novel optogenetic tools, Photochem. Photobiol.
Sci., 2010, vol. 9, pp. 1286—1300.

Ito, S., Song, Y.H., and Imaizumi, T., LOV domain-
containing F-box proteins: light-dependent protein
degradation modules in Arabidopsis, Mol. Plant, 2012,
vol. 5, pp. 573—582.

Galvao, R.M., Li, M., Kothadia, S.M., Haskel, J.D.,
Decker, P.V., van Buskirk, E.K., and Chen, M., Pho-
toactivated phytochromes interact with HEMERA
and promote its accumulation to establish photomor-
phogenesis in Arabidopsis, Gen. Dev., 2012, vol. 26,
pp. 1851—1863.

Wu, D., Hu, Q., Yan, Z., Chen, W,, Yan, C., Huang, X.,
Zhang, J., Yang, P, Deng, H., Wang, J., Deng, X.W,,

No. 6 2015



46.

47.

48.

49.

50.

SI.

52.

53.

54.

55.

56.

57.

58.

59.

ROLE OF GREEN LIGHT IN PHYSIOLOGICAL ACTIVITY OF PLANTS

and Shi, Y., Structural basis of ultraviolet-B perception
by UVRS, Nature, 2012, vol. 484, pp. 214—219.
Sineshchekov, O.A., Jung, K.H., and Spudich, J.L.,
Two rhodopsins mediate phototaxis to low- and high-
intensity light in Chlamydomonas reinhardtii, Proc.
Natl. Acad. Sci. USA, 2002, vol. 99, pp. 8689—8694.
Ebnet, E., Fischer, M., Deininger, W., and Hege-
mann, P., Volvoxrhodopsin, a light-regulated sensory
photoreceptor of the spheroidal green alga Volvox car-
teri, Plant Cell, 1999, vol. 11, pp. 1473—1484.
Grossman, A.R., Bhaya, D., and He, Q., Tracking the
light environment by cyanobacteria and the dynamic
nature of light harvesting, J. Biol. Chem., 2001,
vol. 276, pp. 11 449—11 452.

Shapiro, T.E. and Zaitseva, T.A., Phytochrome regula-
tion of the photosynthetic apparatus formation in wheat
seedlings depending on the dose of preliminary illumi-
nation, Sov. Plant Physiol., 1991, vol. 38, pp. 40—44.
Vicente, C. and Garcia, 1., Decrease in phytochrome
pelletability induced by green + far-red light in Trifo-
lium repens, Biochem. Biophys. Res. Commun., 1981,
vol. 100, pp. 17-22.

Tanada, T., Interaction of green or red light with blue
light on the dark closure Albizzia pinnules, Physiol.
Plant., 1984, vol. 61, pp. 35—37.

Sellaro, R., Crepy, M., Trupkin, S.A., Karayekov, E.,
Buchovsky, A.S., Rossi, C., and Casal, J.J., Crypto-
chrome as a sensor of the blue/green ratio of natural
radiation in Arabidopsis, Plant Physiol., 2010, vol. 154,
pp. 401—409.

Liu, Z., Zhang, M., Guo, X., Tan, C., Li, J., Wang, L.,
Sancar, A., and Zhong, D., Dynamic determination of
the functional state in photolyase and the implication
for cryptochrome, Proc. Natl. Acad. Sci. USA, 2013,
vol. 110, pp. 12 972—12 977.

Hoang, H.H., Sechet, J., Bailly, C., Leymarie, J., and
Corbineau, F., Inhibition of germination of dormant
barley (Hordeum vulgare 1.) grains by blue light as
related to oxygen and hormonal regulation, Plant Cell
Environ., 2014, vol. 37, pp. 1393—1403.

Talbott, L.D., Shmayevich, 1.J., Chung, Y., Ham-
mad, J.W., and Zeiger, E., Blue light and phyto-
chrome-mediated stomatal opening in the npgl and
photl phot2 mutants of Arabidopsis, Plant Physiol.,
2003, vol. 133, pp. 1522—1529.

Talbott, L.D., Hammad, J.W., Harn, L.C.,
Nguyen, V.H., Patel, J., and Zeiger, E., Reversal by
green light of blue light-stimulated stomatal opening in
intact, attached leaves of Arabidopsis operates only in
the potassium-dependent, morning phase of move-
ment, Plant Cell Physiol., 2006, vol. 47, pp. 332—339.
Lin, C., Ahmad, M., Gordon, D., and Cashmore, A.R.,
Expression of an Arabidopsis cryptochrome gene in
transgenic tobacco results in hypersensitivity to blue,
UV-A, and green light (photoreceptor), Proc. Natl.
Acad. Sci. USA, 1995, vol. 92, pp. 8423—8427.
Frechilla, S., Talbott, L.D., Bogomolni, R.A., and
Zeiger, E., Reversal of blue light-stimulated stomatal
opening by green light, Plant Cell Physiol., 2000,
vol. 41, pp. 171-176.

Poppe, C., Sweere, U., Drumm-Herrel, H., and Scha-
fer, E., The blue light receptor cryptochrome 1 can act
independently of phytochrome A and B in Arabidopsis
thaliana, Plant J., 1998, vol. 16, pp. 465—471.

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY Vol. 62

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

No. 6

739

Folta, K.M., Green light stimulates early stem elonga-
tion, antagonizing light-mediated growth inhibition,
Plant Physiol., 2004, vol. 135, pp. 1407—1416.

Folta, K.M. and Maruhnich, S.A., Green light: a sig-
nal to slow down or stop, J. Exp. Bot., 2007, vol. 58,
pp- 3099—-3111.

Marian, C.M., Nakagawa, S., Rai-Constapel, V.,
Karasulu, B., and Thiel, W., Photophysics of flavin
derivatives absorbing in the blue-green region: thiofla-
vins as potential cofactors of photoswitches, J. Phys.
Chem., 2014, vol. 118, pp. 1743—1753.

Goodwin, TW. and Mercer, E.l., Introduction to Plant
Biochemistry, Oxford: Pergamon, 1983, vol. 1.
Photosynthesis, Govindjee, Ed., New York: Academic,
1982, vol. 1-2.

Krasnovskii, A.A., Preobrazovanie energii sveta pri
Jfotosinteze. Molekulyarnye mekhanizmy. 29-e Bakho-
vskoe chtenie (The 29th Bach Lectures “The Conversion
of Light Energy in Photosynthesis”), Moscow: Nauka,
1974.

Gitelson, A.A., Chivkunova, O.B., and Merz-
lyak, M.N., Nondestructive estimation of anthocya-
nins and chlorophylls in anthocyanic leaves, Am. J.
Bot., 2009, vol. 96, pp. 1861—1868.

Merzlyak, M.N., Chivkunova, O.B., Solovchenko, A.E.,
and Naqvi, K.R., Light absorption by anthocyanins in
juvenile, stressed, and senescing leaves, J. Exp. Bot.,
2008, vol. 59, pp. 3903—3911.

Solovchenko, A. and Chivkunova, O., Physiological
role of anthocyanin accumulation in common hazel
juvenile leaves, Russ. J. Plant Physiol., 2011, vol. 58,
pp. 674—680.

Ptushenko, V.V.,, Gins, M.S., Gins, V.K., and
Tikhonov, A.N., Interaction of amaranthin with the
electron transport chain of chloroplasts, Russ. J. Plant
Physiol., 2002, vol. 49, pp. 585—591.

Wang, Y. and Folta, K.M., Contributions of green light
to plant growth and development, Am. J. Bot., 2013,
vol. 100, pp. 70—78.

Pfeiffer, A., Kunkel, T., Hiltbrunner, A., Neuhaus, G.,
Wolf, 1., Speth, V., Adam, E., Nagy, E, and Schifer, E.,
A cell-free system for light-dependent nuclear import of
phytochrome, Plant J., 2009, vol. 57, pp. 680—689.
Klose, C., Viczian, A., Kircher, S., Schifer, E., and
Nagy, F., Molecular mechanisms for mediating light-
dependent nucleo/cytoplasmic partitioning of phyto-
chrome photoreceptors, New Phytol., 2015, vol. 206,
pp. 965—-971.

Kang, X. and Ni, M., Arabidopsis SHORT HYPO-
COTYL UNDER BLUEI1 contains SPX and EXS
domains and acts in cryptochrome signaling, Plant
Cell, 2006, vol. 18, pp. 921-934.

Kreslavski, V.D. and Allakhverdiev, S.I., Transduction
mechanisms of photoreceptor signaling in plant cell,
Russ. J. Biol. Membr., 2006, vol. 23, pp. 275—295.
Demkiv, O.T., Kardash, A.R., and Khorkavtsiv, Ya.D.,
Cell polarity, its formation and reorientation, in Rost i
ustoichivost' rastenii (Plant Growth and Resistance),
Salyaev, R.K. and Kefeli, V.I., Eds., Novosibirsk:
Nauka, 1988.

Chen, D., Xu, G., Tang, W,, Jing, Y., Ji, Q., Fei, Z.,
and Lina, R., Antagonistic basic helix-loop-
helix/bZIP transcription factors form transcriptional
modules that integrate light and reactive oxygen spe-

2015



740

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

GOLOVATSKAYA, KARNACHUK

cies signaling in Arabidopsis, Plant Cell, 2013, vol. 25,
pp. 1657—1673.

Zhou, P, Song, M., Yang, Q., Su, L., Hou, P, Guo, L.,
Zheng, X., Xi, Y., Meng, E, Xiao, Y., Yang, L., and
Yang, J., Both PHYTOCHROME RAPIDLY
REGULATEDI1 (PAR1) and PAR2 promote seedling
photomorphogenesis in multiple light signaling path-
ways, Plant Physiol., 2014, vol. 164, pp. 841—852.
Dhingra, A., Bies, D.H., Lehner, K.R., and
Folta, K.M., Green light adjusts the plastid tran-
scriptome during early photomorphogenic develop-
ment, Plant Physiol., 2006, vol. 142, pp. 1256—1266.
Zhang, T., Maruhnich, S.A., and Folta, K.M., Green
light induces shade avoidance symptoms, Plant Physiol.,
2011, vol. 157, pp. 1528—1536.

Sasidharan, R., Chinnappa, C.C., Staal, M.,
Elzenga, J.T.M., Yokoyama, R., Nishitani, K., Voe-
senek, L.A.C.J., and Pierik, R., Light quality-medi-
ated petiole elongation in Arabidopsis during shade
avoidance involves cell wall modification by xyloglu-
can endotransglucosylase/hydrolases, Plant Physiol.,
2010, vol. 154, pp. 978—990.

Sasidharan, R., Keuskamp, D.H., Kooke, R., Voe-
senek, L.A.C.J., and Pierik, R., Interactions between
auxin, microtubules and XTHs mediate green shade-
induced petiole elongation in Arabidopsis, PLoS One,
2014, vol. 9: €90587.

Banerjee, R., Schleicher, E., Meier, S., Viana, RM.,
Pokorny, R., Ahmad, M., Bittl, R., and Batschauer, A.,
The signaling state of Arabidopsis cryptochrome 2 con-
tains flavin semiquinone, J. Biol. Chem., 2007, vol. 282,
pp. 14916—14 922.

Jiao, Y., Lau, O.S., and Deng, X.W., Light-regulated
transcriptional networks in higher plants, Nat. Rev.
Genet., 2007, vol. 8, pp. 217—230.

Tang, W., Wang, W., Chen, D., Ji, Q., Jing, Y.,
Wang, H., and Lin, R., Transposase-derived proteins
FHY3/FARI1 interact with PHYTOCHROME-
INTERACTING FACTORI to regulate chlorophyll
biosynthesis by modulating HEMB1 during deetiola-
tion in Arabidopsis, Plant Cell, 2012, vol. 24, pp. 1984—
2000.

Thum, K.E., Shasha, D.E., Lejay, L.V., and Coru-
zzi, G.M., Light- and carbon-signaling pathways.
Modeling circuits of interactions, Plant Physiol.,
2003, vol. 132, pp. 440—452.

Karnachuk, R.A., Negretskii, V.A., and Golo-
vatskaya, I.F., Hormonal balance in plant leaves
under light with different spectral composition, Sov.
Plant Physiol., 1990, vol. 37, pp. 527—534.

Efimova, M.V., Kuznetsov, V.V., Kravtsov, A.K., Kar-
nachuk, R.A., Khripach, V.A., and Kuznetsov, VL.V,,
Regulation of the transcription of plastid genes in
plants by brassinosteroids, Dokl. Biol. Sci., 2012,
vol. 445, pp. 272-275.

Sweere, U., Eichenberg, K., Lohrmann, J., Mira-
Rodado, V., Baurle, 1., Kudla, J., Nagy, E,, Schifer, E.,
and Harter, K., Interaction of the response regulator
ARR4 with phytochrome B in modulating red-light
signaling, Science, 2001, vol. 294, pp. 1108—1111.

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY Vol. 62

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Karnachuk, R.A., Golovatskaya, I.F., Efimova, M.V.,
and Khripach, V.A., The effect of epibrassinolide on
Arabidopsis seedling morphogenesis and hormonal
balance under green light, Russ. J. Plant Physiol.,
2002, vol. 49, pp. 530—533.

Golovatskaya, I.F., Effect of gibberellin on Arabidopsis
growth, development, and hormonal balance under
green and blue light, Russ. J. Plant Physiol., 2008,
vol. 55, pp. 315—320.

Golovatskaya, I.E and Karnachuk, R.A., Role of
brassinolide in regulation of growth and hormonal bal-
ance in Arabidopsis thaliana (L.) Heynh. plants under
green light, Vestn. Tomsk. Gos. Univ., Biologiya, 2010,
no. 1 (9), pp. 13—19.

Barrero, J.M., Downie, A.B., Xu, Q., and Gubler, E,
A role for barley CRYPTOCHROME] in light regula-
tion of grain dormancy and germination, Plant Cell,
2014, vol. 26, pp. 1094—1104.

Ogawa, M., Hanada, A., Yamauchi, Y., Kuwahara, A.,
Kamiya, Y., and Yamaguchi, S., Gibberellin biosyn-
thesis and response during Arabidopsis seed germina-
tion, Plant Cell, 2003, vol. 15, pp. 1591—-1604.

Herbel, V., Orth, C., Wenzel, R., Ahmad, M., Bittl, R.,
and Batschauer, A., Life-times of Arabidopsis crypto-
chrome signaling states in vivo, Plant J., 2013, vol. 74,
pp. 583—592.

Hughes, R.M., Vrana, J.D., Song, J., and Tucker, C.L.,
Light-dependent, dark-promoted interaction between
Arabidopsis cryptochrome 1 and phytochrome B pro-
teins, J. Biol. Chem., 2012, vol. 287, pp. 22 165—22 172.
Kang, X., Chong, J., and Ni, M., HYPERSENSITIVE
TO RED AND BLUE 1, a ZZ-type zinc finger protein,
regulates phytochrome B-mediated red and crypto-
chrome-mediated blue light responses, Plant Cell, 2005,
vol. 17, pp. 822—835.

Morales, L.O., Brosche, M., Vainonen, J., Jenkins, G.I.,
Wargent, J.J., Sipari, N., Strid, A., Lindfors, A.V., Tegel-
berg, R., and Aphalo, PJ., Multiple roles for UV RESIS-
TANCE LOCUSS in regulating gene expression and
metabolite accumulation in Arabidopsis under solar
ultraviolet radiation, Plant Physiol., 2013, vol. 161,
pp. 744-775.

Kreslavskii, V.D., Khristin, M.S., Shabnova, N.I., and
Lyubimov, V.Yu., Preillumination of excised spinach
leaves with red light increases resistance of photosyn-
thetic apparatus to UV radiation, Russ. J. Plant Physiol.,
2012, vol. 59, pp. 717—723.

Engelhard, C., Wang, X., Robles, D., Moldt, J.,
Essen, L.-O., Batschauer, A., Bittl, R., and Ahmad, M.,
Cellular metabolites enhance the light sensitivity of
Arabidopsis cryptochrome through alternate electron
transfer pathways, Plant Cell, 2014, vol. 26, pp. 4519—
4531.

Miiller, P. and Ahmad, M., Light-activated crypto-
chrome reacts with molecular oxygen to form a flavin-
superoxide radical pair consistent with magnetorecep-
tion, J. Biol. Chem., 2011, vol. 286, pp. 21033—21040.

Translated by M. Shulskaya

No. 6 2015



