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INTRODUCTION

Light is among the most important factors of plant
life, as it is needed for photosynthesis. The efficiency of
this process affects the content of metabolites produced
in primary and secondary metabolic pathways. Phe-
nolic compounds, the products of secondary metabo-
lism are indispensable components of all plant cells.
The functions of phenolic compounds in plants are
extremely diverse. For example, ubiquinones and plas-
toquinones are universal components of mitochondrial
and photosynthetic electron transport chains [1]. Lig-
nin, a complex polymer of phenolic origin provides
mechanical rigidity to plant cells and tissues and
ensures their viability under some stressful treatments
[2]. Phenylpropanoids and flavonoids protect the pho-
tosynthetic and genetic machineries against the short-
wave UV-B radiation [3, 4]. This spectral range of solar
radiation (280-320 nm) is among the strongest stress

factors for plants [1, 5]. It is established that short-wave
UV light suppresses plant growth [6, 7], modifies the
hormonal status [8], perturbs the development of leaf
apparatus, including the chloroplast structure [9], and
affects synthesis of phenolic compounds [10]. While
phenolic compounds are important for plant resistance
to UV light, the mechanisms by which UV rays affect
photosystem functioning and consequent accumulation
of phenolic compounds in plant cells are far from clear.

A convenient model for exploring these issues is

 

in vitro

 

 cultures that are grown under strictly controlled
conditions and retain the ability of producing phenolic
compounds characteristic of the intact plant [11, 12].
Such cultures proved useful for elucidating many
aspects of phenolics biosynthesis and regulation,
including the transition to autotrophic nutrition upon
the development of chloroplasts within the cells [13].
However, there is no conclusive evidence to date
whether or not chlorophyll molecules in callus and sus-
pension cultures constitute the functionally active pho-
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Abstract

 

—Effect of UV-B rays (280–320 nm) on photosynthetic electron transport and production of phenolic
compounds in tea (

 

Camellia sinensis

 

 L.) callus culture grown in white light was investigated. When white light
was supplemented with UV radiation, the culture growth was retarded and morphological characteristics were
modified. These conditions promoted the formation of chlorophyll-bearing cells and altered the ability of cul-
tured cells to accumulate phenolic compounds, including flavans specific to 

 

Camellia sinensis

 

. By the end of
the culturing cycle (on the 45th day), the total content of phenolic compounds in the culture grown under sup-
plementary UV irradiation was almost 1.5 times higher than in the control culture. The UV rays greatly stimu-
lated photosystem II (PSII) activity in phototrophic cells of the callus culture, which was indicated by a large
increase in the ratio of variable chlorophyll fluorescence to maximal fluorescence. This ratio was as low as 0.19
in cells cultured in white light and increased to 0.53 in the cell culture grown under white and UV light. The
kinetics of dark relaxation of chlorophyll variable fluorescence, related to reoxidation of PSII primary acceptor,
contained either two or three components, depending on the absence or presence of UV radiation, respectively.
An artificial electron acceptor of PSI, methyl viologen modified the kinetics of dark decay of chlorophyll vari-
able fluorescence in a characteristic manner, implying that photosynthetic electron transport was mediated by
PSI and PSII in both treatments (culturing in white light with and without UV-B). It is concluded that stimula-
tory effect of UV rays on the parameters examined in phototrophic regions of 

 

Camellia

 

 tissue culture is deter-
mined by photoexcitation of a regulatory pigment that absorbs quanta in blue and long-wave UV spectral
regions.
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tosynthetic apparatus capable of supporting linear elec-
tron transport. It is well known that chlorophyll mole-
cules are heterogeneous with respect to their functions:
some of them are components of the light-harvesting
complexes and do not possess photochemical activity,
while other chlorophylls are the key components of
photosystem (PS) reaction centers and directly initiate
photosynthetic electron flow [14]. In the case of 

 

in vitro

 

cultures with chlorophyll-containing cells lacking PSII
and PSI reaction centers, the chlorophyll accumulation
is apparently unrelated to any significant function.

One of the most reliable methods for detecting the
functionally active reaction centers of PSII is based on
recordings of light-induced changes of chlorophyll
variable fluorescence [15]. Furthermore, the ratio of
variable fluorescence to maximal fluorescence is a con-
ventional measure of PSII activity [15]. When the plant
samples containing PSII are exposed to light, the quan-
tum yield of chlorophyll fluorescence increases several-
fold owing to photoreduction of primary acceptor of
PSII [16]. In samples devoid of PSII reaction centers,
there is no variable fluorescence despite the presence of
chlorophyll in cells [17]. Thus, the analysis of light-
induced changes in chlorophyll fluorescence allows not
only qualitative detection of PSII reaction centers in
plant samples but also enables quantitative character-
ization of this photosystem.

In growing plant objects, light performs dual func-
tion by ensuring both photosynthesis and photoregula-
tory events sensitized by specific pigments [18]. One of
the best-known photoreceptor of phototrophic cells is a
pigment absorbing light in the blue and long-wave UV
spectral range [19]. Numerous studies have shown that
regulatory responses sensitized by this pigment exert
stimulating action on the development of photosyn-
thetic apparatus [20–22].

The application of blue light in experiments with
photosynthesizing cells and organisms is associated
with certain methodic difficulties. Apart from excita-
tion of specific photoreceptor, blue light is absorbed by
chlorophyll molecules and drives photosynthesis. In
order to separate the substrate and regulatory functions
of blue light, it is necessary to investigate the action of
blue light in a wide range of intensities [23]. Unlike
blue light, UV radiation is photosynthetically inactive
and can be safely applied to induce photoregulatory
responses.

This study aimed at exploring the effects of UV-B
radiation on photosynthetic electron transport in
autotrophic regions of photomixotrophic callus cul-
tures of 

 

Camellia sinensis.

 

 In addition, we used calluses
to study the effects of UV-B light on accumulation of
phenolic compounds involved in protection of cells
against harmful action of UV radiation.

MATERIALS AND METHODS

Experiments were performed with the callus culture
(strain ChS-2) initiated from the stem of tea plant
(

 

Camellia sinensis

 

 L., Georgian variety). The culture
was grown on a modified Heller nutrient solution sup-
plemented with 2,4-dichlorophenoxyacetic acid
(5 

 

µ

 

g/l) and glucose (25 g/l) [24]. Calluses were grown
at 26

 

°

 

C and 16-h photoperiod (white light, 4 klx) in the
absence (control) and presence (treatment) of supple-
mentary UV-B radiation (280–320 nm). The UV radia-
tion was provided from DRLF-400 lamp, the outer bulb
of which was removed. This light source is equivalent to
bactericidal high-pressure mercury lamp PRK-2 (DRT).
The intensity of UV-B radiation was 0.74 W/m

 

2

 

. The
culture was irradiated daily for 2 h in the period from
4:00 to 6:00 p.m. throughout the culturing cycle
(7 weeks).

The callus growth was evaluated from changes in
callus fresh weight on the 25th, 35th, and 45th days of
culturing; i.e., in the middle and in the end of linear
growth stage and at the stationary growth stage, respec-
tively.

The treatment with methyl viologen was accom-
plished by immersing callus samples into 1 mM solu-
tion for 30 min in darkness.

Chlorophyll fluorescence was measured with a spe-
cialized PAM-101 fluorometer (Walz, Germany) con-
nected to a computer via a PDA-100 Data Acquisition
System. In the beginning of each experiment, the sam-
ple predarkened for 30 min was illuminated with weak
light in order to measure so-called background fluores-
cence. Next, the sample was illuminated with a light
pulse of either 2 s or 50 ms duration in order to induce
variable fluorescence [25]. A 2-s pulse of strong white
light was obtained from a KL-1500 light source
(Schott, Germany) equipped with a shutter. A short
pulse with a length of 50 ms was obtained from a xenon
lamp connected to a dedicated power supply (Walz).

Phenolic compounds were extracted from fresh
samples with hot 96% ethanol. The total content of solu-
ble phenolic compounds in ethanol extracts was measured
with the Folin–Denis reagent (absorbance at 725 nm), and
the flavan content was determined with a vanillin
reagent (absorbance at 500 nm) [26]. In both cases, the
standard calibration curves were plotted using (–)-epi-
catechin.

Data in figures represent mean values and standard
deviations calculated from three replicates (each repli-
cate contained 3–5 calluses) analyzed throughout two
cycles of subculturing.

RESULTS

The callus culture from a stem of 

 

Camellia sinensis

 

grown under 16-h illumination with white light
appeared as a dense compact yellow callus whose sur-
face contained green zones gradually expanding by the
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end of the passage. The green color of the cells was deter-
mined by the presence of chlorophyll and of developing
chloroplasts in the calluses cultured under light [27].

Calluses grown under white light with supplemen-
tary UV rays were also compact and dense but yellow-
green. The formation of chlorophyll-containing cells
proceeded faster in these calluses than in the control
culture; the difference was especially evident in the first
half of the growth cycle (until the 25th day).

The growth rates of tea callus cultures are character-
istically very low [28]. As shown in Fig. 1, the callus
weight for both treatments increased significantly in the
period from the 25th to 35th days of culturing. During
further culturing the biomass increased only in the con-
trol callus. Hence, UV radiation facilitated earlier com-
pletion of the growth cycle and promoted the transition
of the culture to the stationary growth.

The tea callus cultures retain the ability of whole
plants to synthesize phenolic compounds, including fla-
vans that exhibit P-vitamin and capillary stabilizing
activities [24, 29]. In the culture grown in UV-free
white light, the largest accumulation of flavans was
noted on the 25th day (Fig. 2). By the 35th day, the total
contents of phenolic compounds and flavans reduced
by 38 and 35%, respectively. Further culturing (until
the 45th day) had no significant influence on the level
of phenolic compounds.

In the culture irradiated with UV during growth, the
accumulation pattern of phenolic compounds was
clearly different. The largest total content of soluble
phenolic compounds was noted by the end of the
growth cycle (45th day). The amount of flavans was
high in the 25-day-old culture; by the 35th day it
decreased almost twofold, and by the 45th day the fla-
van level increased again. All these observations dem-
onstrate the differences in the production of phenolic
compounds in the tea callus cultures grown with and
without UV irradiation. Based on the notion that synthe-
sis of phenolic compounds is related to functioning of
chloroplasts [30], we investigated photosynthetic activity
of the cultured cells.

Figure 3 shows kinetic curves of chlorophyll fluo-
rescence changes induced by 2-s pulse of white light in
cultured tissues unexposed or exposed to UV rays dur-
ing callus growth. Because of complicated callus
geometry, we could not prepare samples of standard
area; therefore, we normalized signals to the amplitude
of the background fluorescence detected under weak
measuring light. This scaling procedure was justified
because the absolute amplitudes of the measured fluo-
rescence signal provide no direct information on prop-
erties of photosynthetic apparatus. On the other hand,
the ratio of variable fluorescence to maximal chloro-
phyll fluorescence is a well-known characteristic of
PSII activity for dark-adapted samples. This parameter
characterizes the potential quantum yield of primary
charge separation in PSII [18].

In calluses grown without UV irradiation, the
increase in chlorophyll fluorescence under illumination
with high-intensity white light produced only a small
increase in chlorophyll fluorescence (Fig. 3a, curve 

 

1

 

).
The ratio of variable fluorescence to maximal fluores-
cence was 0.19. By contrast, in samples exposed to UV
rays during growth, the amplitude of variable fluores-
cence was much larger, and the ratio of variable to max-
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 Changes in fresh weight of 
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luses grown in (
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) white light and (
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) white light with sup-
plemental UV radiation.
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 Total content of (a) soluble phenolic compounds and
(b) flavans in the tea callus culture grown in white light
without (
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) or with (
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) supplemental UV radiation.
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imal fluorescence levels equaled to 0.53, which indi-
cates a higher PSII activity (Fig. 3a, curve 

 

2

 

).

Apart from different amplitudes of variable fluores-
cence in untreated and UV-irradiated cultures, the
kinetic curves of dark decay of variable fluorescence
were clearly different, reflecting dissimilar patterns of
reoxidation of PSII primary acceptor [31]. These dis-
tinctions were most evident when the kinetic curves
were decomposed into individual components [32, 33],
as shown in Fig. 4. This figure shows the decay of vari-
able fluorescence plotted in semi-logarithmic coordi-
nates, when the variable fluorescence of each sample
was normalized to its maximal amplitude. The decay of
variable fluorescence in the control culture consisted of
two exponential terms. The relative extent and half-
decay time of slowly decaying component were 14%
and 224 ms, respectively (Fig. 4a, curve 

 

1

 

). The extent
and half-decay times for the fast kinetic component
were 88% and 49 ms, respectively (Fig. 4a, curve 

 

2

 

). In

the callus culture grown under supplemental UV-B, the
dark decay of variable fluorescence was more complex
than in the control culture. The decay kinetics of these
samples comprised three exponential terms having sim-
ilar magnitudes and strikingly different relaxation
times. The slow component had the relative extent of
30% and a half-decay time of 1580 ms (Fig. 4b, curve 

 

1

 

).
The middle (Fig. 4b, curve 

 

2

 

) and fast (Fig. 4b, curve 

 

3

 

)
kinetic components measured 32% and 36% of the total
amplitude, and their decay halftimes were 208 and
43 ms, respectively.

Earlier studies showed that the multicomponent
kinetics of dark relaxation of chlorophyll variable fluo-
rescence reflects the existence of several populations of
PSII reaction centers that are connected to plasto-
quinone pools with different extents of reduction
[32, 33]. In order to diminish the extent of plasto-
quinone pool reduction, we examined the signals of
variable fluorescence induced by relatively short
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Fig. 3.

 

 Kinetic curves of chlorophyll fluorescence induced
by (a) 2-s pulse of white light and (b) 50-ms flash of xenon
lamp in the tea callus culture grown (

 

1

 

) in white light and
(

 

2

 

) white light with supplemental UV radiation.
Triangles (

 

�

 

) designate the onset of weak measuring light.
Upward arrows mark the moments when the actinic light was
turned on and when the 50-ms flash was fired; downward
arrows show the moment of switching off the actinic light.
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Fig. 4.

 

 Semi-logarithmic plots of kinetic curves of dark
relaxation of chlorophyll variable fluorescence induced by
2-s pulse of actinic light in tea callus culture grown in light
(a) without and (b) with supplemental UV radiation.
(

 

1

 

) Initial kinetic curves, (

 

2

 

) middle component, and (

 

3

 

) fast
component. 
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, and 
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 designate respectively the max-
imal, background, and stationary fluorescence levels.
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(50 ms) flash of white light (Fig. 3b). The amplitude of
variable fluorescence induced by 50-ms flash was much
higher in tissues grown under supplemental UV radia-
tion than in tissues of control calluses, which is similar
to observations with longer light pulses. However, the
kinetic curves of the dark decay of variable fluores-
cence measured after 2-s and 50-ms light exposures
were strikingly different for both treatments.

In the tissue culture grown without UV irradiation,
the kinetics of dark decay of variable fluorescence after
a 50-ms flash was monoexponential with a decay half-
time of 58 ms (Fig. 5a). In the culture grown under sup-
plemental UV irradiation, three exponential compo-
nents were distinguished in the dark decay after the
same flash illumination, in accord with the situation
observed after longer light pulses (Fig. 5b). The ampli-
tude of the slow component with a decay halftime of
6100 ms was reduced in this condition and constituted
only 16% (Fig. 5b, curve 

 

1

 

). In the dark decay of vari-
able fluorescence after the 50-ms flash, the amplitude
of the middle component with a decay halftime of 168 ms
amounted 29% (Fig. 5b, curve 

 

2

 

), which was virtually
identical to its contribution observed after 2-s illumina-
tion. By contrast, the amplitude of the fast component
(decay halftime 34 ms) increased up to 58% of the total
signal of variable fluorescence (Fig. 5b, curve 

 

3

 

).

It is well known that the rate of linear electron trans-
port is often limited by the outflow of electrons from
PSI. This situation arises due to low activity of the ter-
minal component in electron transport chain, ferre-
doxin–NADP

 

+

 

 oxidoreductase [34] or due to slow con-
sumption of NADPH in the Calvin cycle [35, 36]. In
order to assess possible influence of this factor on elec-
tron transport in the case of tea callus culture, we exam-
ined light-induced changes of chlorophyll fluorescence
in tissue culture samples treated with methyl viologen,
an artificial electron acceptor of PSI. Methyl viologen
accepts electrons with high affinity from bound iron–
sulfur centers at the acceptor side of PSI, thereby
bypassing the possible bottleneck limitation at this seg-
ment of electron transport chain [37]. Figure 6a shows
that the treatment of tissues with methyl viologen did
not eliminate distinctions in the amplitude of variable
fluorescence for callus cultures grown with and without
UV irradiation. At the same time, such treatment had a
strong influence on the kinetics of dark decay of vari-
able fluorescence.

After 2-s actinic illumination of tissue culture sam-
ples treated with methyl viologen, the kinetics of dark
decay of variable fluorescence was monoexponential,
irrespective of UV irradiation of calluses during their
growth (Fig. 6b). The decay halftimes were 78 and 69 ms
for the samples nonirradiated (Fig. 6b, curve 

 

1

 

) and irradi-
ated (Fig. 6b, curve 

 

2

 

) with UV light, respectively.

DISCUSSION

Plant callus cultures proved useful for studying the
mechanisms of cell protection against stress factors. In
particular, calluses of 

 

Rosa damascena

 

 provided the
first convincing evidence that the resistance of cells to
UV radiation is related to their capacity of accumulat-
ing phenolic compounds [38]. In the case of callus cul-
tures of tea plants, a strain highly productive for phe-
nolic compounds was more resistant to UV radiation
than the low-productive strain [39].

It is known that changes in light quality or intensity
usually affects morphophysiological and biochemical
characteristics of plant cells [14, 19, 22, 40]. The UV
irradiation supplemental to white light also altered
these characteristics. The effect of UV light was mani-
fested in formation of structurally more compact cal-
luses and in deceleration of callus growth (Fig. 1); these
alterations could be related to diminished cell sizes, as
previously reported [39]. The retardation of growth
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Fig. 5.

 

 Semi-logarithmic plots of kinetic curves for dark
relaxation of chlorophyll variable fluorescence induced by
50-ms flash in the callus culture grown in light (a) without
and (b) with supplemental UV radiation.
(
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) Initial kinetic curves, (

 

2

 

) and (
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) deconvoluted middle
and fast kinetic components. See Fig. 4 for designations.
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under the action of UV radiation is characteristic of
most plant objects [20].

The UV irradiation modified the ability of calluses
to accumulate phenolic compounds (Fig. 2). Under
control conditions, the total content of soluble phenolic
compounds and flavans peaked on the 25th day of cul-
turing and then decreased. In calluses treated with UV,
an opposite trend was noted; for example, the total con-
tent of phenolic compounds turned out maximal by the
end of the passage. This indicated, in consistency with
repeated statements in the literature [12], that UV rays
promote accumulation of phenolic compounds in cells
that completed their growth.

The exposure of callus culture during growth to sup-
plemental UV radiation affected the fraction of flavans
(the major components of the phenol complex in tea
plants) in the total balance of phenolic compounds. For
example, the relative content of flavans in the total
amount of phenolic compounds was 50–60% under
control conditions, while it reached 80% in calluses

exposed to UV rays. All these findings indicate that bio-
synthesis of phenolic compounds (phenylpropanoids
and flavonoids) in the tea calluses was modified not only
as a result of culture growth but also due to UV irradia-
tion; this view is compatible with published data [41]. It
is presently established that numerous components of
phenol metabolism, including phenylpropanoids and
flavonoids can protect cell against damaging action of
UV radiation, including the short-wave UV-B region
that is often perishing for plants [5].

We showed earlier that the phenol complex in phot-
omixotrophic (chloroplast-bearing) tea callus cultures
contains mainly phenylpropanoids and flavonoids rep-
resented by flavans and flavonols [29]. The synthesis of
flavans persisted under various culturing conditions,
whereas the flavonol synthesis occurred only under the
action of white light. In fact, the flavonol synthesis
began only after chloroplast formation, since a large
part of phenol production in green plants is confined to
chloroplasts [1, 29, 30]. It is possible that development
of green chlorophyll-containing cells in the callus cul-
tures of tea plants, which proceeded faster under the
action of UV rays, facilitated the activation of synthesis
of these phenolic compounds.

The callus cultures grown in light with and without
supplemental UV radiation demonstrated light-induced
signals of variable chlorophyll fluorescence (Fig. 3).
This is a clear evidence for the existence of photochemical
activity of PSII, as noted also by other authors [42, 43].
The amplitude of variable fluorescence was much
higher in UV-irradiated calluses than in nontreated cul-
tures. Thus, UV rays not only stimulated the formation of
chlorophyll-containing cells but also promoted develop-
ment of photosynthetic apparatus in autotrophic parts of
the callus culture. Although we did not measure electron
transport in PSI by direct methods, the characteristic
effect of methyl viologen on the kinetics of dark decay
of variable fluorescence (Figs. 3, 4), analogous to its
effect in higher plant leaves [32, 33], clearly indicates
the occurrence of electron flow between PSII and PSI.
In this context, there was no qualitative difference
between the tissue cultures grown under dissimilar con-
ditions. At the same time, different kinetics of the dark
decay of variable fluorescence clearly show the specific
influence of UV light on electron efflux from the
reduced primary acceptor of PSII.

The slow component in the dark decay of variable
fluorescence is known to reflect reoxidation of primary
acceptor in PSII reaction centers associated with fully
reduced pool of plastoquinones [32, 33]. This compo-
nent in the dark decay of variable fluorescence was only
observed in the culture grown under UV irradiation,
and the amplitude of this component increased signifi-
cantly after a longer light pulse (Figs. 3, 4). Methyl
viologen removed completely both the slow and the
middle components in the kinetic curves of the dark
decay of variable fluorescence. Thus, the origin of the
slow component and the relatively small amplitude of
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Fig. 6.

 

 Kinetic curves of (a) chlorophyll fluorescence
changes induced by 2-s pulse of white light and (b) semi-
logarithmic plots for the kinetics of dark relaxation of vari-
able fluorescence in the callus cultures grown in (1) white
light and (2) white light with supplemental UV radiation.
Other designations are the same as in Figs. 3 and 4.
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middle component in autotrophic cells of the culture
grown in the absence of UV rays points to a lower prob-
ability for the plastoquinone pool to be photoreduced in
this culture. The lower extent of plastoquinone reduc-
tion could be caused by faster electron drainage from
the plastoquinone pool to PSI and by slower electron
input to this pool from PSII. The fast component in the
dark decay reflects the electron efflux from the primary
acceptor in the population of PSII reaction centers associ-
ated with fully oxidized pool of plastoquinones [32, 33].
The rates of this component were equal for both treat-
ments. Therefore, we conclude that the electron flow
from the reduced pool of plastoquinones was retarded
in the UV-treated culture.

The regulatory effect of UV radiation has been con-
sidered above. In addition to regulatory influence of
UV light, this radiation exerts also inhibitory action on
electron flow in chloroplasts, especially in PSII [43].
This inhibition is caused by the destruction of either
PSII reaction center or water-splitting complex. In our
case, the inhibitory action of UV was apparently
absent, because the chlorophyll accumulation and the
development of PSII photochemical activity were
accelerated in cultures subjected to UV radiation.
Meanwhile, the stimulatory effect of UV radiation was
manifested not only in the development of photosyn-
thetic machinery but also in accumulation of phenolic
compounds. One of the documented functions of plant
phenols is the protection of tissues against deleterious
consequences of UV irradiation through the absorption
of UV rays in the surface cell layer [44]. Thus, we can
conclude that the protective mechanisms are mobilized
already at rather low levels of UV irradiation that are
not damaging to cells but are supposedly sufficient to
cause photoregulatory responses. Apparently, this phe-
nomenon should be taken into account in the context of
adaptation of plant cells to elevated levels of UV radiation.

Our results revealed the occurrence of noncyclic
electron transport in phototrophic regions of tissue cul-
tures. This finding suggests the possibility that photo-
synthesis contributes to general metabolism of cultured
cells and participates in biosynthesis of phenolic com-
pounds. It is known that photosynthesis is associated
with the production of precursors and intermediates of
phenolic compounds. These include erythrose-4-phos-
phate, phosphoenolpyruvate, and acetyl-CoA. In addi-
tion, photosynthetic electron transport is associated
with the production of energy (ATP) and reduced
equivalents (NADPH) that are urgently needed for syn-
thesis of phenolic compounds. It is remarkable that UV
light promoted photosynthetic electron transport and
expansion of green area occupied by chlorophyll-con-
taining cells on the callus surface. Hence, the activated
photosynthesis can be undoubtedly among the factors
facilitating higher accumulation of phenolic com-
pounds in the culture grown under supplemental UV
irradiation compared to cultures grown under standard
light conditions.

Finally, we conclude that the growing of tea plant tis-
sue cultures in the light is accompanied by the formation
of phototrophic cells on the callus surface. These pho-
totrophic cells can support noncyclic electron transport,
which may certainly contribute to tissue metabolism. A
sharp rise in photochemical activity of phototrophic cells
and profound accumulation of chlorophyll and phenolic
compounds in these cells under combined application of
white light and UV-B radiation is apparently due to pho-
toregulatory effect of UV rays. The increased content of
phenolic compounds in cultured cells of tea plant can be
considered as the initial stage of plant acclimation to
increased levels of UV radiation.

ACKNOWLEDGMENTS

This work was supported by the Russian Foundation
for Basic Research, project no. 04-04-49 408.

REFERENCES

1. Zaprometov, M.N., Fenol’nye soedineniya i ikh rol' v
zhizni rasteniya (Phenolic Compounds and Their Role in
Plant Life), Moscow: Nauka, 1996.

2. Zaprometov, M.N., Specialized Functions of Phenolic
Compounds in Plants, Fiziol. Rast. (Moscow), 1993,
vol. 40, pp. 921–931 (Russ. Plant Physiol., Engl. Transl.,
pp. 796–804).

3. Dixon, R.A. and Paiva, N.L., Stress-Induced Phenyl-
propanoid Metabolism, Plant Cell, 1995, vol. 7,
pp. 1085–1097.

4. Lin, J., He, Y., Kuang, T., and Ceulemans, R., Lignifica-
tion and Lignin Heterogeneity for Various Age Classes
of Bamboo (Phyllostachys pubescens) Stems, Physiol.
Plant., 2002, vol. 114, pp. 296–301.

5. Landry, L.G., Chaple, C.C., and Last, R.L., Arabidopsis
Mutants Lacking Phenolic Sunscreens Exhibit Enhanced
Ultraviolet-B Injury and Oxidative Damage, Plant Phys-
iol., 1995, vol. 195, pp. 1159–1166.

6. Stapleton, A.E., Ultraviolet Radiation and Plants: Burn-
ing Questions, Plant Cell, 1992, vol. 4, pp. 1353–1358.

7. Shul’gin, I.A., Zabirov, R.G., Shcherbina, I.P., and
Tolibekov, D.T., Role of Ultraviolet Radiation in Stem
Structure and Productivity of Wheat from Mountain
Regions, Biol. Nauki, 1990, no. 7, pp. 107–118.

8. Rakitina, T.Ya., Vlasov, P.V., Zhalilova, F.Kh., and
Kefeli, V.I., Abscisic Acid and Ethylene in Mutants of
Arabidopsis thaliana Differing in Their Resistance to
Ultraviolet (UV-B) Radiation Stress, Fiziol. Rast. (Mos-
cow), 1994, vol. 41, pp. 682–686 (Russ. J. Plant Phys-
iol., Engl. Transl., pp. 599–603).

9. Nogues, S., Allen, D.J., Morison, J.I., and Baker, N.R.,
Ultraviolet-B Radiation Effects on Water Relations, Leaf
Development, and Photosynthesis in Droughted Pea
Plants, Plant Physiol., 1998, vol. 117, pp. 173–181.

10. Olsson, L.C., Veit, M., Weissenbock, G., and Bornman, J.F.,
Differential Flavonoid Response to Enhanced UV-B
Radiation in Brassica napus, Phytochemistry, 1998,
vol. 40, pp. 1021–1028.



738

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY      Vol. 52      No. 6      2005

ZAGOSKINA et al.

11. Zaprometov, M.N., The Formation of Phenolic Com-
pounds in Plant Cell and Tissue Cultures and Possibility
of Its Regulation, Advances in Cell Culture, Maramo-
rosh, K. and Sato, G.H., Eds., New York: Academic,
1989, vol. 7, pp. 201–215.

12. Stafford, A., Natural Products and Metabolites from
Plants and Plant Tissue Cultures, Plant Cell and Tissue
Culture, Stafford, A. and Warren, G., Eds., Milton: Open
Univ. Press, 1991, pp. 124–162.

13. Dalton, C.C. and Peel, E., Product Formation and Cell
Specialization: A Case Study of Photosynthetic Devel-
opment in Plant Cell Cultures, Progr. Indian Microbiol.,
1983, vol. 17, pp. 109–141.

14. Bukhov, N.G., Dynamic Light Regulation of Photosyn-
thesis (A Review), Fiziol. Rast. (Moscow), 2004, vol. 51,
pp. 825–837 (Russ. J. Plant Physiol., Engl. Transl.,
pp. 742–753).

15. Schreiber, U., Hormann, H., Neubauer, C., and
Klughammer, C., Assessment of Photosystem II Photo-
chemical Quantum Yield by Chlorophyll Fluorescence
Quenching Analysis, Aust. J. Plant Physiol., 1995,
vol. 22, pp. 209–220.

16. Govindjee, Sixty-Three Years since Kautsky: Chloro-
phyll a Fluorescence, Aust. J. Plant Physiol., 1995,
vol. 22, pp. 131–160.

17. Karapetyan, N.V., Rakhimberdieva, M.G., Bukhov, N.G.,
and Gurjan, I., Characterization of Photosystems in
Chlamydomonas reinhardtii Mutants Differing in Their
Fluorescence Yield, Photosynthetica, 1980, vol. 14,
pp. 132–138.

18. Krause, G.H. and Weis, E., Chlorophyll Fluorescence
and Photosynthesis: The Basis, Annu. Rev. Plant Phys-
iol. Plant Mol. Biol., 1991, vol. 42, pp. 313–349.

19. Voskresenskaya, N.P., Fotoregulyatornye aspekty
metabolizma rastenii, 38-e Timiryazevskoe chtenie
(Photoregulation of Plant Metabolism, the 38th
Timiryazev Lecture), Moscow: Nauka, 1979.

20. Tevini, M., UV-Effects on Plants, Concepts in Photobi-
ology: Photosynthesis and Photomorphogenesis, Sin-
ghal, C.S., et al., Eds., New Delhi: Narosa Publ. House,
1994, pp. 588–613.

21. Voskresenskaya, N.P., Drozdova, I.S., Moskalenko, A.A.,
Chetverikov, A.A., and Tsel’niker, Yu.L., Reconstruction
of the Photosynthetic Apparatus under Long-Time Illu-
mination with Red and Blue Light, Fiziol. Rast. (Mos-
cow), 1982, vol. 29, pp. 447–455 (Sov. Plant Physiol.,
Engl. Transl.).

22. Bukhov, N.G., Light Intensity and Spectral Content:
Effects on Initial Stages of Photosynthesis, Fiziol. Rast.
(Moscow), 1987, vol. 34, pp. 748–757 (Sov. Plant Phys-
iol., Engl. Transl.).

23. Bukhov, N.G., Drozdova, I.S., Bondar, V.V., and Mokro-
nosov, A.T., Blue, Red and Blue Plus Red Light Control
of Chlorophyll Content and CO2 Gas Exchange in Bar-
ley Leaves: Quantitative Description of the Effect of
Light Quality and Fluence Rate, Physiol. Plant., 1992,
vol. 85, pp. 632–638.

24. Koretskaya, T.F. and Zaprometov, M.N., Tissue Culture
of Tea Plant (Camellia sinensis L.) as the Model for
Investigation of Conditions for Phenolic Compounds
Production, Fiziol. Rast. (Moscow), 1975, vol. 22,
pp. 282–288 (Sov. Plant Physiol., Engl. Transl.).

25. Schreiber, U., Bilger, W., and Schliwa, U., Continuous
Recording of Photochemical and Non-Photochemical
Chlorophyll Fluorescence Quenching with a New Type
of Modulation Fluorometer, Photosynth. Res., 1986,
vol. 10, pp. 51–62.

26. Zaprometov, M.N., Phenolic Compounds and Methods
of Their Investigation, Biokhimicheskie metody v fiz-
iologii rastenii (Biochemical Methods in Plant Physiol-
ogy), Pavlinova, O.A., Ed., Moscow: Nauka, 1971,
pp. 185–197.

27. Strekova, V.Yu., Zagoskina, N.V., Subbotina, G.A., and
Zaprometov, M.N., Effects of Long-Time Illumination
on the Synthesis of Phenolic Compounds and on the
Chloroplast Formation in Callus Tissues from Tea Plant,
Fiziol. Rast. (Moscow), 1989, vol. 36, pp. 83–88 (Sov.
Plant Physiol., Engl. Transl.).

28. Zagoskina, N.V., Usik, T.V., and Zaprometov, M.N.,
Effects of Light Duration on Phenolic Metabolism in
Photomixotrophic Callus Culture from Tea Plant, Fiziol.
Rast. (Moscow), 1990, vol. 37, pp. 1089–1095 (Sov.
Plant Physiol., Engl. Transl.).

29. Zaprometov, M.N. and Zagoskina, N.V., One More
Argument for Chloroplast Participation in Phenolic
Compounds Biosynthesis, Fiziol. Rast. (Moscow), 1987,
vol. 34, pp. 165–171 (Sov. Plant Physiol., Engl. Transl.).

30. Zaprometov, M.N. and Nikolaeva, T.N., Chloroplasts
Isolated from Kidney Bean Leaves Are Capable of Phe-
nolic Compound Biosynthesis, Fiziol. Rast. (Moscow),
2003, vol. 50, pp. 699–702 (Russ. J. Plant Physiol.,
Engl. Transl., pp. 623–626).

31. Bukhov, N.G., Mohanty, P., Rakhimberdieva, M.G., and
Karapetyan, N.V., Analysis of Dark-Relaxation Kinetics
of Variable Fluorescence in Intact Leaves, Planta, 1992,
vol. 187, pp. 122–127.

32. Bukhov, N., Egorova, E., Krendeleva, T., Rubin, A.,
Wiese, C., and Heber, U., Relaxation of Variable Chloro-
phyll Fluorescence after Illumination of Dark-Adapted
Barley Leaves as Influenced by the Redox States of Electon
Carriers, Photosynth. Res., 2001, vol. 70, pp. 155–166.

33. Egorova, E.A., Bukhov, N.G., Krendeleva, T.E., and
Rubin, A.B., Heterogeneity of the Process of Quinone
Aceptor Reduction in Intact Barley Leaves, Dokl. Akad.
Nauk, 2001, vol. 377, pp. 696–699.

34. Satoh, K., Fluorescence Induction and Activity of Ferre-
doxin-NADP+ Reductase in Bryopsis Chloroplasts, Bio-
chim. Biophys. Acta, 1981, vol. 638, pp. 327–331.

35. Laisk, A., Siebke, K., Gerst, U., Eichelmann, H., Oja, V.,
and Heber, U., Oscillations in Photosynthesis Are Initi-
ated and Supported by Imbalance in the Supply of ATP
and NADPH to the Calvin Cycle, Planta, 1991, vol. 185,
pp. 554–562.

36. Holfgrete, S., Backhausen, J.E., Kitzmann, C., and
Scheibe, R., Regulation of Steady-State Photosynthesis
in Isolated Intact Chloroplasts under Constant Light:
Responses of Carbon Fluxes, Metabolite Pools and
Enzyme-Activation States to Changes of Electron Pres-
sure, Plant Cell Physiol., 1997, vol. 38, pp. 1207–1210.

37. Bukhov, N.G., Boucher, N., and Carpentier, R., Trans-
formation of the Photoacoustic Signal after Treatment of
Barley Leaves with Methylviologen or High Temperatures,
Photochem. Photobiol., 1996, vol. 63, pp. 296–301.



RUSSIAN JOURNAL OF PLANT PHYSIOLOGY      Vol. 52      No. 6      2005

ULTRAVIOLET RAYS PROMOTE DEVELOPMENT OF PHOTOSYSTEM II 739

38. Marphy, T.M., Hamilton, C.M., and Street, H.E., Strain
of Rosa damascena Cultured Cells Resistant to Ultravi-
olet Light, Plant Physiol., 1979, vol. 64, pp. 936–941.

39. Zagoskina, N.V., Dubravina, G.A., Alyavina, A.K., and
Goncharuk, E.A., Effect of Ultraviolet (UV-B) Radiation
on the Formation and Localization of Phenolic Com-
pounds in Tea Plant Callus Cultures, Fiziol. Rast.
(Moscow), 2003, vol. 50, pp. 302–308 (Russ. J. Plant
Physiol., Engl. Transl., pp. 270–275).

40. Zaprometov, M.N., Light-Regulated Secondary Metabo-
lism in Plants, Fiziol. Rast. (Moscow), 1987, vol. 34,
pp. 689–711 (Sov. Plant Physiol., Engl. Transl.).

41. Olsson, L.C., Veit, M., Weissenbock, G., and Bornman, J.F.,
Differential Flavonoid Response to Enhanced UV-B

Radiation in Brassica napus, Phytochemistry, 1998,
vol. 40, pp. 1021–1028.

42. Smolov, A.P., Kuznetsova, N.Yu., Oleinikova, T.A., and
Moskalenko, A.A., Pigments and Pigment-Protein Com-
plexes in Chloroplasts from Soybean Mixotrophic Cal-
lus: Effects of Ammonium and Diuron, Fiziol. Rast.
(Moscow), 1998, vol. 45, pp. 653–658 (Russ. J. Plant
Physiol., Engl. Transl., pp. 558–562).

43. Yamashita, T. and Butler, W.L., Inhibition of Chloro-
plasts by UV-Radiation and Heat-Treatment, Plant
Physiol., 1968, vol. 43, pp. 2037–2040.

44. De Lucia, E.H., Day, T.A., and Vogelman, T.C., Ultravi-
olet-B and Visible Light Penetration into Needles of Two
Species of Subalpine Coniferes during Foliar Develop-
ment, Plant, Cell Environ., 1992, vol. 15, pp. 921–929.


