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INTRODUCTION

The existence of plants as photoautotrophic organ-
isms is characterized by uttermost dependence on the
absorption and utilization of solar radiation energy in
photosynthetic reactions. The key plant pigments local-
ized in the thylakoid membranes of chloroplasts effi-
ciently capture light quanta and transfer their energy to
other components of the photosynthetic apparatus
(PSA) driving the ATP and NADPH synthesis, CO

 

2

 

 fix-
ation etc. [1, 2]. On the other hand, photosynthesis pro-
ceeds with the optimal rate only within a narrow irradi-
ance range. Therefore, the light energy absorbed by
PSA could not be utilized completely in the course of
photochemical reactions even at relatively low light
fluxes [2–4]. The imbalance between the amount of the
absorbed light energy and plant capacity for its utiliza-

tion arises under high fluxes of solar radiation, extreme
temperatures [2, 4], drought, mineral nutrition deficien-
cies [5], and a number of other conditions. In juvenile
and senescing plants, the regulation of PSA functioning
is often impaired, making it less efficient in utilization
of the absorbed light and therefore prone to photodam-
age [6–8]. As a rule, these situations are accompanied
by an increased generation of reactive oxygen species
(ROS) causing photooxidative damage to plants and,
eventually, their death [2, 3, 9, 10]. Furthermore, the
plant cell contains, in addition to chlorophylls (Chl), a
number of endogenous photosensitizers, such as por-
phyrins, Fe-S proteins of mitochondria, flavins, and
pterins facilitating, upon irradiation by light, ROS for-
mation [10–12].

Apart from the excessive irradiation in the PAR
range, photodamage to plants could be induced by UV
comprising 7–9% of the total energy of solar radiation
reaching the Earth surface [13]. Shortwave UV (UV-C,
wavelengths below 280 nm) is absorbed almost com-
pletely by the ozone layer of the atmosphere. The long-
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Abstract

 

—Prolonged exposure of plants to high fluxes of solar radiation as well as to other environmental
stressors disturbs the balance between absorbed light energy and capacity of its photochemical utilization
resulting in photoinhibition of and eventually in damage to plants. Under such circumstances, the limiting of
the light absorption by the photosynthetic apparatus efficiently augments the general photoprotective mecha-
nisms of the plant cell, such as reparation of macromolecules, elimination of reactive oxygen species, and ther-
mal dissipation of the excessive light energy absorbed. Under stressful conditions, plants accumulate, in differ-
ent cell compartments and tissue structures, pigments capable of attenuation of the radiation in the UV and vis-
ible parts of the spectrum. To the date, four principle key groups of photoprotective pigments are known:
mycosporine-like amino acids, phenolic compounds (including phenolic acids, flavonols, and anthocyanins),
alkaloids (betalains), and carotenoids. The accumulation of UV-absorbing compounds (mycosporine-like
amino acids and phenolics in lower and higher plants, respectively) is a ubiquitous mechanism of adaptation to
and protection from the damage by high fluxes of solar radiation developed by photoautotrophic organisms at
the early stages of their evolution. Extrathylakoid carotenoids, betalains, and anthocyanins play an important
role in long-term adaptation to the illumination conditions and in protection of plants against photodamage. A
prominent feature of certain plant taxa lacking some classes of photoprotective pigments (such as anthocyanins)
is their substitution by other compounds (e.g. keto-carotenoids or betalains) disparate in terms of chemical
structure and subcellular localization but possessing close spectral properties.
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reactive oxygen species.
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wave UV, UV-B (280–315 nm) and UV-A (315–400 nm),
constitute ca. 5 and 90% of the total solar radiation in
the UV, respectively [14]. High-energy UV-B quanta
are able to damage plant cells directly, whereas the
effects of less energetic UV-A are usually ROS-medi-
ated [13, 15].

The essential need of plant protection from solar
radiation brought about the development of certain
adaptive systems including both regulatory and photo-
protective mechanisms (Fig. 1) [2, 16, 17]. Since the
first photoautotrophic organisms on the Earth were
exposed to higher fluxes of harder UV as compared
with the contemporary species, the enzymatic systems
of reparation of the UV-induced damages to nucleic
acids and important proteins of PSA are thought to be
among the first photoprotective mechanisms evolved
[13, 16, 18]. Furthermore, the ROS-detoxifying sys-
tems, both enzymatic and non-enzymatic, are ubiqui-
tous in and crucial for the prevention of oxidative dam-
ages to plants [2, 9, 10, 16, 19]. Obviously, other mech-
anisms responsible for the maintenance of the efficient

photosynthesis in the wide range of radiation wave-
lengths and fluxes [2, 20] emerged at later stages [16].
These mechanisms include spillover of energy between
photosystems (PS) I and II [2], adjustment of the sto-
ichiometry of the antennal components [2, 20–22],
thermal dissipation (nonphotochemical quenching) of
the Chl excited state energy [2, 20–23]. Accordingly, an
important role in photoprotection belongs to the
quenching of the excited (triplet) states of Chl and sin-
gle oxygen (

 

1

 

é

 

2

 

) carried out mainly by carotenoids
(Car) [2, 16].

The aforementioned photoprotective mechanisms
have certain aspects in common. Firstly, all of them
predominantly cope with the 

 

consequences

 

 of the dele-
terious effects of UV and PAR: repair damaged macro-
molecules, eliminate ROS and their reaction products
already formed in the cell (Fig. 1) [2, 9, 10, 16]. Sec-
ondly, the efficient operation of these mechanisms
requires sufficiently high levels of energy-rich com-
pounds and reducing equivalents, which are necessary
for reparation of DNA, resynthesis of the membrane
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Fig. 1.

 

 The most important mechanisms of photodamage and photoprotection in plants.
Under unfavorable environmental conditions and in situations when the regulation of photosynthesis is impaired, high fluxes of
solar radiation induce direct or indirect ROS-mediated damages to plants. Certain mechanisms are responsible for a decrease in ROS
levels in the cell and cope with the consequences of photodamage. The screening pigments attenuate the incident radiation, thereby
removing, to a considerable extent, the cause of photodamage (harmful UV and the excessively absorbed visible quanta).
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proteins and lipids, as well as for regeneration of the
important low-molecular antioxidants including
reduced glutathione and ascorbate [9, 10, 16]. Recently,
different photoprotective mechanisms, based on the
attenuation of harmful UV and the excessive PAR, have
been described in the literature [18, 24–32]. These
mechanisms are aimed to prevent photodamage via
alleviation of its 

 

cause

 

—the excessive absorption of
radiation by PSA and irradiation of other photosensi-
tive cell components (Fig. 1). They are based upon the
ability of plants to respond to strong irradiation by the
synthesis and accumulation of the compounds (Fig. 2),
within different cell compartments and tissue struc-
tures, selectively absorbing in the UV or the visible part
of the spectrum (Fig. 3) [15, 27, 30, 33]. In higher
plants, these compounds are concentrated in the super-
ficial structures, such as cuticle or epidermis and/or dis-
tributed within cells and tissues (Fig. 4).

Generally speaking, any of the aforementioned
mechanisms preventing photodamage to PSA and facil-
itating its stable operation in the wide range of environ-
mental conditions should be regarded as photoprotec-
tive. Here, the mechanisms based on the screening of
UV and the excessive PAR are considered as photopro-
tective. Accordingly, in this review we focused on
extrathylakoid Car and other compounds attenuating
the radiation reaching the thylakoids [29, 37–39].

Plant evolution was accompanied by a continuous
expansion of the diversity and the increase of complex-
ity of molecules suitable for the photoprotective func-
tion (see the section on the evolution of photoprotective
pigments, Fig. 2, and the references [34–36]). The vast
majority of photoprotective pigments discovered to the
date in plants belong to four key groups of compounds
differing by chemical structure and the biosynthetic
pathways. Among others, they include mycosporine-
like amino acids (MAA) [33] and extrathylakoid (also
known as the secondary) Car, which do not transfer the
absorbed light energy to Chl.

Together with Car, the photoprotective function in
plants is provided by a large number of phenolic com-
pounds (Phe) [1, 27, 40, 41] and certain alkaloids
(mainly betalains) [42]. Different but complementary
classes of photoprotective pigments differing in chemi-
cal structure, spectral properties, and localization, e.g.
Phe and Car or Phe and betalains, present in many plant
species simultaneously [29, 43]. According to the cur-
rent knowledge, photoprotective pigments possess a
high photostability [29, 39, 45]. Therefore, a “photo-
protective screen,” once formed, could be maintained
with minimal expenditure of energy and valuable
metabolites [27, 46], providing for a long-term protec-
tion against photodamage. The efficiency of this mech-
anism is less affected by environmental stresses (such
as extreme temperatures), which impair the ability of
the enzymatic systems to provide adequate level of pro-
tection [4, 8, 46]. At the same time, the initial buildup
of photoprotective compounds demands a considerable

amount of photoassimilates and energy [5]. The induc-
tion of synthesis and accumulation of the pigments in
amounts sufficient for accomplishing their photopro-
tective function is relatively slow [7, 27, 47–49]. Due to
these circumstances, the screening-based mechanisms
are warrantable mostly under prolonged action of a
stressor [46]; hence, they are of high importance for
long-term adaptation of plants [8, 15, 18, 38, 47].

Some classes of photoprotective pigments were
found almost in all known plant species [1, 40, 50]. In
many cases, their ability to provide protection against
photodamage was proved and documented. A consider-
able body of evidence has been obtained concerning the
functioning and in vivo spectral properties of a large
number of screening compounds. Among them, the
UV-protective substances were investigated in more
detail [13–15, 18, 51]. The screening pigments absorb-
ing in the visible radiation remain much less studied
despite of the considerable increase in the number of
publications on antocyanins (AnC) and secondary Car
during the last 15 years. To the best of our knowledge,
the Russian literature in the field lacks reviews system-
atizing the information on different classes of photo-
protective pigments and their functioning in plants.
This work represents an attempt to bridge, at least par-
ticularly, this gap.

THE SPECIFICITY OF PHOTOPROTECTIVE 
PIGMENTS

By no means all changes in metabolism and pigment
composition indirectly increasing the resistance of
plants to high fluxes of radiation represent specific
high-light responses. Thus, numerous responses of
plants to the intensity and spectral quality of radiation
are mediated by phyto- and cryptochromes inducing
various biochemical and photomorphogenic effects
[52, 53]. However, the content of these chromophores
is far too low to attenuate significantly the PAR reach-
ing the chloroplasts. Obtaining the evidence of partici-
pation of certain substances in photoprotection via
screening of radiation is often complicated because
many constituents of plant cell absorb in the UV and
visible parts of the spectrum but serve no specific pho-
toprotective function. For example, the phenylpro-
panoids and lignins of cell wall as well as the con-
densed aromatic compounds of plant cuticle are potent
UV absorbers [54–57].

Certain organisms (such as the cyanobacteria from
the genera of 

 

Gloeocapsa

 

 and 

 

Oscillatoria

 

) possess
highly efficient constitutive systems of reparation and
ROS elimination, which allow them to cope with ele-
vated UV fluxes without the induction of additional
protective mechanisms [18, 33]. In some diatom (e.g.

 

Thalassiosira

 

 and 

 

Chaetoceros

 

) species, complex mor-
phology of their cells could introduce a gross (several
orders of magnitude) variation in the intensity of the
UV penetrating the cell and, therefore making it diffi-
cult to assess the expression of the UV-induced effects
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and the role of the UV-screening pigments in these
organisms [18, 33, 58]. Constitutive components of the
cell wall of Antarctic diatoms 

 

Proboscia

 

 and 

 

Nitzschia

 

considerably attenuate UV radiation, diminishing the
UV dose absorbed by the protoplast [18, 58].

Studying the effects of photoprotective compounds,
one should take into account a diversity of their func-
tions in plants as well as cross-resistance induced by
other stressors. Thus, apart from UV-protection, the
concentration of certain MAA participating in the
maintenance of osmotic homeostasis in halophil spe-

cies, even at the background UV levels, could reach as
high as 100 mM [59]. A diversity of Phe functions in
higher plants could complicate the revealing of their
specific photoprotective function [35, 50]. Conse-
quently, the knowledge of the role of a compound in the
physiology of the species of interest is important to
ascertain its participation in photoprotection. Detailed
investigation of the irradiation responses of the organ-
ism as well as careful interpretation of the data on the
presence and function of potentially photoprotective
pigments is also essential.
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 The principle classes of plant photoprotective pigments and their representatives.
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It is generally accepted that the photoprotective pig-
ment have to comply with certain criteria [18]. First, it
should efficiently absorb radiation in the spectral
band(s) overlapping with the absorption band(s) of the
photosynthetic pigments, endogenous photosensitizers
[11], and/or photosensitive components (such as
nucleic acids and proteins) of the cell. Second, the irra-
diation in the corresponding spectral range should trig-
ger the synthesis of the pigment in the natural and
model systems (e.g. cell or tissue cultures). Third, the
accumulation of the compound in question should
induce the resistance to the radiation in the spectral range
of the pigment absorption. The compliance with all of the
criteria might be considered as a solid evidence of the par-
ticipation of a certain compound in the protection against
photodamage via radiation screening.

THE EVOLUTION OF PHOTOPROTECTIVE 
PIGMENTS

Obviously, the spectrum of solar radiation before
the oxygenic photosynthesis emerged and become
widespread differs from that measured near the Earth
surface at present by a higher proportion of Shortwave
UV that penetrated the atmosphere in the absence of
oxygen and ozone layers [18, 60]. Under such condi-
tions, evolutionary advantage was probably gained by
ancient photochemotrophic organisms excreting prod-
ucts of their metabolism (such as elementary sulfur and
iron ions) in the form of suspensions or solutions non-
selectively attenuating the incident radiation [60].
However, the suspensions of fine inorganic particles
possess a strong, spectral-independent scattering [18],
blocking the PAR necessary for photosynthesis. Then,
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 Absorption spectra (in solution) of common for plants photoprotective phenolics and carotenoids.
(

 

1

 

) Chlorogenic acid (phenolic acids), (

 

2

 

) rutin (flavonols), (

 

3

 

) cyanidin-3-galactoside (anthocyanins); (

 

4

 

) neoxanthin (carotenoids);
(

 

5

 

) rhodoxanthin (keto-carotenoids).
The absorption maxima of the most phenolics are located in the UV-B and UV-A regions (

 

1, 2

 

); anthocyanins possess a long-wave
maximum in the green region (

 

3

 

, the shortwave part of the spectrum is not shown). This is the band where the maximum of energy
in solar spectrum (

 

6

 

) is located. The photoprotective carotenoids (

 

4, 5

 

) absorb in blue-green range. The spectra are normalized to
their absorption maxima.
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the phototrophic microorganisms, especially their
planktonic forms, rarely possessed a supply of mineral
substrates sufficient for the creation of such primitive
inorganic “screens”. Apparently, this circumstance was
the primary cause of evolutionary transition to the syn-
thesis of organic screening pigments selectively
absorbing radiation in certain spectral ranges. The pho-
totrophs capable of building such type of screens
appeared to be more competitive. Accordingly, they
succeeded to open previously inaccessible niches, such
as upper layers of ocean and terrestrial landscapes, and
eventually dominated the biosphere [18, 60].

According to the data of comparative biochemistry,
the first screening compounds may evolve from consti-
tutive metabolites, which gradually took on the func-
tion of photoprotection. This hypothesis is supported
by a wide diversity of functions fulfilled in contempo-

rary plants by screening compounds, such as Phe [35,
53]. Probably, the versatile metabolic pathways of pho-
totrophic organisms served as a rich source of com-
pounds absorbing in the UV and visible parts of the
spectrum [18]. Organic substances possessing a lin-
ear or cyclic system of conjugated double bonds and

 

π

 

-electrons characteristic of all natural screening pig-
ments are the most efficient UV absorbers [18].

There is a ground to believe that ancient phototrophs
synthesized a limited number of UV-absorbing com-
pounds with a simple structure resembling that of MAA
[18, 60]. Contemporary plants are characterized by much
more diverse photoprotective substances with a wide vari-
ety of chemical structures and spectral properties [60].
Expansion of plants to the terrestrial habitats with more
severe (in comparison with aquatic) environmental condi-
tions, including higher fluxes of solar radiation, was
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 The localization of photoprotective pigments (a–c) in the leaves and (d) fruits of higher plants.
In most instances the pigments are accumulated in the cuticle and vacuoles of the cells of upper (

 

1

 

) and lower (

 

6

 

) epidermis (devoid
of plastids, with the exception of the guard cells) or, in the case of fruit, hypodermis (

 

7

 

). Anthocyanins are often present in the vac-
uoles of palisade (

 

3

 

) and spongy (

 

5

 

) mesophyll cells containing chloroplasts (

 

4

 

). Photoprotective carotenoids are accumulated in
chloroplasts undergoing transformation into gerontoplasts/chromoplasts (

 

4

 

 in panels c and d). Photoprotective pigments are shown
as in black.



 

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY

 

      

 

Vol. 55

 

      

 

No. 6

 

      

 

2008

 

SCREENING OF VISIBLE AND UV RADIATION AS A PHOTOPROTECTIVE MECHANISM 725

 

accompanied by dramatic changes in the composition and
localization of photoprotective pigments. In present-day
plant species, they are represented mainly by secondary
Phe [1, 35, 53] (Fig. 3) often fulfilling protective functions
[28, 30, 31, 40, 45, 49, 61].

From the view of the evolution of higher plant pho-
toprotective pigments, the loss or acquiring of certain
classes of photoprotective pigments by entire families
(e.g. Caryophyllaceae lacking AnC [62]) are of special
interest. In these cases, the function of AnC are, as a
rule, taken over by other compounds disparate in terms
of chemical structure but featuring close spectral prop-
erties [42], such as keto-carotenoids in 

 

Aloe

 

 and 

 

Cryp-
tomeria

 

 or betalains in Caryophyllales [62]. The rea-
son(s) of these substitutions remains still unknown.

THE PHOTOPROTECTIVE PIGMENTS 
OF PLANTS

UV-protective compounds in plants include MAA
[33], phenolic acids [40], and flavonols [27]. Flavonols
and AnC play an important role in protection against
photodamage by visible radiation [43, 45, 46, 63, 64].
The participation of betalains [42, 44] and certain Car
[29, 38, 39, 43, 65, 66] in screening of light in the blue-
green part of the spectrum has been reported recently.

 

MAA.

 

 Many lower plants, including red and green
algae and dinoflagellates [67] accumulate MAA, the
compounds resembling water-soluble mycosporines
initially discovered in fungi [33]. The first reports on
photoprotective role of MAA were published 35 years
ago [33]. The MAA chromophore (Fig. 2a) is repre-
sented by cyclohexene or cycloheximine groups
formed at the early stages of the shikimate pathway
[33]. The addition of various substituents at later stages
provides for a vast diversity of MAA molecules.

MAA have molar extinction coefficients in the
range 24–50/(mM cm) [33]. These compounds possess
no measurable fluorescence and do not form free-radi-
cal products upon irradiation. Due to a low quantum
yield of triplet formation, it is unlikely than MAA could
exert a photodynamic effect via 
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2

 

 generation [33].
MAA were reported to be efficient 

 

1

 

O

 

2

 

 quenchers.
Thus, mycosporine glycine in its ground state pre-
vented photodamage of some bacteria by photosensi-
tizer-generated 

 

1

 

O

 

2

 

 [68]. Meanwhile, MAA showed
only a moderate antioxidative activity [33]. The afore-
mentioned properties together with high photostabil-
ity both in vitro and in vivo make MAA the efficient
UV-screening compounds. Additional details on MAA
biosynthesis, natural distribution, and functions could
be found in [33, 67].

 

Phenolic compounds. 

 

Phe are widespread in
Nature: they were found in every plant species [1] and,
to the date, more than 100 000 phenolic species are
known. These compounds are characterized by an
extreme diversity of chemical structure in plants
(Figs. 2c–2e). The basic structure of Phe is formed by

one or more aromatic rings with hydroxyl group(s) as
substituent(s) [1, 69]. Phe are synthesized mostly in
chloroplasts or cytoplasm and, after glycosylation, they
are transported to and accumulated mainly in the vacu-
oles [35, 51, 69–71]. Plant Phe are classified according
to their biosynthetic pathways and the structure of their
carbon skeleton [1].

Many Phe possess a strong antiradical activity in
vitro [72]. However, the function of Phe as free-radical
scavengers in vivo is still much debated. There are few
reports on the antioxidant activity of AnC, chlorogenic
acid, and quercetin glycosides in plants [73, 74]. How-
ever, solid evidence supporting the importance of the in
vivo antioxidant activity of Phe for the accomplishment
of their photoprotective function remains yet to be
obtained.

Various Phe serve a plethora of protective functions
in plants. For a long time, the key protective function of
Phe was thought to be the defense against phytopatho-
gens and herbivores [28, 69]. This paradigm has been
changed recently to accommodate the important photo-
protective function of Phe in plants, which was sup-
ported by the large amount of experimental evidence
[27, 28, 40, 45].

Characteristic absorption spectrum of Phe in the UV
contains two bands (Fig. 3). The first band peaking
around 280 nm appears due to the presence of aromatic
ring(s); it is detected in the spectra of all Phe. The sec-
ond, long-wave band is situated in the 300–360 nm
range; the exact position of its maximum varies for dif-
ferent classes of Phe. In anthocyanidins and AnC, the
maxima of the second absorption band locate in the
blue-green part of the visible spectrum [74]. Particu-
larly, the long-wave absorption band of cyanidin, the
predominant aglycone of AnC responsible for reddish
coloration of leaves and fruit, is centered around
525 nm [74]. The molar absorption coefficients of the
most of Phe are within the range of 10–35/(mM cm)
[74]. In solutions, flavonols and AnC often undergo
inter- and intramolecular copigmentation [75, 76]. As a
result, the increase in absorption coefficients, batho-
chromic shifts of maxima and peak flattening are
observed [75] significantly affecting the efficiency of
absorption of light by these compounds localized
within the cells and tissues [77]. In the case of flavonols
common for plants (quercetin and kaempferol glyco-
sides), the in vivo tautomerization induces more pro-
found bathochromic shifts of their long-wave absorp-
tion maxima.

 

Betalains.

 

 This is an individual group of water-sol-
uble nitrogen-containing compounds (alkaloids) of
limited occurrence within flowering plants (they are
encountered in the nine families of Caryophyllales)
[36, 42]. Two classes of betalains are distinguished:
purple-to-rose betacyanins (Fig. 2b) and yellowish
betaxanthins. These classes of betalains are formed by
conjugation of betalamic acid chromophore with cyclo-
dioxiphenylalanine or other amino acids, respectively.
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Betalains also occur in plants as glycosides, acylglyco-
sides or more complex forms: the esters with ferulic
acid and flavonol conjugates synthesized as a result of
UV irradiation. Absorption spectra of betacyanins are
characterized by a broad band with the maximum near
593–543 nm; a bathochromic shift to 550 nm is possi-
ble as a result of intramolecular copigmentation. The
spectra of betaxanthins feature three main bands with
the maxima near 217, 262, and 546–471 nm [36, 42].
Betalains are free-radical scavengers, more efficient at
alkaline and neutral pH [78]. Betalains are suggested to
fulfill the function of AnC in the species lacking the lat-
ter but accumulating high amounts of betalains [36].

 

Carotenoids.

 

 Car are the accessory pigments ubiq-
uitous in photoautotrophs; they participate in light-har-
vesting, fulfill photoprotective function, and stabilize
the pigment–protein complexes of the PSA [1, 23, 79].
More than 800 Car species with linear or cyclic struc-
ture were discovered in plants thus far [80]. Car are the
terpenoid compounds formed via condensation of eight
isoprenoid monomers. Yellow-to-orange Car are
formed as a result of the stepwise desaturation of their
colorless precursors. Upon attaining the certain levels
of unsaturation, the cyclization of the end groups takes
place, yielding one or two ionone rings. In higher
plants, Car could be synthesized in the dark but their
quantity and composition are controlled by blue-light
and UV receptors [1, 79]. Car are divided, according to
their substituent composition, into two groups: car-
otenes, the simple hydrocarbon compounds, and xan-
thophylls containing oxygen atoms within hydroxy-,
epoxy-, or keto-groups (Fig. 2f) [80]. The form and
intensity of the Car absorption peaks in solutions are
determined by the number of conjugated double bonds
in their carbon skeleton, the number and the kind of the
substituents, as well as the kind and polarity of the sol-
vent [1, 79, 80]. Car molar absorption coefficient in the
maximum located in the blue-green region of the spec-
trum could be as high as 180/(mM cm) [80].

The major Car of higher plants include 

 

β

 

-carotene
and a number of xanthophylls such as lutein, neoxan-
thin, violaxanthin, antheraxanthin, and zeaxanthin [79,
80]; the structure of xanthophylls of unicellular algae
are much more diverse [1, 80]. Certain microalgal spe-
cies are able to accumulate secondary Car, which do not
participate in photosynthesis [81] and are represented,
by, e.g. 

 

β

 

-carotene [65], astaxanthin [26, 39], canthax-
anthin [81], and echineon [82]. The secondary xantho-
phylls are often present in the form of fatty acid (FA)
esters [26, 39, 83]. Higher plants are also capable of
extrathylakoid accumulation of xanthophyll FA esters,
which composition is species-dependent [54, 83].

Car are potent scavengers of free radicals, including
free-radical forms of oxygen [9, 16, 23]. Car with a
large number (10–11) of conjugated double bonds
readily quench the excited states of Chl, including Chl
triplets, as well as 

 

1O2 physically [9, 23]. Certain Car
undergo cyclic transformations known as xanthophyll

cycles, which yield the Car species capable of efficient
thermal dissipation of the excitation energy of Chl pre-
venting the photodamage to the PSA [20]. Three types
of xanthophyll cycles are known to the date: the violax-
anthin and lutein-5,6-epoxide cycles characteristic of
many higher and certain lower plants [84] as well as the
diadinoxanthin cycle discovered in algae [84, 85].
Recently, the mechanism of photoprotection by Car
based on their screening of the excessive radiation by
extrathylakoid [29, 87, 88, 89] or extraplastidic [26, 39,
82, 86] Car is also considered for algae and higher
plants [26, 29, 86, 87].

THE LOCALIZATION OF PHOTOPROTECTIVE 
PIGMENTS

Planktonic microalgae are characterized by intracel-
lular accumulation of UV-protective (mainly MAA)
pigments [58, 86]. The synthesis of the MAA is not
confined to a certain cell compartment; MAA are accu-
mulated in the cytoplasm or excreted from the cell and
deposited in the cell wall [58]. In the terrestrial plants,
the bulk of the photoprotective Phe is localized in their
superficial structures (Fig. 4) representing the first-line
defense against unfavorable environmental conditions
[7, 14, 47, 86]. Significant amounts of Phe are contained
within the cuticle, epidermis, and their derivative struc-
tures (such as hairs and trichomes) collectively denoted as
“superficial defensive complex” [27, 40, 41].

In higher plants the photoprotective pigments tend
to localize within specific cell compartments. Gross
amounts of Phe are accumulated in vacuoles where
their concentration could be very high. Thus, according
to the data of microspectrophotometry, the local con-
centration of flavonols and AnC in the vacuoles of apple
peel cells could be as high as 400 and 200 mM, respec-
tively [90]. It is important to note that the synthesis of
AnC is regulated on the single cell level, making it pos-
sible to form the local screen shielding the region of
plant tissue affected by a stressor [45, 90]. Epidermal
cells excrete various Phe, which are then deposited in
the cell walls and cuticle [55, 91, 92]. These Phe
include phenolic acids [41] and (less frequently) fla-
vonols [64] covalently bound to the cuticular lipids
(such as long-chain FA constituting cuticular waxes)
[55, 92].

Betalains are similar to AnC in terms of their func-
tions and spectral properties in vivo; these pigments
also display close patterns of localization in plant tis-
sues. Betalains are commonly found in the vacuoles of
the epidermal or specialized repository cells [36, 42].
The latter case could be illustrated by the Mesembryan-
themum chrystallinum plants irradiated by high fluxes
of PAR or UV [36].

In the photosynthesizing cells of microalgae as well
as leaves or fruit of higher plants grown under optimal
conditions, the bulk of Car is localized within the thy-
lakoid membranes; the local concentration of these pig-
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ments could be as high as 2 × 10–2 M [80]. In the thyla-
koid membranes, carotenes (β-carotene) are situated
mostly in the PSI and PSII reaction centers, whereas
xanthophylls are incorporated in the light-harvesting
pigment–protein complexes [1, 2, 21].

The synthesis of the extrathylakoid and extraplas-
tidic Car, which do not transfer the excitation energy to
Chl, is often induced in plants by unfavorable (espe-
cially high-light) conditions [26, 39]. Unicellular algae
usually accumulate these Car in cytoplasmic lipid glob-
ules known as oil bodies (Fig. 5) [26, 81] or granules
[65]. The size and number as well as Car content of oil
bodies increase considerably under stressful condi-
tions, such as deficiency of mineral nutrition or strong
light irradiation (Fig. 5) [26, 86]. Thus, the unicellular
alga Haematococcus pluvialis accumulates the keto-
carotenoid astaxanthin esterified by FA within oil bod-
ies [26], whereas in the microalgae from the genus
Dunaliella β-carotene is deposited in oil bodies or
granules [86]. In senescing leaves and ripening fruit,
xanthophyll esters are accumulated frequently in the
plastoglobuli of chloroplasts [54, 83, 93, 94] undergo-
ing the transformation to gerontoplasts [54, 56]. The
amounts of the secondary Car synthesized during these
processes could be comparable with or exceed consid-
erably those of “photosynthetic” Car [26, 23, 95].

The extraplastidic Car are obviously involved in the
screening of PSA from the excessive PAR which is
absorbed by these pigments and harmlessly dissipated

into heat thereby reducing the risk of photooxidative
damage to the sensitive components of the cell. Apart
from the biochemical and spectroscopic evidence [95],
this suggestion is supported by the observations of the
vast increase in the plastoglobuli size and number under
high-light stress and during senescence (Fig. 5) [56, 83,
88, 89]. The hypothesis on the participation of the oil-
body localized secondary Car in elimination of ROS
[24, 26] is still to be confirmed. Furthermore, the
involvement of secondary Car, Phe, and betalains in
chemical detoxication of ROS is unlikely due to spatial
separation of the compartments containing these pig-
ments and primary ROS generation sites (the chloro-
plasts thylakoids) in the cell.

THE IN VIVO OPTICAL PROPERTIES 
OF THE PHOTOPROTECTIVE PIGMENTS

Plant cells and tissues comprised of numerous com-
ponents and structures of different chemical composi-
tion and physical properties represent optical systems
of high complexity [80, 96, 97]. The efficiency of light
absorption by photosynthetic and photoprotective pig-
ments is determined not only by their content but, to a
large extent, by a number of other factors affecting the
in vivo spectroscopy of the pigments [75, 77, 80, 98]. In
particular, green algae acclimating to high light exhibit
a considerable variation of the effective absorption by
Chl a, less than a half of which could be ascribed to the
variation in the pigment content whereas the rest of the
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Parietochloris incisa Aloe arborescens Malus × domestica

Fig. 5. The changes in plastid ultrastructure of (a, b) the microalga and higher plant (c, d) leaves and (e, f) fruit during their adap-
tation to high fluxes of light [29, 87, 105].
As a rule, these processes are accompanied by degeneration of the grana and lamellae of the chloroplasts, an increase in the size
and number of plastoglobuli and cytoplasmic oil bodies (b, d, f). SG—starch grains; OB—oil bodies; P—plastoglobuli; T—thyla-
koids. The scale bar corresponds to 1 or 0.5 µm for the panels a, c, e or b, d, f respectively.
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effect is caused by changes in the degree of thylakoid
membrane stacking and transparency [99].

The shape of the in vivo absorption spectra of the
pigments differs considerably from that in solutions.
The common spectral features of pigments incorpo-
rated in plant cells and tissues as compared with those
of isolated pigments include flattening of the peaks and
shift of the maxima towards longer wavelengths [100–
102]. The band shape and maxima position in a pig-
ment spectrum in vivo are strongly affected by their
environment and so-called “packaging” effects [1, 75,
80]. Thus, the in vivo spectral features of Chl and Car
are dependent on the proteins that bind the pigments
within the complexes constituting the PSA [80, 100].
The absorption spectra of vacuolar pigments are, to a
considerable extent, determined by their interactions
with other constituents of the vacuolar sap [75]. Intra-
and intermolecular interactions (copigmentation and
tautomerization) of flavonols with anthocyanins or
betalains introduce dramatic changes to the visible
absorption spectra of vacuolar content, including
hyperchromic effects and bathochrmic shifts of the
absorption maxima [75, 77, 102]. Due to the complex-
ity of plant cell and tissue structure, light scattering sig-
nificantly affects the in vivo spectroscopy of plant pig-
ments [40]. Multiple acts of internal reflection and
refraction lead to a considerable increase in the effec-
tive path length of the light traveling within plant tis-
sues [96, 98]. As a result, for example, the pigments
incorporated in the apple fruit tissue absorb 8–10 times
stronger than the same amount of the extracted pig-
ments in the solution [98]. These effects are able to
influence considerably the efficiency of photoprotec-
tive pigments in vivo (Fig. 6).

Depending on the pigment content and spectral
region, a significant part of incident solar radiation
could be absorbed by cuticle and epidermis (more than
98 and 80% in the case of UV-B [30, 51, 61, 91] and
UV-A [30], respectively). The epidermis of plants
grown under elevated UV levels possesses a lower
transmittance in the UV region of the spectrum [41, 51,
97]. Further attenuation of UV occurs due to the pres-
ence of Phe covalently bound to the cuticle and cell
wall [51].

According to [97], the depth of UV penetration into
intact leaves of certain alpine plants adapted to high
fluxes of solar radiation does not exceed 2 µm. The epi-
dermis of conifer species absorbs UV radiation almost
completely, whereas that of broadleaf species transmits
noticeable amount of UV-B. The epidermal layer of
herbaceous plants is characterized by the highest UV
transmittance, allowing a significant part of the incident
UV to reach the palisade and spongy mesophyll [51]. In
leaves and fruit adapted to strong solar radiation, a
decrease in the intensity of the UV-excited Chl fluores-
cence in comparison with that excited in the visible
region could be considered as an additional evidence of

highly efficient attenuation of UV by cuticular and vac-
uolar Phe [30, 61, 92].

The radiation in the UV-B part of the terrestrial solar
spectrum possesses the highest cytotoxic effects. Nev-
ertheless, UV-A, which proportion in the solar spec-
trum could be ten times higher as compared with UV-B
(Fig. 1, see also [100]), also exerts significant effects on
plants. The maximum inhibition of photosynthesis
under natural radiation fluxes is induced by the radia-
tion in the UV-A region [14, 15, 18, 100]. These consid-
erations support the importance of the UV-protection
provided by flavonol absorption in the 350–360 nm
range. In this respect, the effects of intra- and intermo-
lecular interactions of Phe influencing their in vivo
spectra should be taken into account.

Spectral features of AnC absorption including the
maximum in the green range suggest their involvement
in the protection against damage by high fluxes of visi-
ble radiation [101]. At moderate Chl content, AnC are
able to intercept a considerable part of solar radiation in
the 500–600 nm range. This effect, together with the
fact that the maximum of solar energy is located in the
green region (Fig. 3), is of special importance for the
photoprotection in ripening fruit and senescing leaves.

It should be noted that the shape of the spectrum and
positions of the absorption maxima of certain retro- and
keto-carotenoids (such as rhodoxanthin [38, 87]) and
betalains (betacyanins) [36, 42] were found to be close
to that of AnC [36, 45, 74]. Therefore, these pigments
are able, similarly to AnC, to intercept a considerable
part of PAR in the green range of the spectrum. Accord-
ing to the results of reflection spectroscopy and
microspectrophotometry, rhodoxanthin accumulated in
stressed leaves of Aloe arborescens effectively traps the
radiation in the 450–600 nm range, which is character-
ized by a deep penetration into the leaf tissues [86,
100]. The spectra of carotenes, xanthophylls, and their
derivatives (such as their FA esters) involved in the
screening of the chloroplasts from the excessive radia-
tion, as measured in organic solutions, are close to that
of the Car participating in light harvesting and bound to
the pigment–protein complexes of the PSA.

Detailed characteristics of the in vivo optical prop-
erties were obtained for the Car of higher plant leaves
[25, 100, 103, 104] and fruit [37, 104], as well as
microalgae [26, 105]. It was found that these pigments
are able to intercept a considerable part of radiation oth-
erwise absorbed by Chl, especially Chl b; they also
compete with “photosynthetic” Car for the light in the
blue region of the spectrum (Fig. 6, see also [100]).
Spectral features of the Car involved in screening are
compatible with their proposed UV-protective function,
which seems to be possible when the pigments are
accumulated in high amounts [18]. However, the signif-
icance of Car for UV-protection seems to be not so high
in comparison with that of Phe.

Accumulation of high amounts of photoprotective
pigments in plant cells and tissues is accompanied by a
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broadening of their absorption bands in comparison
with the in vitro spectra [80, 100, 101]. As a result, they
exert the photoprotective effect not only in the bands of
their maximum absorption but also in the “tail” regions
where their absorption coefficients are low [69, 74].
These effects are enhanced by extension of the effective
pathlength due to multiple internal reflection and
refraction [96, 98]. Thus, the flavonols extracted from
plant tissues are nearly colorless whereas in planta they
contribute significantly to the absorption in the blue-
violet region of the spectrum, augmenting the photo-
protective effects of Car and AnC [43]. It is noteworthy
that the photoprotective pigments are able to screen
radiation in a very broad spectral range (from UV to the
red region). The accumulation of these pigments is
accompanied by a dramatic increase in the absorption
of light by plant cells and tissues with simultaneous
reduction of radiation fluxes reaching the PSA.

INDUCTION OF PHOTOPROTECTIVE PIGMENT 
SYNTHESIS

The synthesis of photoprotective compounds is
induced by strong UV and visible radiation [15, 27, 92],
extreme temperatures [5, 76], the deficiencies in min-
eral nutrition, especially phosphorus and nitrogen [5],
and by a number of other factors [5, 8]. These stressors
impair the capability of plants to utilize the absorbed
light energy for photochemistry [3, 10], leading to
overreduction of certain components of the photosyn-
thetic electron-transport chain and, as a result, to the
increase of ROS formation and shift of the cell redox
equilibrium [4, 10]. The overreduction of plasto-
quinone pool and other components of the electron-
transport chain is a trigger of the synthesis of photopro-
tective pigments, such as Car [4, 106, 107].

The molecular mechanisms of the induction and
regulation of Phe synthesis in response to strong UV
and visible radiation are very complex [53, 108]; they
involve different photoreceptors (phytochromes, cryp-
tochromes, and UV-receptors) [57] and, presumably,
ROS messengers [53]. The signals from the photore-
ceptors modulate the key enzymes of Phe biosynthesis,
such as those of the phenylpropanoid pathway, which
provides the important precursors for the photoprotec-
tive Phe compounds [108]. In vast majority of studied
systems, the synthesis of Phe is controlled by up-regu-
lation of the key enzymes of the phenylpropanoid path-
way, such as phenylalanine ammonia-lyase (PAL) or
chalcone synthase (CHS) [1, 74, 108]. Detailed
description of the signal transduction in phenolic
metabolism could be found in [53, 57, 108, 109].

The lag time of the induction of Phe synthesis in
response to strong irradiation is species-dependent and
varies from several hours (in young herbaceous spe-
cies) to several days (in leaves of woody plants) [31,
110]. The experiments with radio-labeled precursors of
Phe showed that the flavonols, accumulated upon ele-
vated UV irradiation (mainly glycosides of kaempferol

and quercetin), were predominantly synthesized de
novo. UV irradiation often induces the synthesis of
more complex conjugates of flavonols with betalains
absorbing both in the UV and visible parts of the spec-
trum [36, 42]. The content and composition of Phe
accumulated by plants as well as their UV sensitivity
are characterized by a wide variation dependent on the
species and growth conditions [14]. The supplementa-
tion of rape plants with UV-B (8.9 kJ/(m2 day)) trig-
gered the notable increase in the epidermal content of
the UV-absorbing pigments in comparison with plants
grown at the background UV-B intensities. Flavonols
glycosides appeared to be the most UV-inducible: e.g.
the content of kaempferol glycosides increased 23–36-
fold. In conifers, such as Scots pine, UV irradiation also
triggers the accumulation of flavonol glycosides [111].
The UV-induced effects include the thickening of the
cuticle [54] and epidermis [13] accompanied by an
increase in the content of the cuticular wax-bound [30,
55] and vacuolar Phe [13].

The synthesis of AnC is regulated by the
phytchrome and cryptochrome systems [5, 52, 109].
Red light illumination is sufficient to induce AnC accu-
mulation in mustard plants, whereas for the induction
of the same effect in sorghum and tomato, illumination
by blue light and UV-A triggering the cryptochrome
receptor was necessary. In wheat plants, AnC were syn-
thesized only upon UV-B irradiation. The experiments
with cultured plant cells [53, 57] revealed that the irra-
diation with white light mixed with UV-B effectively
induced flavonoid synthesis, which rate depended on
the amount of the corresponding enzymes up-regulated
by irradiation.

The development of AnC pigmentation in plants is
the phenomenon of special interest. It often appears in
juvenile plants but mature plants usually lack it [47] or
display transiently under stressful conditions [7, 47].
Obviously, upon maturation of the PSA or its acclima-
tion to the stressor, the photoprotective “screen” of AnC
is required no longer and the reddish pigmentation dis-
appears [7].

PHOTOPROTECTIVE PIGMENTS 
AND RESISTANCE TO PHOTODAMAGE

A considerable body of experimental evidence has
been acquired to the date supporting the importance of
photoprotective pigments for the resistance to the dam-
age induced by high fluxes of UV [18, 27, 28, 40] and
visible [45, 63, 76] radiation. The photoprotective func-
tion was proved for a large number of compounds. In
particular, MAA were shown to reduce UV-induced
bleaching of Chl and DNA damage. Then, MAA con-
tent in algae closely correlated with the intensity of UV
irradiation [14, 18].

The changes in the susceptibility of plants to the
UV-induced damage are, to a large extent, related to the
dynamics of the content of photoprotective compounds,
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Fig. 6. (a) Modeling of and the contributions of individual pigment pools to the reflection spectrum of the Summer Red apple fruit
and(b) estimation of the photoprotective pigment efficiency. For details, see [88].
(a) (1) Reflection (solid curve); (2) the model of the reflection spectrum (symbols); (3) scattering and attenuation not related with
absorption; (4) flavonol contribution; (5) thylakoid-bound chlorophyll and carotenoid contribution; (6) extrathylakoid carotenoid
contribution; (7) anthocyanin contribution.
(b) (1, 2) Absorption by thylakoid-bound chlorophylls and carotenoids with and without effect of the photoprotective pigments,
respectively; (3) ratio of the spectra 1 and 2 representing the efficiency of photoprotective pigments at interception of the light oth-
erwise absorbed by the chloroplast pigments. The contributions of anthocyanins (peak near 530 nm), extrathylakoid carotenoids (at
460 nm), and flavonols (the tail absorption increasing towards near UV).
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predominantly Phe [27, 40]. Photoprotective function
of vacuolar Phe is also evidenced by the inverse corre-
lation between their content and the degree of inhibi-
tion of photochemical reactions in leaves [27] and fruit
[31]. Cultivated plants grown in the greenhouses made
of glass blocking solar UV contain less flavonols and
phenolic acids and exhibit a higher sensitivity to UV-B
than the plants of the same species grown in open air
[13, 14]. In apple fruit, the PSA in the peel of shaded
surface, containing low amounts of flavonols, was
readily damaged by UV-B. At the same time the PSA in
the peel of sunlit surface adapted to high fluxes of sun-
light and possessing high flavonoid content was resis-
tant even to UV-B doses much higher than natural [31].
Lower degree of UV-B-induced inhibition of photosyn-
thesis was observed in rice seedlings containing higher
amounts of Phe and featuring lower epidermal trans-
mittance in the UV-B region [110]. The importance of
Phe for UV protection is also supported by the results
of the experiments carried out on mutant plants defi-
cient in the synthesis of various Phe [43, 112]. The Ara-
bidopsis mutants displayed a higher UV-B sensitivity
as compared with wild-type plants. The flavonoid-lack-
ing tt-4 mutant was less susceptible than the tt-5
mutant, which was unable to synthesize both flavonols
and sinapic acid esters [113]. The barley mutants lack-
ing flavone glycosides (apigenin and luteolin) were
readily damaged by UV, whereas the wild-type plants
were resistant to the same UV doses displaying at the
same time the fivefold higher content of the flavone glyco-
sides [112]. The higher susceptibility to UV-B-induced
damage to plants unable to synthesize Phe was con-
firmed by the results of inhibitor analysis performed
using 2-aminoindan-2-phosphonic acid (AIP) blocking
the synthesis of phenylpropanoids [114].

Many UV-protective compounds are also involved
in the protection against damage by visible radiation;
the examples include betalains, AnC, and certain fla-
vonols [7, 45, 47, 63]. It deserves noting that AnC,
regardless of their weak absorption in the UV-B region,
are able to provide photoprotection in this spectral
region when accumulated in plants in high amounts
[31, 115]. AnC-containing assimilatory tissues are
characterized by a high resistance to photodamage [63,
76]. Inverse relationship between AnC content and that
of xanthophyll cycle Car was found in dog-rose, castor
bean, and a number of other species. It was suggested
that AnC compensate, at least partially, the insufficient
activity of the xanthophyll cycle in these cases [116].
AnC efficiently protected maize chloroplasts and leaves
against photoinhibition at chilling temperatures. Under
equal intensity of the actinic light illumination, the
AnC-containing cells displayed a lower degree of vio-
laxanthin de-epoxidation than the cells lacking AnC
[46]. The presence of AnC in leaves of dogwood
increased their resistance to photoinhibition and the
efficiency of PSII as compared with the leaves contain-
ing low amounts or no AnC at all [117, 118]. Chl in
apple fruit peel with high AnC content showed a very

high resistance to photobleaching as compared with
AnC-free zones of the same fruits [45]. In Ambrosia
chamissonis (Asteraceae), these pigments fulfill less
common but important function: AnC localized in the
cells surrounding the lactifers protected the phototoxins
(thiorubrins) against pre-term photodegradation [86].

AnC are especially important for the protection of
the PSA at the early and terminal stages of plant devel-
opment. In growing organs (leaves and shoots), the
transient AnC pigmentation is thought to protect the
developing PSA [7]. After formation of the fully devel-
oped PSA, possessing a higher resistance to photode-
struction, the AnC content usually decreases [119]. The
presence of AnC is also important for the protection of
leaves during their autumnal senescence [8, 47, 49, 78].
Senescing leaves are prone to photodamage because of
misregulation of their PSA and increased ROS forma-
tion often accompanying PSA dismantling during leaf
senescence [6, 24, 120, 121]. Apart from strong sun-
light, plants in autumn are often subjected to low tem-
peratures, which increase the risk of photoinhibition
[4]. Under such conditions, AnC accomplish the photo-
protection of the deciduous tree leaves necessary to
complete retranslocation of the photoassimilates and
other valuable metabolites to the storage organs, which
is a prerequisite of successful preparation to the dor-
mancy period [8, 49].

The evidence of Car participation in the screening of
the excessive radiation (mainly visible) is relatively
scarce in comparison with those obtained for Phe. Nev-
ertheless, there are a considerable number of reports
supporting the involvement of Car into light screening
in algae and higher plants [26, 39, 66]. The secondary
Car accumulated by algae under strong irradiation pro-
tected the algal cells against photoinhibition, especially
under low temperature, nitrogen deficiency, and high
salinity conditions [26, 39, 122]. These mechanisms
were found in green microalgae from the genera of
Dunaliella [122], Haematococcus pluvialis [26, 39],
H. lacustris [82]), and Parietochloris incisa (P. incisa
[105]). The accumulation of Car coordinated with the
synthesis of nonmembrane lipids was shown to
increase the resistance of the algae to UV and visible
radiation and the treatment with exogenous photosensi-
tizers [82]. Thus, H. pluvialis cells containing high
amounts of astaxanthin and its FA esters retain the high
level of PSII efficiency even under high fluxes of light
[26]. Probably, this effect is also related with the forma-
tion of the “physicochemical” barrier composed by
Car-containing oil bodies surrounding the chloroplast
and protecting the cell from both harmful radiation and
ROS [39, 82].

Under high light conditions and in the course of
senescence of higher plants, the amount of the extrath-
ylakoid secondary Car localized in plastoglobuli (Fig. 5)
[123, 124] is increased notably on the background of a
decline in “photosynthetic” Car [1, 2, 21]. Thus, ripen-
ing apple fruits accumulate mainly neoxanthin, violax-
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anthin, lutein, and their FA esters [66, 93]. These Car
species possess a high resistance to photodestruction
both in vivo and in vitro [29] and contribute signifi-
cantly to overall attenuation of light reaching the thyla-
koids [29, 88].

Certain coniferous and flowering plant species lack-
ing AnC and betalains accumulate under unfavorable
conditions retro- and keto-carotenoids with spectral
properties close to those of AnC [87]. Specifically,
woody aloe (Aloe arborescence) [87] and Japanese
cedar (Cryptomeria japonica) [38] accumulate rhodox-
anthin; common box (Buxus sempervirens) synthesizes
eschscholtzxanthin as well as other xanthophyll esters
[66]. Evidently, rhodoxanthin protects cryptomeria
plants from photoinhibition during cold seasons [38];
in aloe and other species, this pigment could be
involved in the photoprotection under high-light and
drought stresses [34].

APPROACHES TO THE ESTIMATION 
OF THE PHOTOPROTECTIVE PIGMENT 

EFFICIENCY

The in vivo efficiency of the photoprotective pig-
ments is determined by the ratio of the amounts of radi-
ation absorbed by them and the pigments of the PSA
and other photosensitizers. Numerous approaches were
employed in order to estimate the efficiency of various
photoprotective compounds. A common approach
involves a comparison of absorption spectra of the
extracts of algal cells or higher plant tissues grown
under contrasting conditions. Thus, the absorption near
300 nm of methanolic extracts from UV-irradiated
cyanobacterial and microalgal cells increased consider-
ably due to the accumulation of MAA [18, 67]. Irradi-
ation of leaves and fruit peel by high fluxes of UV and
visible radiation caused an increase in their extract
absorption due to the accumulation of Phe, AnC, and
Car [31, 48, 87, 125]. This method presumes the elimi-
nation of Chl contribution to the extract absorption,
which could be achieved by alteration in the extraction
procedure [125], subtraction of the spectral contribu-
tion of Chl [48, 125], or the using of chromatographic
techniques [31, 83, 95]. However, these approaches are
able to provide only limited information on the function
of photoprotective pigments.

A number of works dedicated to investigation of the
spectral absorption of light by superficial structures and
epidermal tissues of leaves and fruit was carried out on
the preparations of isolated cuticle and epidermis [30,
63, 91]. This method does provide information on the
attenuation of light by plant superficial structures but
suffers from uncertainties related to the isolation and
nativity of the preparation. The experiments with opti-
cal microfibers introduced to the mesophyll of a leaf are
of a considerable interest [97]. These findings allowed
describing the light gradients within the leaf blade for
different plant species [97]. Another approach employs
the comparative analysis of the reflection and absorp-

tion spectra of leaf and fruit samples with contrasting
content of the pigment of interest and close content of
other pigments (such as Chl and Car) [45]. A new
method based on the difference spectroscopy allowed
the spectral reconstruction of plant reflection as a sum
of contributions by different pools of pigments, both
“photosynthetic” and photoprotective [32]. In particu-
lar, this method made it possible to estimate the propor-
tions of radiation absorbed by Phe and extrathylakoid
Car in the overall amount of radiation absorbed by
apple fruit (Fig. 6) [88]. The estimated contribution of
the photoprotective pigments into the total absorption
of light in this case could exceed 60% at advanced
stages of ripening.

Recently, nondestructive techniques were devel-
oped and adopted based on the analysis of fluorescence
excitation spectra of Chl employed as the endogenous
fluorescent probe [32, 48, 61, 92, 102]. The ratio of the
intensities of Chl fluorescence excited in the UV-B to
that in the blue-green regions of the spectrum appeared
to be proportional to the UV-B transmittance of the epi-
dermis samples and their Phe content [41, 61]. The ratio
analysis of the Chl fluorescence excitation spectra pro-
vides the in situ information on the chromophore(s)
absorbing, together with Chl and Car, radiation in the
UV and/or visible regions [32, 48, 51, 92, 126]. This
approach was successfully used for estimation of fla-
vonol and AnC contents in fruits of apple [126] and
olive [127] as well as in broccoli leaves [128]. The anal-
ysis of the Chl fluorescence excitation spectra recorded
from the adaxial and abaxial leaf surfaces could reveal
the epidermal UV-protective Phe [48]. These methods
could also be implemented with the use of commer-
cially available pulse-amplitude modulated fluorome-
ters (such as PAM 2000) routinely employed for mea-
surement of variable Chl fluorescence [126].

Additional information on the absorption of light
and the efficiency of photoprotective pigments could be
obtained via modeling the optical spectra of plant sam-
ples. Application of this technique to reflection spectra
of apple fruit yielded the information on contribution of
the particular pigment pools to the overall absorption of
light [88] and allowed reconstruction of the Chl fluores-
cence excitation spectra. This method is also suitable
for quantitative characterization of the attenuation by
photoprotective pigments in different spectral regions,
which appeared to be the highest in the blue-violet and
green ranges (Fig. 6) [88]

It should be noted in conclusion that the establishing
and functioning of photoprotective mechanisms in
plants is accompanied by characteristic and directional
changes in the cell and tissue optical properties, such as
reflection, absorption, and scattering of light [45, 51,
80, 87, 100, 101]. During recent years, a considerable
amount of research was dedicated to the investigation
of these changes since they could provide valuable
information on the condition of photoautotrophic
organisms, the state of its adaptation to the intensity
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and spectral quality of the illumination, and potential
resistance to the damages induced by high fluxes of
sunlight [29, 64, 80, 100, 101]. The modern methods
for obtaining and interpretation of this information give
ample opportunities for investigation on the role of
photoprotective pigments in photoadaptation of plants.
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