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Autofluorescence of Plant Secreting Cells as a Biosensor
and Bioindicator Reaction
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Autofluorescence of intact secretory cell of plants is considered as a possible biosensor for the cellular
biomonitoring. The fluorescence of secretory cells was due to the chemical composition of their
secretions. This phenomenon could be recommended: 1. for the diagnostics of secretory cells among
non-secretory ones; 2. for the express-analysis of the content of secretory cells at norm and under
various factors; 3. for the analysis of cell-cell interactions. Identification of intact secretory cells
filled with products of secondary metabolism is based on their fluorescence characteristics. The
filling of the cells with a secretion and the removing of the secretions are easily observed under
the luminescence microscope—from confocal microscope to various microspectrofluorimeters. The
cellular fluorescence can serve as an indicator of the cell stat®o. The following development

of the earlier diagnostics based on the autofluorescence may be the area of the remote monitoring of
agriculture crops and yields of medicinal plants as well as the remote sensing of the environmental
stress.

KEY WORDS: Autofluorescence; confocal microscopy; luminescence microscopy; microspectrofluorimetry;
plants; secondary metabolites; secretory cells; spectral analysis.

INTRODUCTION tory plant cells (where secretory function prevail) contain
secondary substances, such as phenols, flavins, quinones,
The term “autofluorescence” is used for a lumines- alkaloids, polyacetylenes, coumarins, terpenoids and oth-
cence of naturally occurring molecules of intact cells in ers[11]. The substances in various solutions can fluoresce
visible region of the spectra induced by ultra-violet or vio- under ultra-violet radiation [12]. Up to now phenomenon
let light [1,2]. Fluorescing world of plant cells, which are  of the bright luminescence emitted from the plant secret-
well-seen under a luminescent microscope, includes all ing cell was not analysed in literature, and there is ne-
colours of the visible spectrum. It is not only the emission cessity to do it. The aim of the review is to show the
of chlorophyll (red fluorescence) that located in chloro- resources of autofluorescence, peculiar to secretory cells,
plasts and the lightening of cell wall (blue or blue-green as a biosensor and a bioindicator reaction for various types
luminescence [3]. Bright luminescing picture is also ob- of diagnostics—from cellular monitoring of environment
served for specialized secretory cells [4-10]. Moreover, to the study of cellular development.
it has been established that many secretory cells, for in-
stance idioblasts and complex glands are not seen on the

plant surface without the excitation by UV-light (violet AUTOFLUORESCENCE OF SECRETORY CELLS
light) or the staining with artificial fluorescent dyes. Secre- o5 A PHENOMENON
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or reservoirs. Often the secretion moves the cellular microscope, and be registerated by the application of spe-
organelles to a cell wall (the organelles may be reduced cial microspectroflurimeters (see schemesin Appendix 2).
and even disappeared), may be accumulated in free spac@rinciples of the technique based on modification of a
between plasmatic membrane-plasmalemma and cellluminescence microscope, in which one can see the flu-
wall, and then be excreted out cell, as seen below: orescing object in a whole field of view. The lumines-

cence microscopes have a possibility to photo samples.
Plasmalemma Fluorescence from intact secreting plant cells, that in-
duced by ultra-violet light 360—-380 nm, was observed and
photographed on the high-sensitive photofilm under fluo-
rescent microscope used for aeroshooting from the aero-
plane [10,18,22,23]. Photos, which are represented on the
Fig. 1(A—E), demonstrated the examples of the light emis-
sion that is seen under luminescent microscope.

Unlike usual luminescent microscope, before catch-
ing by photomultiplier, the fluorescence beam from the
sample studied passes through confocal aperture hamed
pinhole. Changing the diameter of the aperture, pinhole
limits a scattered light from the object points which are
out a focal plane and contrasts the volume image [24].
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Main plant secretory structures may be distinguished as following groups:

. p— : ; i

Searetorycells | |30 s o | e ools of son- Construction of a confocal microscope permits to observe

gfg;g:;f;;z; (etals of lowers, | |goncrative brecding differenting cellular structures by the mode of a regulation of the depth
nectaries, pistils, . .

shoots, roots) elandular cellS) of an object slide. Cells of algae and some non-secretory

cells of higher plants were studied by the method [25,26].

Reader can see terms of some secretory structures in &0nfocal imaging of secreting plant cells was studied for
glossary of Appendix 1. In a detail one should see as 9rass pollen analysis [27]. The example of the fluorescing
sources [11,13-17]. microspore is shown on Fig. 1(F), where is seen, mainly,

Secretory cells are met as both unicellular cellu- internal structure of thEquisetum arvenszll (luminesc-
lar structure (unicellular hairs, unicellular spores or mi- iNg organelles have been concentrated, perhaps, around
crospores that are needed for a plant breeding, single senon-visible nucleus).
cretory cells among non-secretory ones, etc) or as a part ~ 1he recording microspectrofluorimetry is also
of multicellular secretory structures (multicellular hairs, applied for cellular biology. Microspectrofluorimeters
multicellular glands, resin ducts, nectaries, laticifers, etc). Were first applied for the studies of fossil pollen [28] and
These structures may play roles in plant defence againstMicroalgae [29,30]. Microspectrofluorimetric technique
pest and parasites, in attraction of the insect-pollinators iS one of the non-invasive methods used for a cellular diag-
and others [16,11]. Among the secretory organs, which nostics [30,31]. Luminescence of microobjects excited by
autofluorescence has been studied and well-seen undephort wave radiation of an arc lamp and after spectral de-
luminescent or confocal microscope (Fig. 1), were intact COmPposition is registered by detectors-photomultiplier(s).
single cells such as idioblasts, hairs, generative (pollen or Microspectrofluorimeters, having a detector with optical
male gametophyte) and vegetative (mainly for species of Probes of various diameter up tqin (the changed areas
fam. Equisetaceae) microspores, and cells of multicellu- OF Probeholes composed with the system of mirrors) have
lar secretory structures of Golosperms and AngiospermsbPeen constructed in the Institute of Cell Biophysics of
(glands, glandular trichomes, secretory hairs, and others).Russian Academy of Sciences [32-36]. This technique
Various types of secreting cells: (glandular cells, hairs, May register the fluorescence spectra or measure the
resin ducts, hydathodes, nectaries, stinging cells, etc_)fluorescence intensities at two separate wavelengths.

demonstrate various fluorescence spectra that depends oflicrospectrofluorimeters can receipta magnitude fluores-
their chemical composition. cence image of a certain area of the specimen that appears

on a spherical mirror. Unlike electron microscopy [16],
this method permits the investigation of physiological ac-
tivity of a secretory process vivo. The emission data may
be written in a form of the fluorescence spectra by the help
The phenomenon of autofluorescence may be ob- of XY-recorder (could be coupled with a computer). By
served under usual luminescent microscope or confocala using of such microspectrofluorimeters, luminescence

Technique for the Study of the Secretory Cell’s
Autofluorescence
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A. 1 bar=50um | B. 1bar =100pum C. 1 bar =50 um

D. 1 bar =30 um E. 1 bar =30 pm F.__ 1bar=15um

Fig. 1. Autofluorescence of plant secretory cells seen under luminescent microscope at the excitation by ultra-violet 360—-380 nm
light (A—E) and under laser confocal microscope at the excitation by laser beam 450 nm (F). A. Secretory gland of the bud scale of
birch Betula verrucosaB. Secretory stem hair of common nettletica dioica, C. Secreting pistil stigma dampanula persicifolia

D. Pollen of birchBetula verrucosaE. Vegetative microspore of horsetail Equisetum arvense with branched elaters, F. Vegetative
microspore of horsetalfquisetum arvens&ources: A—after [18], C-after [10,19-21]; B, D, E—unpublished photo of V. V. Roshchina;
F-the photo done by V. A. Yashin.

is registered from individual cells and even from a cell By this mode a histogram comparison of the state of dif-
wall, large organelles and secretions in periplasmic spaceferent secretory cells were made, especially on the mi-
(space between plasmalemma and cell wall) as well ascrospores [38,41].
from drops of secretions evacuated out of secretory cell on Beside microscopy-related technique, usual standard
the cellular surface. The fluorescence spectra of secretoryfluorimeter or MPF fluorescence spectrophotometer with
cells were registered recently with microspectrofluori- laser 360-380 nm excitation (also in a combination with
metric technique [7-10,18,22,37-40]. The examples of liquid nitrogen kryostation) was used for the study of the
the fluorescence spectra of some secretory cells are orfluorescence spectra on 1-3 mm—film (layer) of pollen
Fig. 2. at room and temperature of liquid nitrogen [42]. Due to
Various modifications of microspectrofluorimeters the apparatus, more picks in the fluorescence spectra of
may not only register the fluorescence spectra, but alsothe samples have been observed in a comparison with the
measure the fluorescence intensities at two separate wavespectra of pollen from the same species that were regis-
lengths in a form of histograms related to the fluorescence tered by microspectrofluorimetry [8,9,23].
intensity ati, or at A, as well as to the ratio of their
values (See scheme in Appendix 2). A special program
“Microfluor” makes it possible to obtain the distribution
histograms of the fluorescence intensities and to perform Historical excursion shows that the ultra-violet-
statistical treatment of the data, using Studetast [36]. excited light emission of secretory cells under

Some Characteristics of Fluorescing Secretory Cells
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Fig. 2. The examples of fluorescence spectra registered by microspectrofluorimetry from the secretory cells of some plants.

F: fluorescence (relative units); unbroken line: secretory cell; broken line: nonsecretory cell.
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luminescence microscope has been first demon- of empty hair [18]. Only cell walls, when they include
strated on pollen [43-45]. Later, using the luminescent phenols, have a weak emission, which is non-measured or
microscopy, the fluorescence of secretory cells has measured maximally asless, than 7—10% of total emission
been found in leaves [5,46], roots [4,47], in pistil of of fluorescing secretory cell [10]. Therefore, about 90%
flowers [48]. Microspores are single secretory cells of the emission of secretory cell is due to the its secretion.
themselves, and the interest to the fluorescence ofSecond evidence of the main contribution of the secretion
pollen grains was maintained by botanists and geologiststo the light emission of secretory cell is an analogous flu-
[49-51], The phenomenon of the autofluorescence of orescence of the secretion released on the surface such as
the above-mentioned cells is used for pollen analysis in liquids or crystals of some alkaloids, terpenes and phenols
botany [50,51], in geology [49], meteorology [52], and [9,10,22]. For microspores such as pollen or vegetative mi-
microphotography of fluorescing secretory structures crospores the most bright fluorescence is observed when
[5,6]. The beginning of the studies, which are related to a the microspores are dry. The contribution to the light emis-
character and a nature of the fluorescence from individual sion belongs to both rigid polymer secretion of exine and
secretory cells and perspectives of the application of the slightly released secretion of the microchannels [8,37,39].
phenomenon to the practice, was in 90s of 20th century Water quenched the luminescence of viable pollen, but not
[8-10,18-22,39,53,54]. The fluorescence spectra of morenon-viable one [8,36]. The liquid secretion is released at
than 50 plant species with various secretory cells are the moistening and can fluoresce out of a cell, but more
characterised in special papers [7-10,18,22,37,39]. Theoften it is weak or is completely quenched by water.
examples of the registered autofluorescence are shownon  Characteristic types of fluorescence of secretory cells
Fig. 2. which more suitable as biosensors may be found among
Estimating the fluorescence spectra of secretory them. This could be observed under luminescent micro-
cells, where abundant secretion is seen, main fluorescencecope and measured by microspectrofluorimetry.
detected is defined by the composition of secretion and
differs from non-secretory cells surrounded (Fig. 2). As
shown on Fig. 2, cells of hairs, glands, and nectaries have
maxima, related to secretions themselves, in blue, blue-
green and yellow-orange regions of the spectra, on the Fluorescence of intact secretory cells is a sum of
contrary to non-secretory cells of leaf, stem or parts of emissions derived from several different groups of sub-
flower, which either have no maximum at 680 nm, peculiar stances, which either are excreted out or accumulated
to chlorophyll or have a small one [9,10]. Due to this within cell and linked on the cellular surface (Fig. 3).
characteristic it is easy to distinguish secretory cells from Beside that, cellular compartments can also contribute in
non-secretory ones (Fig. 2). Moreover, floral and extraflo- the fluorescence. In non-secretory cells of chlorophyll-
ral nectaries differ in their nectar composition that is seen containing tissues of leaves, stems and flowers main colour
from the different fluorescence spectra. Surrounded non- of fluorescence emitted by the cells under luminescent mi-
secretory cells have no maxima in the spectral region, croscope is blue-green, if derived from cellular walls or
which is shorter, than 650 nm. Chlorophyll-less cells of red, if is collected from chloroplasts, where chlorophyll
root tissue (Fig. 2) also demonstrated differences betweenis located [3]. Except vacuoles, which may be filled with
secretory and—non-secretory cells. Idioblasts, which are secretory products, the autofluorescence contribution of
secretory cells, fluoresce in orange region of the fluores- other organelles is very small, if there is at all. Unlike non-
cence spectra whereas surrounded non-secretory cells—asecretory cells, secretions of the specialised secretory cells
shorter wavelengths. have visible peculiarities, which differ in their colour and
What are main evidences that visible fluorescence of intensity that is well seen from their fluorescence spectra
secretory cells belongs to, mainly, a secretion? First of all, (Fig. 4). About 90% of the emission of secretory cell is
the evacuation of the secretion from the secretory cells due to its secretion.
leads to the quenching of the luminescence within the se- In multicellular tissues of leafs, stems, roots and
cretory cell, for instance it is well seen for leaf secretory seeds fluoresced secretions accumulated within cell and
hair of common nettle obrtica dioica, tomatoLycop- in extracellular space between plasmalemma and cell wall
ersicon esculentuyrand calendul&€alendula officinalis (Fig. 3) and excretions are mainly in liquid state, exceptthe
[18,22]. Empty space within secretory hair is observed deposition of crystals on the surface. As for microspores,
as a dark space. Often drop of lipophilic secretion may for instance pollen (Fig. 3), they have a complex secre-
stay on the end of the secreting hair and can fluoresce,tory structure: 1) a cover with outer layer named exine
looking as lightening part against the dark background (rigid product of the cellular secretion during the anther

Main Characteristics of the Fluorescence
of Secretory Cells
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CELL SURFACE crospores or pollen of some plant species, 2 for generative

~— microspores, vegetative microspores, glandular cells and

out el ol Sopaceluler cytoplasm  organelle trichomes on leaves and stems, 3 or 4 for generative mi-
’°"°°"“:‘E°_ /. crospores, vegetative microspores, glandular cells and tri-
v\/\\\ \/::\\ }'\\ chomes on leaves and stems [8-10,37,38]. It depends on

AN - Vs the chemical composition of their secretions and excre-

Uv- light _.\ ifret'?l a _sfcre'ff tions. The multicomponent mixtures in secretions, how-

ever, demonstrate luminescent characteristics of prevail-
ing substances. Table | shows the fluorescence maxima of
known secondary metabolites which can define the light

A7\ \°

fluorescence
emission of the secretions in intact secretory cells from
pollen surface various plant species in comparison with their excretions.
i In violet-blue region (420-480 nm) of the spectra al-
out  pollen grain o et cptoplasm kaloids, phenols, terpenes and some aliphatic compounds

reflectance fluoresce (Table 1). The glands and glandular hairs of

terpenoid-rich species contain substances, fluorescing at
420-480 nmterpenes such as monoterpenes (monoterpene
alcohol menthol), sesquiterpenes (azulenes), and phenols
(flavonoids, aromatic acids). The fluorescence scales of
the substances which are included in the secretions of se-
cretory hairs and other secretory cells may be also use-
ful for the pharmacological analysis of medicinal plants
[55-57]. This permits the fast control the accumulation of
exine intine active matter without long biochemical procedures. Mi-
Fig. 3. Scheme of the possible fluxes of UV-radiation (excitation) and crospectrofluorimetry permits to analyse both content of
fluorescence in plant secretory cell as a whole (upper side) and, in par- intact nectar-containing cells and small drops of the se-
ticular in microspores such as pollen (Below). cretions of floral and extrafloral nectaries Bassiflora
coeruleaor Impatiens balsaminfl0]. Reader can see the
development) which polymerised material (sporopol- fluorescence spectra on Fig. 2. Isolated cellular walls in-
lenin) brightly fluoresced due to phenolic or carotenoid clude blue-fluorescing ferulic acid [58], which also may
residues; 2) microchannels in exine filled of liquid se- contribute in a whole fluorescence that is seen under lu-
cretion [20], consisting of pigments, lipids, proteins, etc, minescent microscope [59]. But, in our practice, the flu-
some of which also fluoresce. The contribution to the light orescence of cell wall is not so intensive and is usually
emission belongs both to a rigid polymer secretion of ex- observed out the secretory drop [10].
ine and, in small degree, to a released secretion of the As shown in Table I, in green-yellow (500-570 nm)
microchannels [8,10,19,20,37,39]. Rigid polymer mate- and yellow (575-585 nm) spectral regions coumarins and
rial of exine, which is peculiar to microspores, includes some flavonoids, in particular quercetin and rutin, fluo-
pigments such as carotenoids or phenols [13]. The extrac-resce (Table I). This is observed in the secretory cells of
tion of these pigments d?etuniapollen by 80% acetone leaf buds during the development of their secretory struc-
and then by benzol or chloroform leads to the missing all tures and accumulation of the secretory products appear
maxima in green-red region, only the weak blue fluores- to observe by the microfluorescent technique [10,18,22].
cence is seen [23]. Above-mentioned secretory cells may be recommended
Water quenches the luminescence of viable pollen, for cellular control of the development in nature.
which is capable to germinate in vivo or in vitro, but In orange (585—620 nm) and red (625—-700 nm) re-
not non-viable one that is impossible to any development gion of the spectra the fluorescence of some alkaloids,
[8,37]. Moreover the emission of non-viable pollen is ap- anthocyanins and azulenes is seen [10,22,60]. Secretory
proximately 3 fold higher. The liquid secretion is released cells of roots contains alkaloids, while anthocyanins and
at the microspore moistening and can fluoresce out of aazulenes are metin generative (pollen, male gametophyte)
cell, but more often it is weak or is completely quenched and vegetative microspores (mainly in fam. Equisetaceae).
by water, if the secretion is lipophilic. Terpenoid-containing cell often include azulenes which
Most studied secretory cells have one or several max- also contribute in the emission when are linked with cellu-
ima in the fluorescence spectra: 1—for generative mi- lose [7]. The contribution of chlorophyll at 675-680 nm
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Fig. 4. The changes in the fluorescing microsporeggfiisetum arvensauring their development for first hour
after moistening.
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is seen only for chlorophyll-containing cells. Medium also acid derivatives), accumulates in the cell wallsOdtakes
play a certain role in the orange-red emission of intact partin formation of phenolic cross-links, the fluorescence
cells. It can be illustrated in model system—root cells of of the surface increases and becomes bright greenish-
Ruta graveolensvhich have several secretory structures, yellow. The peroxidase-catalyzed polymerization of the
filling with lipophilic secretion enriched acridone alka- pollen sporopollenin also needs®, and the pattern of
loids [4], and brightly fluorescing with maximum 595— light emission during the process of pollen development
600 nm among surrounded non-secretory cell with blue [10] may be related with the peroxidation reactions.
(maximum 460-480 nm) fluorescence [61,62]. Lipophilic The contribution of reactive oxygen species in the
crystals of rutacridone, representative of acridone alka- autofluorescence of secretory cells, such as superoxide
loids, and its solutions in non-fluorescing immersion oil anionradical and peroxides, is also established with the us-
also fluoresced orange with maximum 600 nm. Similar ing of the enzymes superoxide dismutase and peroxidase,
orange emission was observed only for the root extract by relatively, which decompose the oxidants [10,41]. The se-
chloroform or, in less degree, by 100% ethanol, but not creting surface of the pistil stigma in a flower shows the
for extracts by water or acetone. decrease in the light emission only in the presence of per-
Special attention is to microspores. Microspores oxidase whereas the luminescence of generative and vege-
are usually covered by the multilayer cell wall where tative microspores quenches, in a different degree, by both
outer layer, named exine, consists from polymeric ma- enzymes studied. Exogenous hydrogen peroxide and some
terial sporopollenin. The fluorescing sporopollenin com- organic peroxides stimulate their autofluorescence [41].
ponents of pollen are phenols (maxima at 440—-480 nm), The plasma membrane also produces NAD(P)H and
carotenoids (maximum at 500-560 nm), and azulenesdependent products, therefore the pyridinenucleotides flu-
(maxima at 440-460 nm, and for azulenes linked with oresce. The contribution of internal content of the secre-
cellulose—at 620-640 nm). The exine of pollen grains tory cell to the total fluorescence also relates to the trans-
also contains anthocyanins (maxima at 450-470 and 600—parency of epidermal cells. The actinic ultra-violet light
640 nm), the carotenoid bodies (maxima at 500-560 nm), easily penetrates through them and excites the lumines-
and other fluorescent products [8-10,63]. Composition of cence of a secretion located both in periplasmic space
exine of vegetative microspores such agqtiisetum ar- and within a cell, as well as luminescence of cellular or-
venseis not well studied. It is known that microspores ganelles. The fluorescence of the secondary metabolites
contain fluorescent components, for instance flavonoids of the secretion has been described above. The light emis-
guercetin and kaempferol, various alkaloids, carotenoids, sion of microsomes, mitochondria, chloroplasts may be
chlorophyll [64], and recently azulenes have been found caused by their production of NAD(P)H and flavines. The
here [38]. The maxima of main components are in Table |. fluorescence of carotenoids and, mainly, chlorophyll, pre-
Although fluorescence of the non-secretory products vails in a total luminescence of the chloroplasts. Chloro-
is not large in a comparison with the secretory ones (only phyll may contribute to the total cellular luminescence
7-10%) because the cellular fluorescence intensity dropsof chlorophyll-containing secretory cells, but its maxi-
sharply when the secretion is released from the cell [10], mum at 680 nm differs from the emission of the secretions
it also needs to consider this possibility, besides secre- (<640 nm).
tory products themselves. Among excreted metabolites

are metabolites, participated in energetic reactions and inTHE BIOSENSOR AND BIOINDICATOR

t_he formation of cellular wall cover as well cpmponents CAPACITY OF AUTOFLUORESCENCE
linked or excreted by cellular membranes which also may

contribute in the visible fluorescence.

The light emission of the cell wall is of special in-
terest. Pure cellulose in cell wall demonstrates very weak
emission, but the fluorescence is strengthening when phe
nolic residues (maximum at 440-460 nm) are included
[10]. The higher fluorescence of the cell wall in other
plants is, probably, due to surface NAD(P)H (maximum
at 460—470 nm) or flavin (maximum at 520-540 nm) re-
dox reactions, taking place on the plant surface. Among
products secreted through the cell wall is there hydrogen
peroxide which induces the accumulation of insoluble flu-
orescent material, on the surfaces of cellwalls. When poly- During the plant development secretory cells may
meric material containing phenolic components (cinnamic change both the composition of the fluorescing secretions

Autofluorescence could be used: 1. in express-
microanalysis of the accumulation of the secondary
metabolites in secretory cells during these development
‘without long-term biochemical procedures; 2. in diagnos-
tics of cellular damage; 3. in analysis of cell-cell interac-
tions. These possibilities will be considered below.

Express-Microanalysis of the State and Accumulation
of Secondary Metabolites
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and their amount that could be measured, estimating theirfluorescence spectra that correlated with the absence of
characteristic fluorescence spectra and the fluorescencezulenes. The yellow fluorescence at 530-560 nm also
intensity [8-10]. Most medicinal plants have secre- was small due to the lower concentration of carotenoids
tory cells, where pharmacologically-valuable secondary [8,10].

metabolites are accumulated [10,11]. Experiments with Autofluorescence of secretory cells may be useful
leaves and flowers of some plants, which belong to family for the express—pharmacological analysis of medicinal
Asteraceae and contain both sesquiterpene lactones anglants which pollen and secretory cells of vegetative tis-
their derivatives such as azulenes, showed the increasesues contain physiologically valuable components as an
of green-yellow or yellow-orange fluorescence of these active matter.

intact cells during their development [10,22,65]. For in-
stance, such emission is observed only after the appeary tofluorescence in Diagnostics of Cellular Damage
ance of formed secretory cells on the petals of flower from

medicinal plantAchilea millefolium Using double-beam Damaging factors, such as ageing, ultra-violetlight or
microspecrofluorimeter (see Appendix 2), the ratio of the high doses of ozone and other factors, influence secretory
fluorescence intensities | red (maximum of emission at cells [10,11,19,40,67—69]. Changes in their composition
640 nm) | green (maximum of emission at 530 nm) was are seen from the fluorescence spectra, for instance for
measured. This ratio decreases in petals, which are cov-intactHippeastrum hybridunpollen and its chloroform-
ered with matured secretory cells, in a comparison with ethanol (2:1) extract (Fig. 5). Ageing, the storage after the
petals of the flower bud, where there are only few or no collection ofPapaver orientalgollen from 1994 to 1998
similar cells. This occurs due to afilling of matured secre- years, shows the formation of new fluorescing products
tory cells with green-fluorescing secretion (Fig. 4). The with maximain more short wavelength region that may be
histogram, which show the distribution of the fluorescing dealt with the ageing [21]. UV-light (300—350 nm) treat-
cells shows the appearance of cells with increased greenment for 1 hr induced the analogous shifts in the pollen
fluorescence whereas red fluorescence of chlorophyll be-fluorescence from orange to green or blue) Hamero-
comes smaller due to the increase of secretory cells on thecallis fulvaandDactylis glomeratd21]. Buty -irradiation

petal surface (Fig. 4). (3000 g) only decreased the total green fluorescence by
Fluorescence of the microspores is also changed dur-50% in pollen ofHippeastrum hybridurfil 9].
ing their development. Development of pollen from vari- Secretory cells of glands, glandular trichomes and

ous plant species on artificial nutrient medium is showed other structures, localized on the surface of leaf, stem and
that fluorescence of viable (able to germinate as defined inleaf-derived parts of flower (petal, sepals, anthers, sta-
Appendix 1) pollen is quenched by water medium during mens), also interact with ozone (see monograph of [67]).
first 5-10 min after moistening whereas non-germinating The properties of the individual components are changed
pollen grains have 2—3 times more intensive fluorescence[11,70], showing the changes in the fluorescence of se-
and for along time [8]. Moreover, fluorescence of dry non- creting cell [40,69]. For instance, iRaphanus sativus
matured and matured pollen also differs. Forinstance, non-character of the fluorescence spectrum registered from the
matured pollen offussilago farfarademonstrated green  secretory hairs themselves, usually blue light fluorescing,
fluorescence with maxima 465, 518 and 680 nm in the changes significantly after the ozone treatment (Fig. 6)—
fluorescence spectra whereas matured pollen, which isadditional green—yellow (510-540 nm) emission arises.
lack of chlorophyll, showed, mainly, yellow fluorescence Thus, under ozone the changes inside the hair occur that is
with maxima 465, 520 and 535-540 nm [8,10]. Blue flu- seenas aformation of fluorescing products [67]. Ozone of-
orescence (maxima at 465—-470 nm and small shoulder atten induced the green-yellow fluorescence of the dry veg-
665 nm) of nhon-matured pollen &fhiladelphus grandi- etative microspores dEquisetum arvensi@1,60,69,71].
floruschanged to yellow-orange emission (maximaat 465, Significant green-yellow fluorescence is developedinare-
510-520 and 620 nm) in matured pollen grains [8,10] sponse on 0zone in vegetative microsporeEaifisetum
that occurred due to the synthesis of carotenoids (max- arvense(Fig. 7). Perhaps, the phenomenon is related to
imum 520 nm) and azulenes (maximum 620-640 nm) fluorescing products of a lipid peroxidation that occurred
during the development of the generative microspores under the oxidative stress [10].

[7,8,10]. Moreover, fluorescence of pollen could be use- Fluorescing products also arise at ozonolysis in gen-
ful at the distinguishing of a self-compatible and a self- erative cells, for instance in pollen [67]. Pollen, which is
incompatible pollen of the same species, like it was lack of the pigments, such asBfantago major have no
seen inPetuniaclones [7,66]. In the self-incompatible significant changes in its fluorescence whereas pigmented
clone there was no maximum at 620-640 nm in the pollens, for instance enriched either in carotenoid3ass
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Fig. 5. The fluorescence spectra of the intact pollefgdpeastrum hybridunfA) and its chloroform—ethanol
extract (B). Fresh pollen (unbroken line), 1 year aging ((broken line).

Fluorescence (relative units)

siflora coerulear phenols ablippeastrum hybridurhad

including a lipid peroxidation, can fluoresce [72]. The

the shifts in the fluorescent spectra. The ratio of secreting nature of fluorescing pots on leaves and microspores of

microspores such as pollen Bapaver orientalemay be

plants is supposed to be associated with the Schiff bases,

changed under the treatment with ozone, which alters thewhich are formed at free radical reactions in a lipid frac-

value of the Igreen/Ired ratio of fluorescence (Fig. 8). Sim-

tion of membranes. Deeper changes lead to a formation

ilar changes in the autofluorescence and the orange-blueof fluorescing pigment lipofuscin, which is often found

shift were also observed for the ozonated pollen from
many other plant species [40,67].

If the plant cell or tissue is damaged (ageing, UV-
light, ozone) formed products of free radical processes,
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Fig. 6. The fluorescence spectra of the leaf secretory hair of leave from

14-day-old seedlings dRaphanus sativuwithout (unbroken line) and
after the treatment with ozone 0.15 ppm &h (broken line).

in old tissues of plants as a final product of a lipid
peroxidation [73]. The contribution to the autofluores-
cence at410-440 nm appear to be attributed to the pigment
lipofuscinThe lipofuscin participation in the orange-blue

Equisetum arvense

FLUORESCENSE [relative units]

500

WAVELENGTH [nm]

Fig. 7. The fluorescence spectra of vegetative microspore of horsetail
Equisetum arvenseithout (unbroken line) and with the treatment by
ozone 0.05 ppm (broken line).
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of the leaves ofPlantago major, Zea mays, Raphanus
sativusandHippeastrum hybridunas well as of vegeta-
tive microspores dEquisetum arvens@&he light emission
strengthened with the increase of the ozone concentration
that showed the damage of the lightening cells, which are
in an apoptosis or even in a necrosis. At higher doses
of ozone blue fluorescence 420-470 nm was observed in
pollen, containing carotenoids sucHassiflora coerulea,
Philadelphus grandifloruandHemerocallis fulvawhich
usually, at norm, fluoresce in yellow-orange region 530—
560 nm. These pollen grains have already lost their fertil-
ity, and lipofuscin was formed in their cover [68].

Thus, analysis of the autofluorescence could early
indicate a damage of the secreting cells induced by a stress
factor.

50

50
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0 M . |
0.16 .51 1

Autofluorescence at Cell-Cell Contacts

2 6.3

Cellular autofluorescence also changes at the inter-
actions between cells, for instance between sexual cells of
the one and same plant species or between cells of vari-
ous plant species (allelopathy). At cell-cell contacts one
cell-acceptor by a help of own excretion and sensor sys-
tems receipt a chemosignal from a secretion excreted by
other cell, which is named a cell-donor. There are arecog-
nition of the signal and the response to the signalling.
The fluorescence of both contacting cells may change,
for instance at fertilization (interaction between sexual
cells—female and male gametophytes such as pollen and
pistil in a flower) or chemical relations between cells of
different species (pollen of own and foreign species usu-
cent spectra of intact pollen &hiladelphus grandiflorus  ally have contacts, when are added on the one and same
under the ozone treatment has been shown by [68]. pistil). Therefore, the fluorescence could be considered

Ozone and active oxygen species such as superox-as a response on the external chemosignal and, simulta-
ide anionradical and peroxides, which are formed on the neously, as the indicator of the signalling. Cell-donor for
secretory cell surface at norm and ozonolysis, also canchemosignal (fluorescent signalling substance inits excre-
contribute to the fluorescence changes. It has been demontion) and cell-acceptor of the same chemosignal (recognis-
strated [10,40,41,54,68] in experiments, in which pollen ing systems in its excretion) interact via their excretions
and pistils from various species treated with ozone, en- that takes place in allelopathic relations between differ-
zyme superoxide dismutase (destroying superoxide radi-ent plant species within biocenosis [57,65]. The changes
cal by dismutation), and peroxidase (cleaving organic per- in the fluorescence of cell-donor and cell-acceptor may
oxides) as well as low-molecular antioxidant ascorbate. be observed simply under the luminescent microscope or
The light emission increases when generator of superox-with a help of microspectrofluorimetry [18,22,39,53,54].
ide anion radical noradrenaline or hydrogen peroxide are Similar contacts take place at any chemical relations be-

red /! green

Fig. 8. The summed distribution Studetitest histograms of parame-
ter lred/Isgreen (green-red transition fluorescence intensity) for the dry
pollen Papaver orientale without (upper side) and after the treatment with
0.05 ppm of ozone (below). Pollen without any treatment have the ratio
equal 078+ 0.1 whereas after the treatment with ozone in total dose
0.2 ppm for 5 days-1.27 + 0.1. In second variant the histogram shifts

to red region of the spectra.

shift (from 560-580 nm to 440-460 nm) in the fluores-

added on the surface of secreting cells of Hippeas-
trum pistil stigma [10]. A new maximum 600-620 nm is

tween species nhamed allelopathic interactions (allelopa-
thy), and the cellular changes as changes in the cellu-

observed if the antioxidants ascorbate and peroxidase ardar fluorescence could be also measured [18,22,39]. For

put on the surface.
Secretory cells of vegetative tissues or microspores
are suitable objects for monitoring due to various flu-

instance, such earlier diagnostics of pollen from antag-
onistic plant species (pollen of which inhibit the germi-
nation of pollen from surrounded plant species that pre-

orescent compounds in secretions [40,67,69]. Low dosesvents a normal fertilization and breeding) helps to design

of 0zone<0.15 wl/l induced green-yellow fluorescence

more suitable phytocenosis in the agriculture and the forest
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Fig. 9. Changes in the fluorescence spectra at pollen-pistil contacts. Position of optical sound
(S) is shown for the pistil stigma and pollen added on the pistil surface. Left. The fluorescence
spectra of the pistil stigma of Hippeastrum hybridum without (---) and with) (pollen grain
added. 1. Foreign pollen &factylis glomerata2. Self (own) pollen oHippeastrum hybridum

Right. The fluorescence spectra of pollen with | and without (---) interaction with the pistil
stigma ofHippeastrum hybriduml. Foreign pollen oDactylis glomerata2. Self pollen of
Hippeastrum hybridumAll changes is observed only at the contact of pistil with self pollen—
pollen of the same plant species.

economy. Below we shall consider some examples of the the pistil is, but a self-pollination is not impossible) may
fluorescence at the cell-cell contacts. also be distinguished from the clones with self-compatible
As shown in Table I, the generative structures— pollen[8,21,66]. Itis necessary to know for the specialists
pollen and pistil also fluoresce under ultra-violet light. At in the plant selection and the genetic practice.
fertilization of plants generative male microspore, which Fundamental studies of the fluorescence in cell-cell
is named pollen, is added on the surface of pistil by wind, contacts under luminescent microscope may be done so
insects or by the human hand. For instance, cell-cell in- that plant is not damaged. For instance, there was similar
teractions of pollen (Fig. 9) with cell of the pistil stigma manipulation with pistil, which was pollinated, but notwas
at their contacts result in the changes in the fluorescenceseparated from the flower of a whole platippeastrum
spectra of cells contacted. The fluorescence of both con-hybridum [53,54,74]. In this case, after the pollination
tacting cells are changed if the cells belong to one and the and the fluorescence measurement with microspectrofluo-
same plant species. In opposite case, there was no changesmeter plant studied followed its growth and development
[8,10,37]. By this mode of earlier cytodiagnostics, a re- up to the formation normal fruits and viable seeds.
searcher can know whether cells recognize, who is “own” The difference in the form of the spectra and posi-
or“foreign.” So the pistil refuse to receipt “foreign” pollen,  tion of their maxima both for the pistils and pollen grains
to permit it to germinate, and then to react with an egg cell. depends on the plant species and the composition of the
Moreover, pollen can germinate only on the pistil of the surface of the pollen grains. Reviews [10,22] summarized
same plant species. Possible contacts between “own” andthe fluorescence maxima of studied pistil and pollen from
“foreign” pollen grains are also demonstrated out pistil, many species and shows the variety of peaks, dealing with
modelling their interactions on the pistil stigma [22,39]. the different components of their surface and excreta. As
This is interpreted as models of allelopatic relations be- seenin Table I, their fluorescence spectra show maxima at
tween pollen of different plant species that leads to the 460—-490 nm (blue), 510-550 nm (green-yellow) and 620—
inhibition or the stimulation of their ability to grow onthe 680 nm (orange-red). Blue and blue-green fluorescence
pistil stigma [57]. Using the fluorescent characteristics, could be related to phenolic compounds, green-yellow—
plant clones with the self-incompatible pollen (although with carotenoids and orange-red—uwith chlorophyll [12]
this pollen is given from the flower of the same species that or azulenes [7]. In a dependence on plant species, the
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pistil stigmas also contain phenols in the exudates [10,19-yields of medicinal plants as well as the remote sensing
21,22], which can fluoresce both in blue and yellow spec- of the environmental stress.
tral region.
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APPENDIX 1. GLOSSARY OF BIOLOGICAL for the spore-breeding plants (horsetails, ferns, mosses)
TERMS whereas generative male microspores, which are called as
pollen, pollen grains or male gametophyte, are peculiar to
Emergenciesare termed surface plant projections that plants, belonging to Golosperms (mainly conifer species)
arise from sub-epidermal plant cells. They oftenfilled with and Angiosperms (species with flowers).
secretions and functionally similar to trichomes, which Nectaries—secretory structures filled with a nectar and
have more complex structure. located on flower (floral nectaries) or on leaf and stem
Glands—specialized multicellular structures on the sur- (extrafloral nectaries).
face of leaves, stems and flowers (filled, mainly, with Pollenmeans male gametophyte (see microspores). When
terpenoid- or phenol-containing secretory products). the cell be added (artificially or, as in nature, by the
Hairs (trichomes) are unicellular or multicellular (mainly ~ wind or insect-pollinators) to the pistil stigma surface in a
glandular) secretory structures that contain various secre-flower or on the surface of female Golosperm microstro-
tions. bils, it can germinate: to form amoebe-like emergence
Hydathodes represent modified cells of stomata (cells, named as a pollen tube [13]. Division of the pollen nu-
regulating aperture for gases) on overgrown parts of plant. cleus leads to the appearance of spermia that move along
They release of water and water-soluble substances outthe growing pollen tube to the egg cell. So the fertilization
plant. occurs.
Idioblasts are single specialized cells which are met Resin ducts and reservoirsare secretory structures that
among non-secretory cells of vegetative and reproduc- contain resin (complex terpenoid composition). The struc-
tive organs and differ substantially from other cells of the tures are especially abundant in conifer plants.
same tissue in their form, structure, and content . In many Trichomes (also see hairs) are unicellular or multicellular
cases idioblasts lack organelles, and the secretion is spreadecretory structures that originate from epidermal cells on
within whole interior of the cells that means a prevailing plant surfaces.
secretory function. Vegetative microspores—non-sexual cells served for a
Laticifers are living cells with a latex (includes alkaloids vegetative breeding of spore-breeding plants (see mi-
and terpenoids) as a secretion whichis located in vacuoles.crospores). During their development the unicellular or-
They are met in many plants, especially in family Euphor- ganism converts to multicellular tallus, which later forms
biaceae. sexual organs.
Microspores—secreting unicellular structures for breed- Viable or non-viable microspores—cells, which are able
ing. Vegetative microspores ( non-sexual cells) are known to germinate in nature or in the artificial nutrient medium.
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APPENDIX 2. TECHNIQUE FOR THE MEASUREMENTS OF AUTOFLUORESCENCE OF PLANTS
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