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Abstract

Phenolic compounds are involved in many interactions
of plants with their biotic and abiotic environment.
These substances accumulate in different plant tis-
sues and cells during ontogenesis and under the influ-
ence of various environmental stimuli, respectively.
Studies on the tissue localization of phenolic com-
pounds provide a fundamental prerequisite for under-
standing the ecological functions of these compounds.
The present work shows the localization of various
phenolics in cell walls, vacuoles, and associated with
cell nuclei, in leaves of a monocotyledonous and a
dicotyledonous plant, in a gymnosperm as well as in
rhizomes of a horsetail by confocal laser scanning
microscopy (CLSM). Using fresh plant material, it com-
pares in detail the tissue localization of autofluor-
escent styrylpyrones and hydroxycinnamic acids and
the visualization of epidermal flavonoid compounds
using shift reagents like ammonia, and fluorescence-
inducing reagents like Naturstoffreagenz A (diphenyl-
boric acid 2-aminoethyl ester). The comparison of
microscopic data obtained from different plant species
shows the advantages and limitations of confocal laser
scanning microscopy in ecological biochemistry of
phenolic plant metabolites.
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Introduction

Phenolic compounds play a major role in the interaction
of plants with their environment (Harborne, 1993). They
may attract insects, function as signals between plants
(allelopathy), as signals between plants and symbiotic
(N,-fixing bacteria) or pathogenic organisms (phyto-
pathology), and they may protect plants against biotic
(e.g. microbial pests, herbivores) or abiotic stresses (e.g.
air pollution, heavy metal ions, UV-B radiation). For a
basic understanding of ecological functions of phenolic
compounds it is essential to know the chemical structure
of the compounds of interest, their biosynthetic pathways
and its regulation, as well as their tissue localization.
Several studies have indicated a high degree of compart-
mentation of phenylpropanoid and flavonoid compounds
and the enzymes involved in their biosynthesis (Knogge
and Weissenbdck, 1986; Schmelzer et al., 1988; Haussiihl
et al., 1996). Phenylpropanoid and flavonoid compounds
usually accumulate in the central vacuoles of guard cells
and epidermal cells as well as subepidermal cells of leaves
(Moskowitz and Hrazdina, 1981; Weissenbock et al.,
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1986; Schnabl et al., 1986, 1989) and shoots (Ozimina,
1979). Furthermore, some compounds were found to be
covalently linked to plant cell walls (Strack et al., 1988;
Schnitzler et al., 1996), others occur in waxes (Schmutz
et al., 1994) or on the external surfaces of plant organs
(Cuadra and Harborne, 1996). Methods used in localiz-
ation studies include light microscopy, fluorescence and
electron microscopy (Harris and Hartley, 1976; Charest
et al., 1986), physical (Hrazdina et al., 1982; Knogge and
Weissenbock, 1986) or enzymatic (Schnitzler et al., 1996)
tissue preparation before chromatographic analysis or
isolation of organelles for enzymatic studies (Hrazdina,
1992) or protoplasts for preparation of vacuoles (Hopp
and Seitz, 1987; Anhalt and Weissenbock, 1992).

Direct microscopic observation of phenolic compounds
is restricted to anthocyanin-containing tissues, where the
target compounds are coloured red, purple or blue.
Several classes of phenolic compounds, for example,
hydroxycinnamic acids, coumarins, stilbenes, and styryl-
pyrones (Ibrahim and Barron, 1989; Veit et al., 1993;
Gorham, 1995), are strongly autofluorescent when irradi-
ated with UV or blue light. Therefore, fluorescence micro-
scopy is a powerful tool for studying tissue localization
of these metabolites. To investigate non-coloured and
non-fluorescent phenolic compounds, other techniques
such as immunocytochemical detection using specific anti-
bodies (Ibrahim, 1992; Grandmaison and Ibrahim, 1996),
histochemical staining with chromogenic reagents (e.g.
lignin with phloroglucinol/HCI, proanthocyanins with
dimethylamino-cinnamaldehyde (Treutter, 1989)) or
induction of secondary fluorescence (e.g. flavonoid-
staining with Naturstoffreagenz A (Vogt et al., 1994;
Schnitzler ef al., 1996; Reinold and Hahlbrock, 1997))
have also been applied.

Recent developments in microscopic techniques, such
as confocal laser scanning microscopy (CLSM), provide
the opportunity to study tissue localization of phenolic
compounds more precisely than by conventional fluores-
cence microscopy. CLSM aids in the identification of
chemical components using their specific fluorescence
characteristics, on the basis of their absorbance and
emission behaviour. The technique is particularly advan-
tageous for 3-D imaging of thick samples (e.g. ‘free hand’-
sections) based on the possibility of optical sectioning
(Sheppard, 1993; Fricker et al., 1997). It also allows the
selection of sections (oriented in arbitrary directions), by
x-z imaging sections perpendicular to the system plane,
as demonstrated in the present paper. The technique also
enables the differentiation between various phenolic com-
pounds, selecting spectral excitation and emission bands
by minimizing overlapping of the spectral detection chan-
nels within the same plant tissue.

The present paper summarizes the results of our com-
parative CLSM study using leaves of representatives of
monocotyledonous, dicotyledonous, and gymnosperm

plants as well as of laser-induced fluorescence microscopy
from rhizomes of horsetail.

Materials and methods

Chemicals

Equisetumpyrone and dicaffeoyl-meso-tartaric acid were isolated
from Equisetum arvense L. gametophytes. Buffer reagents and
other chemicals were obtained commercially and were of
analytical grade.

Plant material, growth and irradiation conditions

Four-year-old Norway spruce trees (Picea abies (L.) Karst.)
were purchased from the Staatliche Samenklenge Laufen
(No. 4303, origin Schongau, Bavaria, Germany). Current-year
needles (1996) at different developmental stages were used for
the experiments. Spores of E. arvense L. were collected from
plants of the botanical garden in Wiirzburg, and gametophytes
were derived from single spore cultures which were repeatedly
subcultured for 6 weeks in a growth chamber on Murashige
and Skoog’s medium (0.8% agarose (w/v)) under photosynthetic
photon flux densities (PPFD) between 20 to 50 umolm~?s™ 1.
Rye seedlings (Secale cereale 1.) were grown on a watered
peat/soil mixture under a 13/11 h light—dark regime at 20/10 °C
day/night temperature and 50/80% relative humidity (RH) in a
phytotron at a maximum of 750 umol m~?s~! PPFD. Primary
leaves of 5-d-old seedlings were harvested for CLSM analysis.
Vicia faba L. cv. Con Amore plants were grown from seeds in
standard soil (Fruhstorfer, type T, Archut, Lauterbach,
Germany) in a sun simulator (Seckmeyer and Payer, 1993) at
18/13 °C day/night temperature, 70/90% RH and a daily 12 h
light period with a maximum PPFD of 800 umol m~2s™'. For
CLSM analysis secondary leaves were used.

Confocal laser scanning microscopy (CLSM)

The basic principle of CLSM is illustrated in Fig. 1. The
specimens were illuminated through the imaging lens with the
critical illumination scheme (Michel, 1962). A diffraction limited
light spot was produced within the sample with a laser light
source (Sheppard, 1993). Re-emitted light, i.e. the stokes shifted
fluorescence, was imaged by the microscope lens, deflected by
a beam splitter and detected by a photomultiplier. Thus, the
image of one point of the sample was obtained. To generate a
two-dimensional image, the focused spot was moved across the
sample by a x-y light deflector. Thus the image was detected
sequentially, point by point and line by line. So far, the images
from laser scanning and conventional epifluorescence micro-
scopy are quite similar. The optical sectioning was achieved by
application of a confocal filter. This is realized by a small
pinhole in the image plane in front of the detector. The
experimental object was adjusted so, that the light emitted from
an illumination spot was focused exactly into the pinhole, and
thus could pass without attenuation to the detector. The light
originating from layers above or below the focused plane was
focused before or behind the pinhole, and was thus weakened
considerably. Elimination of unfocused light depends on the
numerical aperture of the microscope lens and the size of the
pinhole. Under optimal conditions the axial (in depth) resolution
is about three times lower than the lateral resolution given by
wavelength [nm] numerical aperture™ (Wallén et al., 1992).
The CLSM analysis was performed with a Zeiss Axiovert 100
microscope (Zeiss, Oberkochen, Germany). Throughout this
work a single line excitation and multiple channel emission
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Fig. 1. Schematic diagram of a confocal laser scanning microscope.
Light which does not originate from the focal plane (- - - or —) is
defocused at the confocal aperture and thus detected only weakly.

technique was used. For visualization of multispectral image
data, the different channels are generally associated with a
colour value on the display system. When there are no more
than three fluorescence channels, it is most convenient to assign
the primary display colours (‘pseudo-colours’) red, green and
blue (RGB-colour mode). For example, when a UV excitation
is used (laser line at 364 nm), the fluorescence channel is given
by the band pass filter (BP) 400-430 nm (blue), BP 515-565 nm
(green) and longpass filter (LP) > 590 nm (red). All fluorescence
channels are measured simultaneously. The visual colour
impression from the screen does not necessarily correspond
with visual impressions obtained with a multiline filter set or
an LP filter. Furthermore, the ratios of signals from different
channels differed from real time viewing due to filter trans-
mittance, exposure time and detector sensitivity.

Besides the CLSM pictures of Vicia, Secale, and Picea
presented, laser-induced fluorescence images from Egquisetum
rhizomes were taken with a cooled, integrating CCD camera
(Photometrics AT 200) mounted on a Zeiss Axiovert 100
microscope with an HBO 50 excitation lamp (Zeiss,
Oberkochen, Germany).

Samples of Vicia, Secale, and Picea (treated with ammonia,
with NA, or untreated, respectively) were monitored under
identical conditions and with identical buffer solutions. Single
x-y images as well as series of x-z images were taken from
all samples.

Tissue localization of phenolic compounds by CLSM 955

Fluorescence emission spectra of selected compounds

Autofluorescence of dicaffeoyl-meso-tartaric acid (25 M in
MeOH) and equisetumpyrone (37 uM in MeOH), respectively,
was measured with a fluorimeter (Perkin Elmer LS 50
Luminescence Fluorimeter, Uberlingen, Germany) at the excita-
tion wavelengths of 364 and 488 nm as used in CLSM and
laser-induced conventional fluorescence microscopy. The emis-
sion spectra were monitored from 385-660 nm and 420-600 nm,
respectively.

Sample preparation for histochemical analysis

Fresh leaves of V. faba L., S. cereale L., and P. abies (L.)
Karst., were cut with a razor blade and cross, longitudinal, and
paradermal sections of the leaves were incubated on microscopic
slides in a droplet (100 ul) of sample buffer (100 mM KP;
pH 6.8, 1% NaCl (w/v)) under a coverslip, and autofluorescence
of the samples was studied by CLSM. Sections of living
rhizomes of E. arvense were incubated on microscopic slides in
a droplet (100 ul) of an aqueous solution of 50% PEG 400
(w/v) containing 1 M NaCl. Cross-sections of Equisetum were
additionally washed with H,O prior to conventional microscopy
and CLSM.

In situ treatment with aqueous ammonia

After monitoring the autofluorescence of leaf sections of Vicia,
Secale, and Picea, a droplet of freshly prepared 0.5% (w/v)
ammonia in sample buffer was added and transferred under the
coverglass using filter paper. Fluorescence of the samples was
studied at the identical position in the leaf sections using
identical microscopic conditions as in the buffer control.

In situ staining with Naturstoffreagenz A (NA)

As described for ammonia treatment, the autofluorescence of
leaf sections of Vicia, Secale, and Picea was monitored.
Afterwards, a droplet of 0.1% (w/v) NA in sample buffer (same
NA-solution for all samples, and prepared immediately before
use from a stock solution of 2.5% (w/v) NA in EtOH) was
added and transferred under the coverglass as described above.
Samples were incubated for 5 min, and the NA solution was
then removed by excessive transfering of buffer under the
coverslip. Fluorescence of NA-stained phenolic compounds was
studied at the same position of the sections using the same
microscopic conditions as in the buffer control.

Results and discussion

Autofluorescence of soluble and cell wall-bound phenolic
metabolites

In recent years, various flavonoids, caffeic acid esters,
and styrylpyrones (Fig. 2) have been isolated from differ-
ent organs of Equisetum species (Veit et al., 1995). The
accumulation of these compounds is tissue specific,
depending on the stage of organ development and induc-
tion stimuli. Equisetumpyrone and dicaffeoyl-meso-tar-
taric acid accumulate as the major phenolic constituents
in gametophytes and rhizomes of E. arvense L. No
flavonoids were detected in these organs ( Veit et al., 1995;
Beckert et al., 1997). Equisetumpyrone and dicaffeoyl-
meso-tartaric acid are strongly autofluorescent when
excited at appropriate wavelengths. Figure 3 shows the
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Fig. 2. Chemical structures of major phenolic compounds from the plant species studied. Equisetum: equisetumpyrone, dicaffeoyl-meso-tartaric acid,
hypothetical structure of a styrylpyrone dimer (as indicated from the mass spectrometric fragments indicated ) released from cell walls of Equisetum
arvense rhizomes with dioxane/HCI; Vicia: kaempferol 3-O-galactoside, 7-O-rhamnoside; Secale: Isovitexin 2"-O-arabinoside, ferulic acid; Picea:

kaempferol 3-0-(3",6"-0-di-p-coumaroyl )-glucoside.

fluorescence spectra of the respective pure compounds
excited at the UV (364 nm) and blue (488 nm) laser lines,
which were also used in the CLSM experiments. The
signals of the two metabolites excited at 364 nm could be
separated based on their characteristic emission spectra.
The emission spectrum of dicaffeoyl-meso-tartaric acid
reached a maximum at 440 nm, whereas the emission
spectrum of equisetumpyrone peaked at approximately
490 nm. Excitation at 488 nm resulted only in autofluo-

rescence of equisetumpyrone with an emission maximum
at 555 nm, whereas no fluorescence was observed for
dicaffeoyl-meso-tartaric acid under these conditions. The
spectra were recorded in methanol, because cell free
aqueous solutions of these compounds had very low
fluorescence intensity. This is in contrast to the situation
in situ, presumably due to intermolecular interaction or
molecular complexing similar to that described for antho-
cyanins (Brouillard and Dangles, 1986). Using the spec-
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Fig. 3. Emission spectra of dicaffeoyl-meso-tartaric acid (25 uM in MeOH), excited at 364 nm (—-) and equisetumpyrone (37 uM in MeOH),
excited at 364 nm (.....) and 488 nm (- - -). Grey areas represent the bandwidth of the filters used in fluorescence microscopy.

troscopic information, the fluorescence of both com-
pounds could be differentiated in the plant tissue by
appropriate choice of excitation wavelength and emission
filters as is demonstrated in Fig. 4.

Figure 4 shows the autofluorescence of Equisetum rhiz-
omes (Fig.4a—d), of a primary leaf (Fig.4e), and a
Norway spruce needle (Fig. 4f), furthermore the figure
shows a comparison of the fluorescence signals obtained
by conventional microscopy and CLSM. When cross-
sections of Equisetum rhizomes (Fig. 4a) were excited at
364 nm, the fluorescence signal measured in the blue
pseudo-colour channel (band pass 400-430 nm) primarily
represented fluorescence of caffeic acid esters, for example,
dicaffeoyl-meso-tartaric acid, with a contribution from
styrylpyrones, for example, equisetumpyrone. Fluor-
escence detected in the green pseudo-colour channel (515-
565 nm) (Fig.4b), on the other hand, represented the
emission of styrylpyrones with little interference from
caffeic acid esters. Fluorescence, following excitation at
488 nm originates only from styrylpyrones (Fig. 4c).
Although the caffeic acid esters accumulate in equal
amounts in the rhizome tissues (Beckert ef al., 1997), the
cross-sections indicated a concentration gradient of styryl-
pyrones with lowest concentrations in the central cylinder
and increasing concentrations towards the outer cortex
(Fig. 4b, ¢). However, fluorescence in the central cylinder
and the inner cortex of the rhizomes sections appeared
to be associated exclusively with the cell walls; it originates
predominantly from soluble compounds which were
released from cells during sectioning. This has been shown
by tissue compartmentation analysis of soluble and cell
wall bound compounds in the central cylinder, inner
cortex and outer cortex of Equisetum rhizomes (M Veit,
unpublished results). Soluble styrylpyrones could be
detected in all tissues. Only in the outer cortex additional
compounds bound to the cell walls were detected. They

were released from cell wall preparations with
dioxane/HCIl and were preliminary identified as styrylpy-
rone dimers by LC-MS experiments (for a proposed
structure see Fig.2; M Veit, unpublished results). The
accumulation of the cell wall bound compounds is visual-
ized in Fig. 4c by the colour shift of the fluorescent signal
to longer wavelength in this area.

Due to destruction of tissue and cells during sectioning
as mentioned above, no information on the subcellular
compartmentation of these phenolic compounds was
obtained from the cross-sections. Longitudinal sectioning,
however, left cells intact to a large extent and subcellular
compartmentation could be visualized. Intact cells with
intact protoplasts are readily visible upon plasmolysis
after adding 1% NaCl (Fig. 4d). The blue pseudo-colours
originating from autofluorescent caffeic acid esters and
styrylpyrones predominate in the protoplasts, while the
green pseudo-colour is visible from the cell walls thus
indicating the exclusive presence of styrylpyrones in this
compartment.

‘Free hand’-sections, in particular, are usually thicker
than the depth of focus obtained by lenses with high
numerical apertures as used throughout this study.
Conventional fluorescent as well as non-confocal laser-
induced images were therefore superimposed by a diffuse
brightness from layers out of focus (Fig.4a, b, d). A
substantial increase in image quality was obtained using
the confocal imaging technique (e.g. compare Fig. 4c, e,
f). It allowed optical sectioning through thick samples
without requiring thin, mechanical cutting. Figure 4
shows such optical sections with an approximate thickness
of 1.2 um from a primary leaf of rye (Fig. 4e) and a
cross-section of a Norway spruce needle (Fig. 4f). In
both images, red fluorescence is attributed to chlorophyll
in the chloroplasts, as can be seen in detail in Fig. 4e.
Previous work on rye primary leaves (Schmitz et al.,
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1996) demonstrated that the blue autofluorescence, as
seen in the outer periclinal and anticlinal epidermal cell
walls and in the phloem walls of the vascular bundle
(Fig. 4e), resulted from ferulic acid bound to the cell wall,
while the fluorescence in the xylem vessel walls was
attributed to lignin. In Norway spruce needles (Fig. 4f)
strong blue autofluorescence was observed in cell walls
of subepidermal cells, in particular, in cells surrounding
the resin ducts and within the cell walls of the xylem.
This pattern corresponds to the distribution of lignin as
shown by histochemical studies with phloroglucinol/HCI-
staining (Polle et al., 1994). In addition, a pseudo-green
autofluorescence especially in the cuticle, the endodermis,
and the cell walls of the phloem of the needle was
observed which could not be attributed to specific
phenolic compounds. When excited by UV laser light
(337 nm), similar pseudo-green autofluorescence in cut-
icles of wheat and soybean has been described by Stober
and Lichtenthaler (1993), but it has not been assigned to
any known phenolic structure(s).

Fluorescence induction by alkalization with ammonia

Figure 5 demonstrates the effect of alkalization of intact
plant tissue by adding 0.5% ammonia to the sample
buffer. Identical cells of cross-sections of broad bean
(Fig. 5a, b) and paradermal sections of rye leaves (Fig. 5c,
d) were excited at 364 nm. Fluorescence was studied prior
to (Fig. 5a, c¢) and after (Fig. 5b, d) ammonia treatment.

Prior to alkalization in broad bean cross-sections only
red-imaged chorophyll fluorescence in the mesophyll, and
blue fluorescence attributed to phenolic compounds in
some mesophyll cells, and in the cuticle or in the outer
periclinal cell wall of the epidermis were detected
(Fig. 5a). Incubation of broad bean leaves with ammonia
and excitation at 364 nm resulted in strong pseudo-green
fluorescence localized in the epidermal cells of the broad
bean leaf, and weak pseudo-green fluorescence in subepi-
dermal cells (Fig. Sb). Structural analysis of flavonoid
compounds and characterization of fluorescence behavi-
our of the isolated compounds in vitro and in vivo
(Schnabl et al., 1986) indicated that the green fluorescence
in broad bean epidermal cells originates from kaempferol
glycosides ( Vierstra et al., 1982; Weissenbock et al., 1984;
Schnabl et al., 1986; Thomas-Lorente ef al., 1989), which
are known to be strongly fluorescent only in alkaline
solutions.

Earlier studies on tissue localization have shown that
mesophyll cells of rye leaves accumulate two luteolin

Tissue localization of phenolic compounds by CLSM 959

glucuronides, whereas in epidermal cells, two isovitexin
derivatives, isovitexin 2”-O-arabinoside (Fig.2) and
isovitexin 2"-O-galactoside are present (Schulz and
Weissenbock, 1986). Furthermore, primary leaves of rye
contain high concentrations of soluble hydroxycin-
namic acid esters (Strack et al., 1987), which have been
exclusively detected in epidermal cells (Schulz and
Weissenbock, 1986).

As outlined above (see also Fig. 4e), ferulic acid is the
major alkali-extractable phenolic compound in the cell
walls of the leaf vascular bundle with the exception of
cell walls of the xylem (Schmitz et al., 1996). Ferulic acid
also occurs in epidermal cell walls of rye primary leaves
(Figs 5c, 6d). In the section displayed, pseudo-blue
fluorescence resulting from phenols bound to the cell wall
were detectable in anticlinal cell walls and even more
prominently in guard cell walls. Incubation with ammonia
(Fig. 5d) led to a shift of the blue fluorescence to longer
wavelengths. This indicates that the fluorescence is related
to cell wall-bound ferulic acid derivatives (Harris and
Hartley, 1976; Schmitz et al., 1996). The strongest fluo-
rescence occurred in the walls of the guard cells and the
basal cells of the trichomes. No fluorescence of the flavone
glycosides was detectable within the cells of rye epidermal
cells. The fluorescence observed in the left part of the
image (Fig.5d) results from the phenols located in
the cuticle and outer periclinal cell walls. In this area the
CLSM section is located within the outer periclinal cell
wall and cuticle while in the middle and right part of the
image the optical section hits the lumen of both epidermal
and mesophyll cells.

Coniferous leaves such as Norway spruce needles are
rich in soluble and wall-bound phenolic compounds of
different classes, such as hydroxycinnamic acid derivat-
ives, lignans, coumarins, stilbenes and flavonoids (Strack
et al., 1988; Heilemann, 1990). Recent work using enzym-
atically prepared epidermal layers of Scots pine needles,
Schnitzler et al. (1996) demonstrated the almost exclusive
epidermal localization of wall-bound hydroxycinnamic
acids and kaempferol 3-O-glucoside as well as soluble
diacylated flavonol glucosides, e.g. kaempferol 3-O-(3",6"-
O-di-p-coumaroyl )-glucoside and related derivatives
(Fig. 2). This diacylated flavonoid represents the main
metabolite of this structural class in Norway spruce
epidermal cells (R Fischbach and JP Schnitzler, unpub-
lished results). Blue excited (488 nm) strong pseudo-
yellow fluorescence in cell walls and protoplasts of the
epidermal cells was revealed in paradermal (Fig. 5¢) and

Fig. 4. Autofluorescence of (a—d) Equisetum rhizome, (e) rye primary leaf, and (f ) Norway spruce needle. Cross (a—c) and longitudinal (d) sections
of Equisetum rhizomes were embedded in aqueous 50% PEG 400 (w/v) containing 1 M NaCl, and pictures were taken with CCD camera (a, b, d)
or in CLSM technique (c). (a) B-colour mode laser-induced (364 nm); (b) G-colour mode laser-induced (488 nm); (c) RG-colour mode laser-
induced (488 nm); (d) GB-colour mode UV laser-excited (364 nm). (¢) RGB-colour mode UV laser-excited (364 nm) autofluorescence of primary
leaves of rye in buffer (100 mM KPi pH 6.8, 1% NaCl (w/v)). (f) RG-colour mode blue laser-excited (488 nm) autofluorescence of needles of

Norway spruce in buffer (100 mM KPi pH 6.8, 1% NaCl (w/v)).
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longitudinal sections (Fig. 5f) of needles after ammonia
treatment. The optical plane of the CLSM section in
Fig. 5e cuts all parts of the uneven epidermal surface of
the spruce needle. At the top of the figure the fluorescence
of the cuticle and outer periclinal walls is seen. Progressing
towards the interior of the needle, the lumen of epidermal
and stomatal cells showed a distinct fluorescence associ-
ated with the nucleus and the cytoplasma of epidermal
cells, while no fluorescent signal was obtained in the
vacuole. In addition, the ammonia-induced fluorescent
signals were restricted to the epidermal needle tissue
(Fig. 5f). In broad bean (Fig. 5b), treatment with the
same buffer stimulated vacuolar fluorescence, as has been
described for many flavonoid compounds ( Vierstra ez al.,
1982; Hrazdina et al., 1982; Schnabl et al., 1986). This
indicates that the observed pattern in spruce is not an
artefact, and similar results were obtained with
NA-staining (see below and Fig. 6).

Fluorescence induction with Naturstoffreagenz A

Naturstoffreagenz A is a well-known reagent used in
paper and thin layer chromatography to visualize fla-
vonoid compounds where inducing secondary fluores-
cence is induced (Markham, 1982). It has ecarlier been
shown that the reagent can also be applied in histochemis-
try for the detection of flavonoid compounds (Schnitzler
et al., 1996). Figure 6a shows the NA-staining of flavonol
glucosides (for structures see Fig. 2) in epidermal layers
of broad bean leaves. Excitation with a UV laser beam
of 364 nm induced strong pseudo-green fluorescence in
epidermal cells, which is attributed to the flavonol glyco-
sides present in the vacuole (see also Fig. 6b). Since the
position of the optical section in Fig. 6a is below the
cuticle surface and passes several times the uneven outer
periclinal cell wall of the epidermis, the pseudo-blue
fluorescence originating from the cuticle is also visible.
Flavonoid staining with NA in Fig. 6 demonstrates one
of the most important advantages of CLSM compared
to conventional fluorescence microscopy. The ability to
scan in the x-z direction perpendicular to the system axis
allows one to study the distribution of phenolic com-
pounds in a three-dimensional manner (Fig. 6b, ¢, g, h).
Using this approach spatial information was obtained
from the fluorescence signal. The locations of x-z-scans
are marked by arrows within the respective x-y figures
(Fig. 6b, c, g, h). Figure 6b shows the situation in broad
bean. Since the x-z scans of the paradermal leaf section
passes the middle of the vacuoles, the homogeneously
distributed NA-induced secondary fluorescence, visible
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within the lumen of the plasmolysed cells, demonstrates
the presence of flavonol glucosides within the cell vacuole.
In addition, the attenuation of the laser beam within the
epidermal layer can be recognized. The fluorescence
attributed to flavonoids declined in the epidermal cells
with distance to the leaf surface. Chlorophyll fluorescence
from the underlying mesophyll cells was only detected in
the gaps between the plasmolysed epidermal cells. The
data from broad bean leaves stained with NA clearly
confirm the results obtained by ammonia enhancement
of fluorescence depicted in Fig. 5b.

Figures 6d and 6e show the same area of rye epidermal
cells prior to and after staining with NA. In Fig. 6d, only
chlorophyll and pseudo-blue autofluorescence of cell wall-
bound ferulic acid derivatives are visible, especially in
stomatal cell walls. Addition of NA revealed pseudo-
green fluorescence signals within the cell lumen which
were attributed to epidermal isovitexin derivates (Schulz
and Weissenbock, 1986). Comparable to broad bean
leaves, the x-z-scan of the rye sample (Fig. 6¢) shows the
homogeneous distribution of flavonoid-related fluores-
cence within the epidermal cells as well as the attenuation
of induced fluorescence depending on the penetration
depth of the laser beam. Since the buffer contains 1%
NaCl the epidermal cells have undergone plasmolysis and
the NA-induced fluorescence of the flavones can be
unequivocally localized within the vacuole.

In spruce, NA-stained fluorescence (excitation at
488 nm) of flavonoids was exclusively restricted to the
epidermal cell layer of the needle (Fig. 6f, g, h). Strong
fluorescence was also visible in the cell wall of the
epidermal layer of spruce needles, indicating the occur-
rence of wall-bound flavonol derivatives. The major fla-
vonoid compound in spruce and pine cell walls has earlier
been shown to be kaempferol 3-O-glucoside (Strack et al.,
1988; Schnitzler et al., 1996).

Coniferous needles are known for their ability to absorb
short-wavelength radiation effectively (DeLucia et al.,
1992; Day et al., 1994), while in herbaceous leaves higher
amounts of UV-B radiation can penetrate the mesophyll
(Reuber et al., 1996). The ability of CLSM to scan in
the x-z dimension of the sample clearly demonstrates that
(Fig. 6a, e, f). Comparison of x-z scans from epidermal
layers of all three species demonstrated (Fig. 6b, c, g)
that in broad bean and rye leaves, radiation of 364 nm
stimulated fluorescence within the vacuole, whereas, in
spruce, virtually all 364 nm radiation of the laser was
absorbed by the first micrometers of the outer cell wall
and the cuticle. Excitation of NA-induced fluorescence

Fig. 5. CLSM images of ammonia-induced fluorescence in broad bean (a, b), rye (c, d) and Norway spruce (e, f). (a, b) RGB-colour mode UV
laser-excited (364 nm) fluorescence of an identical broad bean leaf cross-section prior (a) and after (b) incubation in ammonia (0.5% in sample
buffer). (c, d) RGB-colour mode UV laser-excited (364 nm) fluorescence of an identical rye leaf paradermal section prior (c), and after incubation
in ammonia (0.5% in sample buffer). (¢) RG-colour mode blue laser-excited (488 nm) fluorescence of Norway spruce paradermal section incubated
in ammonia (0.5% in sample buffer). (f) RG-colour mode blue laser-excited (488 nm) fluorescence of Norway spruce longitudinal section incub-

ated in ammonia (0.5% in sample buffer).

220z 1snbny Lz uo isenb Aq 808ZE1/£S6/£2E/67/210ME/gX[/W00 dno-ojwepede//:sdiy woly papeojumoq



Downloaded from https://academic.oup.com/jxb/article/49/323/953/432808 by guest on 21 August 2022

©
——
[}
o
()
=
N
S
RN
(9]
O
(o]




of the diacylated flavonol glucosides in the epidermal
cells of the spruce needle only occurred at the exci-
tation wavelength of the blue laser beam (488 nm). Com-
parison of the x-z scan images of broad bean, rye and
spruce leaves (Fig.6b, c, g), confirmed the different
UV-screening effectiveness of these leaves which is correl-
ated with the live plant form as measured by fibre-optical
microprobe techniques (Day, 1993; Day et al., 1994).
While epidermal attenuation of UV-radiation in annual
herbs (broad bean and rye) is mostly due to vacuolar
pigments, incident UV-radiation was strongly attenuated
also by cell wall-bound phenols such as kaempferol 3-O-
glucoside in the evergreen coniferous needles of Norway
spruce.

Different subcellular distribution patterns of flavonoid
metabolites are observed for leaves of annual and ever-
green plants. In broad bean and rye, fluorescent
NA-stained flavonoid complexes are present in the vacu-
ole, while in the epidermal cells of the spruce needle,
similar to the situation after ammonia treatment (Fig. Se,
), strong fluorescence signals are only detected in the
cytoplasm and associated with the cell nucleus, accompan-
ied by a complete absence of fluorescence within the
vacuole. The occurrence of flavonoids in the nucleus
region of spruce epidermal cells, as observed microscopic-
ally with both types of staining, as well as the observed
absence of vacuole-related fluorescence has to be con-
firmed by further experiments with other staining reagents
or other techniques.

Evidence for nucleus-related flavonoids came from
recent work with Arabidopsis (Sheahan, 1996), and
Flaveria (Grandmaison and Ibrahim, 1996). In Flaveria
the association of flavonol sulphate esters with the nuclei
and the cytoplasma as well as the specific binding of
quercetin 3-sulphate to nuclear proteins have been demon-
strated. The occurrence of nucleus-related flavonoids give
rise to many open questions concerning, for example,
their effectiveness in protecting DNA from UV-B damage,
and their possible function as antioxidants under oxidat-
ive stress, especially since the flavonol glycosides of
Norway spruce are diacylated with p-coumaric and ferulic
acids, well known as radical scavengers (Bors et al., 1990;
Rice-Evans et al., 1997).

Conclusions

In the present paper autofluorescence and secondary
fluorescence induced by ammonia- and NA-treatment
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were applied to several different plant species and com-
pared to characterize tissue localization of different phen-
olic compounds including cell walls, vacuoles, and
possibly cell nuclei. Main emphasis was put on the
investigation of autofluorescent compounds after excita-
tion with UV, and blue laser, and the visualization of
epidermal UV-B screening pigments.

The ability of CLSM to create three-dimensional
images is an important feature for scientists from various
areas, ranging from ecology to plant pathology. As dem-
onstrated in the present work, x-z images can be used to
demonstrate light attenuation within leaf surfaces. In
combination with the fibre-optic microprobe technique
(Day et al., 1994) CLSM may help to explain the various
UV-B screening abilities of different plant species. The
same technique may be used to study the three-
dimensional distribution of phenolic compounds around
infection sites after microbial or herbivore attack or
around necrotic spots induced by abiotic factors like
ozone. This technique also makes it possible to obtain
information about the subcellular localization of phenolic
compounds, in particular whether or not the signal is
derived from the vacuole or cell wall. Another advanta-
geous property of CLSM is the ability to obtain quantitat-
ive information about the fluorescence intensities (Fricker
et al., 1997). Since the images are measured in form of
electronic signals, a whole range of electronic processing
techniques can be employed, and images from different
treatments can be compared.

Recently, the application of UV laser-induced fluores-
cence has received considerable attention with respect to
remote LIDAR techniques for screening the health status
of terrestrial vegetation (Stober and Lichtenthaler, 1993;
Subhash et al., 1995). Application of CLSM using the
same laser lines may now provide basic biochemical
information for the interpretation of LIDAR remote data.

Like conventional fluorescence, interpretation of
CLSM is hampered by the fact that the chemical nature
of fluorescent compounds has to be known. Therefore,
conclusive microscopic data can still be obtained when
rigorously combined with structural analysis of the phen-
olic compounds, their extraction and verification in isol-
ated tissue, accompanied by physiological studies on the
biosynthetic pathways and the site(s) of accumulation.
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