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Abstract

Introduction

Under UV-excitation, leaves emit red (RF) and far-red
(FRF) ¯uorescence from chlorophyll and blue-green
¯uorescence (BGF) from hydroxycinnamic acids. In
this study, the aim was to develop a ¯uorescence signature of wheat leaf ageing after the emergence of the
lamina. FRF and BGF were examined in the ®rst three
leaves of 2-week-old wheat plants. It was investigated
how FRF and BGF vary as leaf and tissue aged by
spectroscopic measurements, time-resolved BGF
analysis and microscopic imaging of the leaf surface.
It was found that FRF decreased with leaf and tissue
ageing because of an accumulation of UV-absorbers
in the epidermis. BGF also decreased, but without
changes either in the shape of excitation and emission spectra or in the ¯uorescence lifetime. So, BGF
emanated from the leaf surface, without changes in
¯uorophore composition during leaf ageing. The
shape of the BGF spectrum indicates that ferulic acid
bound to the cell wall is the main blue-green ¯uorophore. The effects of pH and solvents on BGF from
intact leaves and ferulic acid in solution were similar,
con®rming the hydroxycinnamic acid origin of BGF.
UV-¯uorescence microscopic imaging of the surface
of intact leaves showed that different epidermis cell
types and sclerenchyma bands emitted BGF. The
decreasing gradient of BGF from the base to the apex
of the lamina could be related to the decrease in the
surface of the ¯uorescent sclerenchyma bands. The
signi®cance of FRF and BGF as potential signatures
of wheat lamina growth are discussed.

Modern farming has to balance a productionist agriculture
with the protection of natural resources, thereby requiring
a precise control of crop development in order to determine
accurately the amount of inputs needed. UV-induced
¯uorescence is a potential tool to achieve this control,
since it can probe the plant response to stress before visible
symptoms occur: it is non-invasive, and it can be remotely
and rapidly recorded (Chappelle et al., 1985; Chappelle,
1994; Ounis et al., 2001). Under UV-excitation, green
plants emit a red ¯uorescence (RF, 630±700 nm), a far-red
¯uorescence (FRF, 700±800 nm), both from chlorophyll,
and a blue-green ¯uorescence (BGF, 400±630 nm) coming
mainly from hydroxycinnamic acids (for reviews see
Buschmann and Lichtenthaler, 1998; Cerovic et al., 1999).
Among the different groups of plants, the monocotyledons,
and the Poaceae in particular which comprises the cereals,
emitted the brightest BGF because of their large content of
ferulic acid bound to cell walls (Harris and Hartley, 1980).
This property can potentially be used for probing crop
development by UV-induced ¯uorescence, provided that
the origin of the BGF variations is understood.
The information on the anatomical and chemical origins
of BGF comes from UV-¯uorescence microscopy (Harris
and Hartley, 1976; Schnabl et al., 1986; Stober and
Lichtenthaler, 1993a; Hutzler et al., 1998), and from
in vivo ¯uorescence spectroscopy (Morales et al., 1996;
Lichtenthaler and Schweiger, 1998; Cerovic et al., 1999;
Johnson et al., 2000). Ferulic acid linked to cell wall
polysaccharides by ester bonds was the major ¯uorophore
identi®ed in most plant species showing high BGF. This
was revealed by alkali-treatment of leaf transverse sections
(Harris and Hartley, 1976; Knogge and WeissenboÈck,
1986), by the shape of the ¯uorescence excitation and
emission spectra (Morales et al., 1996; Lichtenthaler and
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Schweiger, 1998) and by the time-resolved analysis of leaf
BGF (Morales et al., 1996). Moreover, it has been shown
that the BGF from an intact leaf emanates mainly from the
cutinized epidermis both in monocotyledons (Stober and
Lichtenthaler, 1993a; Bongi et al., 1994) and in dicotyledons (Bongi et al., 1994; Morales et al., 1998).
Therefore, BGF is expected to be dependent on the
anatomy of the leaf surface, which varies during leaf
development in monocotyledons (Miranda et al., 1981). In
addition, the ratio of BGF to RF has been used for remote
sensing purposes as a signature of plant health status at
different developmental stages under a variable availability of nutrients (Heisel et al., 1996) and under different
light conditions affecting leaf development (Stober and
Lichtenthaler, 1993a, b). However, in these studies, leaf
age has not been taken into account for the interpretation of
the ratio. BGF was actually considered as a constant
reference to simplify the interpretation of the signature,
because the physiological signi®cance of BGF was not
fully understood, especially during plant development.
On the other hand, UV-induced RF emanates from
mesophyll chloroplasts and depends not only on the
chlorophyll content, but also on the ¯avonoid content of
the epidermis vacuoles that screen UV-excitation of the
mesophyll (Day et al., 1994; Bilger et al., 1997; Ounis
et al., 2001). In monocotyledons, the chlorophyll content
increases during leaf development (Boffey et al., 1980).
Likewise, the ¯avonoid content rises (Blume and McLure,
1979; Wiermann, 1981; Knogge and WeissenboÈck, 1986;
Burchard et al., 2000) and, therefore, both the chlorophyll
and ¯avonoid contents can in¯uence the leaf ¯uorescence
signature.
The proportion and the spatial distribution of ¯uorophores and UV-absorbing compounds can vary independently according to the plant developmental stage. The
aim was to understand how it affects leaf UV-induced
¯uorescence during lamina growth in order to develop
¯uorescence signatures probing the leaf as tissues age. FRF
and BGF were examined in the ®rst three leaves of a wheat
plant. BGF variations and origin were interpreted from
spectroscopic measurements, time-resolved analysis of
BGF and UV-¯uorescence microscopy imaging of the leaf
surface. Four ¯uorescence signatures were de®ned to
probe the pattern and the rate of wheat lamina ageing after
emergence. The interpretation of the BGF to RF ratio as a
probe of leaf ageing is ®nally examined.
Materials and methods
Plant material
Wheat plants (Triticum aestivum cv. Shango) were grown in a
growth chamber (Fitotron, Sanyo, Gallenkamp, Leicester, UK), in
0.5 l pots of peat/sand (50:50) with 1 g per pot of a slow release
fertilizer (Nutricote 40) and irrigated daily. The temperatures were
24 °C during the day and 18 °C during the night. The irradiance was
gradually increased up to 570 mmol photons m±2 s±1 and then

decreased to zero and the humidity was decreased to 50% and
increased to 70% at the beginning and at the end of the 16 h
photoperiod, respectively.
The growth of wheat leaves was monitored by measuring the
length of each emerged lamina for 20 d after sowing. This period
corresponds to the elongation of the ®rst three leaves.
Chlorophyll dosage
Leaf discs (0.24 cm2) were punched out along the wheat leaf lamina
with a cork-borer and immediately immersed in liquid nitrogen.
Pigments were extracted by heating the samples for 30 min at 70 °C
in 3 ml of methanol for each disc. The extracts were cooled down in
darkness. The absorbance of crude extracts was measured on an
HP8453 diode-array spectrophotometer (Hewlett-Packard, Les Ulis,
France) from 190 to 1100 nm. The chlorophyll concentration was
calculated using molar absorptivities and formulae from
Lichtenthaler (1987) and corrected for the dilution factor.
Fluorescence measurements
Excitation and emission spectra of intact leaves were acquired
between 220±400 and 400±600 nm, respectively, on the FLU3 set-up
at the SA4 beam-line of the Super-ACO synchrotron (Orsay, France)
(Goulas et al., 1990; Cerovic et al., 1994; Latouche et al., 2000). The
high sensitivity of single-photon counting, and high collection
ef®ciency (emission monochromator with an f/2 aperture ratio)
permitted the use of low measuring light levels (less than 0.2 mol
m±2 s±1) that did not induce variable chlorophyll ¯uorescence. The
excitation±detection geometry adapted to front-face measurements
(excitation at 50 °C, emission detection at 0 °C) minimized the
contribution of scattered light. The use of a double excitation
monochromator and of a long-pass ®lter at emission (KV389, 3 mm
Schott, Clichy, France) eliminated completely the second order light
problem of diffraction gratings.
Fluorescence spectra of ferulic acid (4-hydroxy-3-methoxycinnamic acid, Sigma, St Louis, MO, USA) were recorded on a
spectro¯uorimeter (Cary Eclipse, Varian, Les Ulis, France) in a 90°
con®guration. 1 cm path-length quartz cells (111-QS, Hellma, Paris,
France) were used and measurements were made at 20 °C. Ferulic
acid was dissolved in a 0.1 M phosphate buffer at variable pH, or in
different solvents of spectroscopic grade. The ®nal concentration
was 10 mM. Solvents were acidi®ed by adding 6 ml concentrated HCl
to 3 ml solvent. Excitation and emission spectra were corrected using
Rhodamine B as a photon counter and quinine sulphate as a standard
of known emission characteristics, respectively (Miller, 1981).
Spectra are, in addition, expressed in quinine sulphate equivalent
units (QSEU) (Cerovic et al., 1999). Emission spectra were
measured for an excitation wavelength corresponding to the
maximum of the absorption spectrum. Excitation spectra were
measured for an emission wavelength corresponding to the maximum of the emission spectrum.
The ¯uorescence lifetime of the adaxial surface of wheat leaves
was measured by time-correlated single-photon-counting on the
FLU3 set-up, in a front-face con®guration, as described in Latouche
et al. (2000). Decay-histograms were acquired until a total of 2
millions counts were accumulated. Thirty nine nanoseconds were
covered by 2048 channels. Fluorescence decays were recorded with
an excitation wavelength of 355 nm and an emission wavelength of
450 nm. Deconvolution of the experimental decays into a sum of
exponentials was achieved by iterative convolution (Goulas et al.,
1990; Cerovic et al., 1994).
BGF and FRF yields from the adaxial surface along the lamina of
wheat leaves were measured from 40 plants with a pulse-modulated
¯uorimeter described in Cerovic et al. (1993) and Latouche et al.
(2000). A high-power xenon ¯ash lamp (L4633, Hamamatsu, Massy,
France) was used as a pulsed excitation light source (1 ms duration).
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Emission intensities of BGF and FRF were measured with two
photodiode-based detectors insensitive to continuous light (Cerovic
et al., 1993). The excitation wavelength was de®ned around 360 nm
by the use of three UV transmitting ®lters: two special absorbing
glass ®lters (DUG11, Schott, Clichy, France) and an interference
®lter (365HT25, Omega, Brattleboro, USA). A UV-blocking ®lter
(KV408, Schott, Clichy, France) protected the BGF detector, and
BGF was further selected using a band-pass ®lter (450FT690,
Corion, Holliston, MA, USA). The FRF detector was protected by
two long-pass ®lters (LG530, Corion, Holliston, MA, USA, and RG
715, Schott, Clichy, France). Excitation light was not actinic,
therefore, FRF yield corresponded to the minimal chlorophyll
¯uorescence (Fo). Fluorescence was monitored from a 5 mm
diameter leaf surface. All measurements were made at a controlled
temperature of 20 °C, in a front-face con®guration.
Fluorescence microscopy imaging
Images of ¯uorescence were taken using a Zeiss Axiophot
epi¯uorescence microscope (Zeiss, Oberkohen, Germany) equipped
with a monochrome cooled CCD camera (Model RTEA/CCD-768K,
Princeton Instruments, Inc., USA, NJ) connected to a control unit
(Model ST-138, Princeton Instruments). The excitation light was
provided by a 50 W mercury vapour lamp (HBO, Zeiss) and the 365
nm mercury line was isolated using a 330WB80 ®lter (Omega,
Brattleboro, USA). It was re¯ected down on to the sample by a long
pass dichroic beam splitter (DCLP400, Omega, Brattleboro, USA)
which transmitted the ¯uorescence to the CCD protected by an
LP400 emission ®lter (Omega). The images of 7683512 pixel size
with an 8 bits resolution corresponded to an area of 0.8 and 0.2 mm2
with the 35 and 310 magni®cation (Plan-Neo¯uar quartz objectives, Zeiss), respectively. Experiments were automated using the
software Fluograb (Graftek, France) and images were processed
using a commercial software Optilab (Concept VI, Graphtek,
France).
For determining the relative ¯uorescence yield, the automatic gain
and exposure-time settings were disabled. The gray-scale values
were converted into QSEU for each magni®cation after correction
for the absorption of quinine sulphate at 365 nm (mercury line,
microscopic measurements) compared to that of the absorption
maximum at 347 nm (¯uorescence spectra measurements). The
¯uorescence of quinine sulphate in perchloric acid for a range of
concentrations (0±500 nmol quinine sulphate cm±2) was imaged on
the same microscope in closed round quartz cells (124-QS, Hellma,
Paris, France) with an optical path of 0.1 mm. The ¯uorescence of
1 nmol cm±2 of quinine sulphate was set to 1000 QSEU as in Cerovic
et al. (1999). The adaxial surface of intact wheat leaves was always
imaged. The relative area of trichomes and epidermal cell walls were
determined using routine tools of the software. The relative BGF
yield of both trichomes and epidermal cell walls was determined
from the relationships between gray-scale and the quinine sulphate
¯uorescence, in QSEU. This relationship was linear at each
magni®cation.
The relative surfaces of trichomes, guard cells and sclerenchyma
bands were determined from photomicrographs of the UV-induced
¯uorescence of the adaxial leaf surfaces using Kodak Elitechrome
200-ASA ®lm with a LP400 emission ®lter. In that case, 7683512
pixel images from the scanned ®lm corresponded to 4.8 mm2 with
35 magni®cation. The UV-induced ¯uorescence was also monitored
from leaves mounted into 10% KOH with a droplet of Tween, or
mounted into chloroform. Leaf transverse sections were imaged
using a 450WB80 ®lter (Omega) at emission (in front of the
detector).
Statistical analysis was performed with SAS software (SAS
Institute Inc., Cary, NC).

Results
Leaf growth
Figure 1 shows the elongation of the lamina after
emergence of the ®rst three leaves of wheat plants. The
®rst, second and third leaves were fully expanded 10, 14
and 20 d after sowing, respectively. The growth of
monocotyledon leaves is basal. The meristematic and
extension zones are enclosed in the sheath and, therefore,
the cells of the emerged lamina are completely expanded,
but their age increases with distance from the leaf base
(Sharman, 1942; Kemp, 1980). As soon as a leaf ceased to
grow, a new leaf elongated at a maximal elongation rate of
about 4.3 cm d±1 (Fig. 1). The growth of the second and the
third leaf reached its maximal rate only 4 d after
emergence. This indicates that the apical segment is the
slowest segment of the lamina to emerge.
The UV-induced ¯uorescence was monitored in 46 twoweek-old plants, on the ®rst leaf which had ceased to grow
for 6 d, the second leaf which was just ending its
elongation, and the third leaf which was still growing
(Fig. 1). BGF yield was also measured along the second
leaf during its elongation from day 10 to day 14 after
sowing.
Gradient of UV-induced ¯uorescence along leaves
The typical ¯uorescence emission spectrum of a wheat leaf
had a blue maximum at 450 nm, and two closely spaced
red (686 nm) and far-red maxima (740 nm), (Fig. 2A). The
UV-induced ¯uorescence along intact leaves of a 2-weekold wheat plant was measured in the far-red above 715 nm,
to avoid the red ¯uorescence reabsorption by chlorophyll
(Fig. 2B), and in the blue at 450 nm (Fig. 2C). Both FRF

Fig. 1. The dynamics of wheat leaf growth during the ®rst 20 d after
sowing. Data are mean 6SD for 15±102 measurements. The arrow
and the dashed line indicate leaves at day 15 used for the experiments
depicted in Figs 2 and 4. At this stage of development, the maximal
cell age at the tip of the leaf was 11, 9 and 5 d, for the ®rst, the
second and the third leaves, respectively.
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Fig. 2. Fluorescence emission spectrum of a wheat lamina (A) and the
variation of FRF (B) and BGF (C) along three leaves of 2-week-old
wheat. (A) The emission spectra (excitation at 355 nm) were
measured at 10 cm from the base of a second leaf. (B, C) The age of
tissues increases with the distance from the leaf base. Data for leaves
of a typical plant are shown. Relative BGF yield was expressed in
QSEU according to the Materials and methods.

and BGF steadily decreased along all three leaves,
showing a negative dependency of the UV-induced
¯uorescence signature on tissue age, especially in the
®rst leaf (Fig. 2B, C). The decrease in FRF could not be
explained by a decrease in chlorophyll content, since the
total chlorophyll content increased as cells aged along the
lamina (Fig. 3), as usually reported for grasses (Boffey
et al., 1980). Total chlorophyll content also increased with
tissue age (Fig. 3), whereas chlorophyll ¯uorescence (FRF)
was the lowest in the oldest leaf (cf. Fig. 2B). Therefore,
the FRF gradient can only be explained by an accumulation of UV-absorbing compounds in the epidermis, that
increasingly screen UV-excitation of the mesophyll. An
accumulation of UV-absorbing compounds (¯avonoids) in
the vacuole of epidermal cells, was already reported during
leaf development of cereals (Blume and McLure, 1979;
Knogge and WeissenboÈck, 1986).
The origin of BGF
Excitation and emission spectra of BGF were measured at
the base and apex of the three leaves of six 2-week-old
plants. The spectra of a typical plant are presented in Fig. 4.
The shape of the excitation and emission spectra was

Fig. 3. Total chlorophyll content on a leaf area basis along the three
leaves of 2-week-old wheat. The data presented are the means for four
leaves. The standard deviation of the mean was between 10% and
13%.

conserved from the base to the apex of each leaf (Fig. 4).
Only the emission spectra of the third leaf showed a small
shoulder at 530 nm. Whatever the leaf, the BGF excitation
ef®ciency of the oldest segment was smaller than that of
younger segments. Since the shape of the excitation
spectrum was conserved from the base to the apex of the
leaves, the accumulation of UV-absorbing compounds in
the epidermis could not be responsible for the weaker BGF
of older segments. The fact that the shape of the excitation
spectrum did not change along the leaf, nor from the ®rst to
the third leaf, indicates that a single set of ¯uorophores is
responsible for a large fraction of BGF. This was
con®rmed by time-resolved analysis of BGF that yielded
similar lifetimes and fractional intensities for the major
lifetime components, along the leaf and for all leaf ages
(Table 1). The slight, but signi®cant (P=0.05), difference
in mean lifetime between the base and the apex of the third
leaf might be in relation to the green ¯uorophore revealed
by the ¯uorescence emission spectrum (Fig. 4, small
shoulder at 530 nm). Figure 4 and Table 1 reinforce the
hypothesis that BGF in wheat leaves originates mostly
from the surface, as proposed by Stober and Lichtenhaler
(1993a), and by Morales et al. (1996) for other species
such as sugar beet, since no in¯uence of UV-absorbers
present in the underlaying cell vacuoles could be detected
in BGF excitation spectra.
The excitation maxima at 245 and 335 nm, with a
shoulder at 300 nm, and an emission maximum at 460 nm
(Fig. 4) indicate that the main blue-green ¯uorophore is
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Fig. 4. Excitation (emission at 450 nm) and emission (excitation at 355 nm) ¯uorescence spectra of three leaves of 2-week-old wheat. Younger
base segments (4 cm from the base) and older apex segments (12 cm from the base) from a typical leaf were compared. The dashed line at
365 nm indicates the position of the excitation line of the mercury vapour lamp used in UV-¯uorescence microscopy.

probably ferulic acid (Lichtenthaler and Schweiger, 1998).
This assignment is further con®rmed by the enhancement
of epidermal BGF following alkali treatment, and its
quenching by immersion into an apolar solvent (Fig. 5).
The alkali treatment performed under UV-¯uorescence
microscopy is a tool to reveal ferulic acid bound to cell
walls in the tissues of Poaceae (Harris and Hartley, 1976).
pH and solvent effects on the ¯uorescence spectra of
ferulic acid (Fig. 6) explain the microscopic observations
(Fig. 5). Ferulic acid is a hydroxycinnamic acid having two

pKa (4.4 and 9.0, Rasmussen et al., 1995). The non-ionic
form (pH 2 and 4) barely ¯uoresced under UV-A excitation
(Fig. 6). A singly-ionized form (pH 6 and 7) was 2-fold
more ¯uorescent, with an excitation maximum at 290±310
nm and an emission maximum around 420 nm. The
doubly-ionized form (pH 9 and 10) was the most
¯uorescent. At pH 10, the maximum excitation and
emission were shifted to 345 and 470 nm, respectively,
corresponding to the phenolate anion (Jurd, 1957). Under
these conditions, the excitation peak of ferulic acid became

762 Meyer et al.
Table 1. Mean ¯uorescence lifetimes (in ns) and fractional intensities of the kinetic components (as a percentage of total
¯uorescence) at the base and the apex of 2-week-old wheat leaves
The wavelengths of excitation and emission were 355 and 450 nm, respectively. The lifetime of the very fast, fast, medium, and slow kinetic
components of the ¯uorescence decay was 0.11, 0.46, 1.4, and 5.6 ns, respectively. Mean 6SE are given for four decays. The data were tested
for difference between base and apex using Mann and Whitney's U-test. *, Signi®cant difference at P=0.05.
Mean lifetime (ns)

First leaf
Second leaf
Third leaf

Base
Apex
Base
Apex
Base
Apex

0.6960.032
0.6860.013
0.6760.047
0.6860.022
0.5960.045*
0.6660.032*

Fractional intensity of kinetic component
Very fast (%)

Fast (%)

Medium (%)

Slow (%)

4661.6
4561.6
4261.6
4263.2
4863.2*
4363.2*

3161.6
3261.6
3461.6
3561.6
3161.6*
3561.6*

1961.6
1961.6
2161.6
2061.6
1961.6
2061.6

461.6
461.6
361.6
461.6
261.6
361.6

closer to the excitation line of the mercury vapour lamp
used for microscopy (365 nm). Consequently, the alkalitreatment of the leaf surface enhanced BGF (Fig. 5)
because the phenolate ion of ferulic acid was more
ef®ciently excited.
The solvent polarity also affected the ¯uorescence
spectra of ferulic acid (Fig. 6B). With the decreasing
polarity of the solvent, the excitation and emission of BGF
from the ferulic acid solution and the Stokes shift
decreased (Fig. 6B). In an apolar solvent (chloroform),
BGF of ferulic acid was quenched by 80% with respect to
the situation in a polar solvent (water). In chloroform, the
excitation of ferulic acid was very weak at 365 nm
(Fig. 6B), which explains the decrease of leaf BGF
(Fig. 5C). However, a subsequent alkali-treatment
(Fig. 5D) did not fully reverse this decrease, suggesting
that chloroform removed the waxes of the cuticle where
some blue-green ¯uorophores might also have been
embedded (Karabourniotis et al., 1992). It is known that
the cuticle may contain esters of ferulic acid and other
hydroxycinnamic acids (Kolattukudy, 1980).
Relationship between BGF and the anatomy of the
leaf surface

Fig. 5. Effects of pH and solvent on blue-green ¯uorescence. Colour
¯uorescence micrographs depict the ®rst leaf adaxial surface from 2week-old wheat. A control micrograph of an intact leaf was taken (A),
then, the leaf was successively treated with 10% KOH for 2 min (B),
chloroform for 40 s (C), and 10% KOH for 2 min (D). Images
correspond to 0.3 mm2 leaf area. The exposure time was 10 s for each
micrograph. AW; anticlinal wall of epidermal cell, SC; sclerenchyma
band, GC; guard cell, T; trichome.

The adaxial epidermis of wheat leaves is formed of long
cells with non-sinuous walls, some solitary short cells over
the vein, stomata with subsidary cells, short hairs with a
swollen base, and sclerenchyma bands. As seen in Fig. 5,
the wall of each epidermal cell type, trichome protoplast
and ligni®ed sclerenchyma bands emitted BGF.
The leaf surface is a complex mosaic of several
¯uorescent cell types. Hence, both the proportion of the
different cell types and cell BGF intensity will determine
the BGF measured at the leaf level (as in Fig. 2 on a 5 mm2
leaf area). It is, therefore, important to know the relative
surface and BGF yield of the different cell types. Table 2
summarizes the results of the microscopic analysis of the
base (young) and the apex (old) of the ®rst three leaves of
2-week-old wheat plants. The relative surface of the
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Fig. 6. Fluorescence excitation and emission spectra of ferulic acid
(10 mM) in solution. Excitation spectra were recorded at the emission
maximum in the blue. Emission spectra were recorded at the
absorption maximum in the UV-A. (A) Ferulic acid in phosphate
buffer at different pH. Ferulic acid was in non-ionic, singly and
doubly-ionized form at pH 2±4, 6±7 and 9±10, respectively. (B)
Ferulic acid in different acidi®ed solvents, whose polarity decreased
starting from water ending with chloroform. The dashed line at
365 nm indicates the excitation line of the mercury vapour lamp used
in UV-¯uorescence microscopy. The small sharp peak in excitation
spectra seen above 350 nm is due to the Raman scattering of the
solvent.

anticlinal cell wall and the trichomes (including wall and
protoplast) signi®cantly increased along the leaves, but
their relative ¯uorescence yield decreased. The two effects
compensate each other, therefore, variation of these
particular structures along the leaf cannot explain the
BGF gradient shown in Fig. 2. On the other hand, the
relative surface of the sclerenchyma band signi®cantly
decreased from the base to the apex of the second and third
leaves. The signi®cant increase in the sclerenchyma BGF
yield of the second leaf did not compensate for it. This
suggests that the gradient of BGF along the leaf was related
to the reduction of the surface of ¯uorescent sclerenchyma
bands.
Further experiments were then performed to determine
if a relationship between BGF and the relative surface of
the sclerenchyma bands persisted during the course of leaf
growth. BGF and anatomical measurements were performed on consecutive days after sowing along the second
leaf, in which the developmental gradient along the lamina
was maximal 14 d after sowing. Figure 7 summarizes the
BGF and anatomical variations along the second leaf of
different ages from ten to fourteen days after sowing. To
compare leaves at different stages of elongation, the results
were presented by making the leaf tips coincide in order to
take into account the basal growth of the lamina. The
gradients of BGF or the anatomical traits of each leaf age
superimposed to give a unique relationship. This shows
that, BGF and anatomical traits measured in these
experiments were dependent on the ontogenetic pattern
of the leaf, which was determined before the lamina
segments emerged. An obvious parallelism between BGF
gradients and the sclerenchyma band's relative surface
along the leaves is prominent. At the base, on the youngest
segment, sclerenchyma covered 10% of the area, whereas
at the apex, the oldest segment, it covered about 5%.
Concomitantly, BGF decreased by 50% from the base to

Table 2. Relative leaf surface (%) and BGF yield (QSEU) of the anticlinal cell wall, trichome and sclerenchyma bands from
adaxial epidermis of the ®rst three leaves of 2-week-old wheat
Data are mean 6SE. The number of images is indicated in brackets. Images from the base and the apex were taken from 0±30% and
100% of the leaf length, respectively. For anticlinal cell walls or trichomes analysis, each relative surface and BGF was determined
areas of 0.8 mm2. The analysis of sclerenchyma band, the relative surface and BGF were determined from leaf areas of 4.8 and
respectively. SM: a single measurement is available with a value of 1500 QSEU. The data were tested for difference between base
using Mann and Whitney's U-test. **, signi®cant difference at P=0.01; *, P=0.05; NS, not signi®cant.
Anticlinal cell wall
Surface (%)

Trichome

from 70±
from leaf
0.8 mm2,
and apex

Sclerenchyma bands

BGF (QSEU)

Surface (%)

BGF (QSEU)

First leaf

Base
Apex

6.060.45*(15)
6.960.49(11)

46436326*(15)
35416864(11)

1.460.36*(18)
1.860.32(17)

43596403**(18)
35936555(17)

Second leaf

Base
Apex

8.160.90**(9)
10.761.21(8)

43566466**(9)
34956608(8)

2.961.33*(10)
4.460.97(8)

45406545 NS(10)
38196435(8)

Third leaf

Base
Apex

7.060.61*(13)
7.960.56(11)

42616442**(13)
22816287(11)

1.860.62**(12)
5.261.21(16)

39886357**(12)
23506300(16)

Surface (%)
6.569.42 NS(3)
5.761.20(7)
10.164.47*(5)
3.961.70(6)
8.562.03**(5)
4.561.76(7)

BGF (QSEU)
34096525 NS(14)
295561335(5)
26556215**(8)
3059651(2)
34176504(8)
SM
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the apex. By contrast, the BGF gradient along the leaf was
not related to the variation of trichome relative surface or
stomata number per mm2, which both increased towards
the tip of a growing leaf (Fig. 7). At the tip of the leaf,
sclerenchyma band and trichome relative surface and
stomata number per mm2 were particularly low. This was
the oldest segment of the lamina, which had emerged when
leaf development was the slowest (Fig. 1).
Figure 8 shows images of the UV-induced ¯uorescence
of different segments along a young and a mature leaf.
BGF and FRF emanated from the epidermis and the
underlying mesophyll, respectively. Images illustrate that,
as the leaf elongated, the sclerenchyma bands of the
emerged segment became wider but fewer. In Fig. 8, the
anatomy of the different segments of a young (10-d-old)
and a mature (14-d-old) leaf are compared side by side by
making the leaf tips coincide. The segment at 3 cm from
the base of the young leaf will be at a distance approximately 15 cm from the base 4 d later (mature leaf), without
a noticeable change in leaf surface anatomy. By contrast,
the surface anatomy of the segment 3 cm from the base in
the young leaf and in the mature leaf were quite different,
illustrating the ontogenetic pattern of the lamina. Figure 8
shows that the BGF is a signature of this ontogenetic
pattern because it depends on the development of the
sclerenchyma bands (cf. Fig. 7).
A transverse section of a leaf (Fig. 8, inset) shows that
the sclerenchyma bands are constituted of narrow ®bres
with thick walls that ¯uoresce brightly at 450 nm. The
walls are ligni®ed because they gave a positive test with
phloroglucinol-HCl (data not shown). Sclerenchyma ®bres
are dead cells, therefore only their wall absorbed UV. The
BGF from the sclerenchyma bands excited by illuminating
the surface of an intact leaf (Fig. 8) may be emitted from
several layers of ®bres (Fig. 8, inset). Sclerenchyma cells
were surrounded by long epidermal cells, whose anticlinal
and periclinal walls also ¯uoresced at 450 nm. However,
the vacuolar content of these cells might screen the UVexcitation of the underlying periclinal cell wall when
measurements were performed on the intact leaf.

Fig. 7. Gradients of BGF and anatomy along the second wheat leaf
during its elongation. Unlike Figs 3 and 4, where the leaf zero
distance corresponds to the ligule, the basal growth has been taken
into account. This was achieved by making the tips, the oldest
segments of the leaves, coincide. Typical leaves are shown. BGF (A)
and relative areas of sclerenchyma bands (B), trichome (C), and the
stomata number mm±2 (D) were measured along the adaxial face of
the leaf, 10 (open squares), 11 (open inverted triangles), 12 (open
diamonds), 13 (open circles), and 14 (open triangles) d after sowing.
The 5% relative surface of trichomes corresponded to about 16
trichomes mm±2. Fit was according to a second order polynomial with
r2 equal to 0.80, 0.86, 0.70, and 0.63 from (A) through (D),
respectively.

A double ¯uorescence signature of the leaf elongation
Considering the emerged lamina as a whole at different
days after sowing, it appears that BGF increased by 36% as
the leaf aged (Table 3). This again was related to the
broadening of sclerenchyma bands at the base of the
lamina, as the leaf grew. Conversely, chlorophyll ¯uorescence (FRF) decreased by 37% as the leaf aged, which
could be explained by the accumulation of UV-screening
compounds with time. Therefore, Table 3 shows that both
¯uorescence signatures can be used as signatures of leaf
elongation. Since the relative variations of BGF and FRF
were opposite, the ratio between BGF and FRF varied
greatly during leaf elongation. The ratio was twice as
important in mature than in young leaves. Hence, the BGF/
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Fig. 8. Colour ¯uorescence images along the adaxial face of a second wheat leaf at different stages of elongation. A young leaf and a mature leaf
were imaged 10 d and 14 d after sowing, respectively, using an LP400 emission ®lter. The distance from the leaf base of each imaged segment is
indicated. The arrows indicate the position of the sclerenchyma bands. Ten days after sowing, the segments at 3, 9 and 12 cm from the base are
0.8, 2.4 and 3.2-d-old. Fourteen days after sowing, the segments at 3, 9, 15, 19, and 24 cm from the base are 1.8, 3.4, 5.0, 6.1, and 7.5-d-old,
respectively. The inset shows a transverse section of adaxial epidermis imaged with a 450WB80 emission ®lter. SC; sclerenchyma band, aw;
anticlinal wall, pw; periclinal wall.

FRF ratio was a very sensitive signature of leaf growth, but
its interpretation required an independent monitoring of
BGF and FRF, as shown in Table 3.
Discussion
In this study an analysis was undertaken of the variation
of UV-induced BGF measured from the surface of
intact wheat leaves according to the age of the cell or

of the segment along the lamina, and during the ageing
of the leaf from emergence to maturity. The spectral
characteristics of BGF along the leaves of different ages
were shown to be that of a hydroxycinnamic acid, most
probably ferulic acid. Excitation and emission spectra
were not deformed by reabsorption or screening effects,
indicating that BGF emanated primarily from the
surface of the lamina, in agreement with Stober and
Lichtenthaler (1993a).
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Table 3. Mean BGF and FRF per unit surface of the total leaf surfaces of a second leaf during its growth
Fluorescence was excited at 355 nm and measured at 450 nm and above 715 nm for BGF and FRF, respectively. BGF/FRF is indicated. Mean
6SE are given for four leaves at each day after sowing. Results are also expressed as a percentage of the value from the youngest
developmental stage (day 10). The data (r.u.) were tested for difference with respect to the leaf at 10 d after sowing, using Mann and Whitney's
U-test. *, signi®cant difference at P=0.05; NS, not signi®cant.
Days after
sowing

BGF

FRF

(r.u.)

(%)

(r.u.)

(%)

10
11
12
13
14
15

0.2560.006
0.2660.022 NS
0.2660.013 NS
0.2960.025*
0.3060.095*
0.3460.013*

100
104
104
116
120
136

1.6960.318
1.5560.086 NS
1.5360.264 NS
1.3660.108 NS
1.4660.073 NS
1.0660.121*

100
92
91
80
86
63

By imaging the leaf adaxial surface, it was shown that
BGF emanated from the wall of diverse cell types, whose
relative surface, spatial distribution and relative ¯uorescence yield could control BGF emission. At the cellular
level, there was a general decrease in the intrinsic BGF
yield of anticlinal cell walls and the trichome from the base
to the apex of the lamina, which might indicate that the cell
wall differentiation affected the ¯uorescence of ferulic
acid. This might be an indication of changes in surface
content of ferulic acid. Phenyl ammonia lyase (PAL)
activity was reported to be larger at the base than at the
apex of the lamina of Avena (Wiermann, 1981), suggesting
a larger hydroxycinnamic acid content at the leaf base.
Ferulic acid is known to contribute to wall rigidi®cation
(Fry, 1986). A decrease in extractable ferulic acid on a leaf
area basis, resulting from a decrease in wall-bound ferulic
acid esters concomitant with an increase in ferulic acid
ester-ether bridges and with cell wall ligni®cation, has
already been reported in leaves of developing wheat
seedlings (Strack et al., 1987; Lam et al., 1996). However,
the BGF of lignin and of the different wall-bound forms of
ferulic acid and diferulic acid remains to be studied.
A decrease in apoplastic pH or/and polarity could also
be responsible for the decrease in ferulic acid ¯uorescence
from cell walls as the cell aged along the lamina. Grignon
and Sentenac (1991) indicated that leaf apoplastic pH lies
between 5 and 6.5 and Hill et al. (2002) reported that old
leaves of a wild monocot species have a lower apoplastic
pH than young leaves (pH 6.2 and 5.5 for young and old
leaves, respectively). At these pH, soluble ferulic acid
barely ¯uoresced under UV-excitation at 365 nm because
the phenol group is not ionized (Jurd, 1957), suggesting
that other cellular parameters have to be taken into account
to interpret the epidermal BGF in vivo. Still, for ferulic
acid esteri®ed to cell walls, the carboxyl group can not be
ionized because it is engaged in the ester bond. Therefore,
the emission spectrum of bound ferulic acid should
correspond to the one measured at pH 2 in vitro for free
ferulic acid (below the ®rst pKa) (Fig. 6). This would
explain the maximum leaf BGF emission at 460 nm in vivo.

BGF/FRF
(%)
0.15
0.17*
0.27*
0.21*
0.21*
0.32*

100
113
180
140
140
213

On the other hand, a decrease in polarity quenched
soluble ferulic acid ¯uorescence yield and induced a
bathochromic shift of the excitation maximum in vitro.
This is a conventional effect of a lipophilic solvent on
¯uorochrome (for a review see Valeur, 1993). It might
occur as cuticles differentiate on the periclinal wall along
the leaf, especially for the ®rst leaf, in which the decrease
in BGF was the least related to a reduction in relative
surface of sclerenchyma bands (Fig. 2; Table 2).
According to Sharman (1942), Miranda et al. (1981) and
Riederer and SchoÈnherr (1988), cuticle thickness increases
along the leaf of monocotyledons and the polarity of the
cuticle decreased (Schmidt and SchoÈnherr, 1982). The
consequence of the cuticular differentiation on leaf BGF
awaits further studies. Considering the sensitivity of ferulic
acid in solution to pH and polarity, the four lifetime
components of leaf ¯uorescence decay could correspond to
different cellular environments of ferulic acid. Spectral
time-resolved investigations should be performed to
analyse ferulic acid BGF in vivo and in vitro in order to
estimate if it could be a signature of the leaf apoplastic
properties, such as pH, polarity or viscosity.
At the leaf level, the epidermal cell differentiation
during lamina elongation did not affect BGF signature.
This was explained by a compensatory effect between the
increase in the cell-wall relative surface and the decrease
in relative cell-wall BGF yield. BGF decreased along the
leaf mainly because of a reduction in the relative surface of
¯uorescing sclerenchyma, even though this tissue corresponds to only 5 to 10% of the leaf area.
The conserved shape of excitation and emission spectra
and the conserved mean ¯uorescence lifetime and fractional intensity of kinetic components indicated that, at this
scale of measurement, no concomitant change in composition of the ¯uorophore occurred. The 4±5 mm2 of lamina
used for measurements comprised veins and intercostal
areas. It should be representative of the general structure of
the leaf surface (the lamina width was about 5 mm). Since
BGF varied according to the development of the
sclerenchyma bands, which gradually provided an
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increased support function as the lamina elongated, BGF
could be interpreted as a signature of the ontogenetic
pattern of the lamina.
The decrease in FRF with cell age along the lamina and
as the lamina elongated, which was not related to the
increase in the chlorophyll content, was explained by an
accumulation of UV-absorbing compounds in the epidermis. It is known that ¯avonoids accumulate during the
growth of Poaceae lamina, as in Avena (Wiermann, 1981).
Flavonoids mainly accumulated in the vacuole of the
epidermis (Schnabl et al., 1986) and screened UVexcitation of the mesophyll (Day et al., 1994). In these
experiments, this screening effect obviously increased
with cell and leaf age, because it fully overrides the rise in
chlorophyll content during leaf development. In wheat
leaves, iso-orientine and tricine are the main ¯avonoids
(Estiarte et al., 1999). Since ¯avonoids are increasingly
accumulated with the duration of exposure of the plant to
light (McClure and Wilson, 1970), the decrease in FRF
during leaf development can be a measure of the time
elapsed since a segment or a whole leaf has emerged.
Therefore, FRF could also be considered as a physiological
clock of leaf development.
In this study, it has been shown that the FRF and BGF
emissions depend on two causes: the accumulation of UVabsorber in the epidermis and the development of
sclerenchyma ®bres, respectively. However, because of
their independent variation, four signatures can be de®ned
to probe wheat lamina development after emergence
(Fig. 9): (i) a concomitant decrease of BGF and FRF
along the lamina probes the process of cell ageing (Fig. 2,
Fig. 9 arrow 1), (ii) an unchanged BGF with time, while
FRF decreases, is a signature of the time which elapsed
since the emergence of the segment (Fig. 9 arrow 2), (iii)
an increasing BGF with time, while FRF remains constant,
signs the ontogenetic pattern of the leaf (Fig. 9 arrow 3),
(iv) a concomitant increase in BGF and decrease in FRF
with time re¯ects the process of whole leaf ageing (Fig. 9,
arrow 4). The signature of the ontogenetic (arrow 3)
pattern can be a potential identity card of the cereal
species, since they differ in the anatomy of their leaf
surface (Metcalfe, 1960). Further, this signature, with the
two others probing the rate of lamina elongation (arrows 1
and 2), potentially allow a nutrient de®ciency to be
detected, because the elongation rate and the sclerenchyma
development of cereal leaves depend on the nutrient
availability in the soil (Van Arendonk et al., 1997). These
¯uorescence signatures are presently being applied to
studies in the ®eld on a wheat crop subject to differing
nitrogen supply (A Cartelat, S Meyer, ZG Cerovic,
unpublished results).
Knowing the signi®cance of BGF and FRF signatures in
wheat, the BGF/FRF ratio becomes of particular interest to
probe the leaf growth. The BGF/FRF ratio is highly
sensitive to leaf age, because of the opposite behaviour of

BGF and FRF. This explains the large change of this ratio
seen in cereals (Chappelle et al., 1985; Stober and
Lichtenthaler, 1993a, b; Heisel et al., 1996). Moreover,
this ratio is inherently insensitive to excitation light
inhomogeneity and it is potentially independent of measuring distance. This allows its use as a signature for remote
sensing of crops (cf. Heisel et al., 1996) by probing leaf
growth.
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Fig. 9. Potential UV-induced ¯uorescence signatures of wheat leaf
development. A lamina is represented at different stages of elongation.
Three situations are depicted: segments along the leaf have different
ontogeny and increasing age (1); the segment present at a constant
distance from the tip is only ageing (2); emerging segments at a
constant distance from the base have the same age but have a different
ontogeny (3). The UV-induced ¯uorescence signatures and their
interpretation are indicated in boxes. Whole leaf ageing is indicated by
the arrow No. 4.
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