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Spectral characterization of chlorophyll fluorescence in barley leaves
during linear heating
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Abstract

The spectral characteristics of chlorophyll fluorescence and absorption during linear heating of barley leaves within the range 25–758C
(fluorescence temperature curve, FTC) were studied. Leaves with various content of light harvesting complexes (green, Chl b-less
chlorina f2 and intermittent light grown) revealing different types of FTC were used. Differential absorption, emission and excitation
spectra documented four characteristic phases of the FTC. The initial two FTC phases (a rise in the 46–498C region and a subsequent
decrease to about 558C) mostly reflected changes in the fluorescence quantum yield peaking at about 685 nm. A steep second fluorescence
rise at 55–618C was found to originate from a short-wavelength Chl a spectral form (emission maximum at 675 nm) causing a gradual
blue shift of the emission spectra. In this temperature range, a clear correspondence of the blue shift in the emission and absorption
spectra was found. We suggest that the second fluorescence rise in FTC reflects a weakening of the Chl a–protein interaction in the
thylakoid membrane.  2000 Elsevier Science B.V. All rights reserved.
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1. Introduction the plant material [4], excitation wavelength and intensity
[4,5], detection wavelength [6,7], and the rate of heating

Temperature is one of the abiotic factors influencing the [6], several characteristic phases in FTC can usually be
function of photosynthesizing organisms. It is believed that observed.
the most thermolabile membrane in a plant cell is the In the first phase of FTC (from 25 to about 45–508C),
thylakoid membrane of chloroplasts [1]. A very sensitive fluorescence mostly increases up to the first maximum
tool for monitoring the actual state of the photosynthetic (M1, Fig. 1). Schreiber and Armond [5] found for chloro-
apparatus in thylakoid membranes is chlorophyll a (Chl a) plasts that the fluorescence rise reflects the rise of the
fluorescence [2,3]. By combining temperature control with quantum fluorescence yield (absorption changes were
detection of Chl a fluorescence, a sensitive indicator of the negligible). As far-red background illumination does not
thermostability of processes within the thylakoid mem- prevent the appearance of this heat-induced rise [8], these
brane can be obtained. A frequently used regime is authors assumed that the rise was caused by a functional
fluorescence detection upon linear heating from room separation of the primary chinone acceptor (Q ) from theA

temperature to non-physiological temperatures (55–758C) primary donor (P680) in photosystem II (PSII). In other
(fluorescence temperature curve, FTC). The FTC is mea- words, an inhibition of energy conversion at PSII (‘a
sured with leaves, algae, chloroplasts or thylakoid prepara- block’) occurs within this temperature range. Other pos-
tions usually under analytic or weak actinic light excita- sible concomitant processes have been reported in the
tion. Although the shape of individual FTCs depends on literature, e.g. detachment of light harvesting complexes

(LHC) [5]. Although many papers have been published on
the molecular mechanism of PSII inhibition in connection*Corresponding author. Tel.: 1420-68-522-2451; fax: 1420-68-522-
with the fluorescence rise [9–15], a definitive solution has5737.
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damage to PSII and is used as an indicator of photosystem
II thermostability [4]. The critical temperature also reflects
changes in thylakoid membrane fluidity varying during
plant acclimation (e.g., Ref. [18]). Even a correlation
between the critical temperature and the critical tempera-
ture of leaf necrosis was found [19].

In the second phase of FTC, beginning at the M1
maximum, the fluorescence intensity gradually decreases.
The interpretation of this phase is not clear. At the
temperature of the M1 maximum the measured fluores-
cence level is approximately equal to the maximal fluores-
cence F [5,20] when PSII centers are closed, so theM

observed second FTC phase reflects a decrease of the FM

level.
Within the temperature range of about 53–638C (the

third FTC phase), a second fluorescence rise (rise to the
M2 region, see Fig. 1) can be detected. The threshold
temperature of this rise strongly depends on the heating
rate [6]. Using preferential excitation of Chl a and Chl b it
was deduced that the rise originates from Chl a with
strongly weakened assistance of Chl b and carotenoids
[21–23]. This fluorescence rise is pronounced mainly for
samples with a reduced content of LHCs [21–24]. Down-
ton and Berry [21] showed that this rise originates from
stroma thylakoids and attributed the emission to photo-
system I (PSI). They also proposed using the relative
height of this rise for estimation of nonappressed /appres-
sed thylakoids. The interpretation of the second rise was
questioned by Gaevsky et al. [22]. They showed with
mutants of Chlamydomonas reinhardtii lacking PSI or
PSII that both photosystems are probably responsible for
this second fluorescence rise.

The fourth phase in the FTC represents fluorescence
changes beyond the second fluorescence rise (above about
608C). Usually, fluorescence decreases within this tem-
perature range (e.g., Refs. [6,23,24]), but when samples
with a lower LHC content are used the fluorescence is
rather constant within 60–758C [22,23]. The reason for
these differences has still not been explained.

Fig. 1. Typical FTCs of IML (top), chlorina f2 (middle), and green In this paper we measured absorption and chlorophyll
(bottom) primary barley leaves. Detection wavelength was 675 nm fluorescence emission and excitation spectra of samples
(curves a and c) or 685 nm (curves b). Excitation wavelength was 436 nm

with different LHC content during linear heating up to(curves a and b) or 475 nm (curves c). Individual leaves were used for
21 758C. We focused on a comparison of the spectral changesdifferent curves. Linear heating rate, 28C min ; M1, the first maximum

in the first and second fluorescence rise in FTC. A clearin FTC; M2 region, part of the FTC from the second fluorescence rise to
758C. blue shift of the spectra is shown for temperatures above

558C.
about 308C is probably due to the inhibition of the PSII
oxygen evolving complex, while the following faster
phase, terminated at the M1 FTC maximum, reflects rather 2. Materials and methods
the inhibition of the acceptor side of PSII [16]. The
amplitude of the fluorescence increase to the M1 maximum 2.1. Plant material
was shown to be correlated with other fluorescence charac-
teristics reflecting the state of PSII [17]. Another question Hordeum vulgare L. (cv. Akcent) and the Chl b-less
is whether the detected chlorophyll fluorescence has the barley mutant chlorina f2 were cultivated in a growth
same origin during heating. In spite of these ambiguities chamber at 208C in artificial soil composed of perlit and
the critical temperature of the fast fluorescence rise reflects Knopp solution. The light regime was 16 h light (90 mmol
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22 21m s of PAR)/8 h dark. The detached primary leaf 2.5. High-performance liquid chromatography
segments of 8 day old barley were used for the measure-
ments. Etiolated barley seedlings (Hordeum vulgare L. cv. The chromatography system consisted of a low-pressure
Akcent) for the IML samples were also grown hydro- gradient mixing unit GP3 (ECOM, Prague, Czech Re-
ponically in darkness at 208C for 5 days and then exposed public), a micropump LCP 3001 (ECOM, Prague, Czech
to intermittent light with the regime of 2 min light (45 Republic) and a photo-diode array detector Waters 996

22 21
mmol m s of PAR)/98 min dark for 41–44 cycles (Waters, Milford, USA). The samples were injected via an
[23]. Alternatively, etiolated barley seedlings were grown ECOM injector equipped with a 50 ml loop. The separation
for 5.5 days at 258C according to Ref. [24] and then was run on a reverse-phase C column, 15033 mm,18

22 21 particle size 10 mm (Tessek, Prague, Czech Republic).exposed to continuous light (90 mmol m s of PAR) for
Leaves were ground in a mortar in 2 ml of 100%1.5 h.

acetone in the presence of magnesium oxide. Pigments
were extracted for 3 min and the extract was centrifuged at2.2. Pigment content
14 000 g for 5 min. The supernatant was collected and
filtered through a 0.45 mm PTFE filter membrane (Tessek)Contents of Chl a, Chl b and the sum of carotenoids
prior to injection. The extraction was performed in dimwere determined spectrophotometrically in 80% acetone
light at 48C. Pigments were separated using gradientaccording to Ref. [25]. Mean concentrations 6S.D. were
elution. For the first 5 min a linear gradient from 50 tocalculated from three to four independent measurements.
90% methanol was used followed by isocratic elution by
90% methanol for the next 6 min. Then a linear gradient

2.3. Linear heating from 90 to 100% methanol was used for 5 min followed by
a linear gradient from 100% methanol to a mixture of

A leaf segment of 1.5 cm length was cut off from the methanol and hexane (4:1) for another 6 min. Finally, the
central part of the leaf blade and placed on a sample column was washed with the methanol–hexane mixture
holder. The holder with the sample was immersed in (4:1) until the b-carotene was eluted. The column was

21distilled water and heated at a rate of 28C min from pre-equilibrated with 50% methanol for 10 min prior to the
room temperature up to the selected temperature. Linear injection of the next sample.
heating was performed by a computer-controlled electric
heater. The water in the vessel was stirred by a magnetic
stirrer. 3. Results

2.4. Fluorescence and absorption measurements during 3.1. FTCs of barley leaves with different LHC content
heating

Three types of barley leaves were used for the study of
Fluorescence spectra and fluorescence temperature individual phases of the fluorescence temperature curve,

curves (FTC) were measured using a Fluorescence Spec- FTC: (i) primary barley leaves of fully green seedlings
trophotometer F-4500 (Hitachi, Tokyo, Japan). The spec- with Chl a /b | 3; (ii) intermittent light grown leaves (IML)
trometer was extended by a laboratory setup with fiber with significantly reduced contents of light harvesting
optics allowing measurement outside the sample chamber. complexes (LHC) (Chl a /b | 8.7); and (iii) leaves of
Fluorescence was excited and detected on the adaxial leaf chlorina f2 mutant lacking Chl b and specific LHCs [26].
side. The dark adapted leaf segments were exposed to light Fig. 1 shows FTCs of these leaves at preferential excitation
at 436 or 475 nm to reach steady state conditions before of Chl a, 436 nm (curves a and b), and auxiliary pigments
the beginning of the measurements. The emission spectra (Chl b and carotenoids), 475 nm (curves c). As the
and FTCs were measured with 10 and 5 nm spectral wavelength of the fluorescence emission maximum de-
slit-widths for the excitation and emission monochromator, creases during heating [7], two emission wavelengths were
respectively. For measurement of excitation spectra, 5 and chosen for detection: the first at 685 nm (curves b), where
10 nm spectral slit-widths were used, respectively. The a room temperature emission maximum appears, and the

21scan rate of the spectra was 240 nm min . The leaves second at 675 nm (curves a and c). The FTCs of all three
22were exposed to exciting light of 436 nm (10 mmol m leaf types show the typical phases described in the

21s ) constantly during heating. Introduction. Also, the temperature regions of these phases
The absorption spectra of leaf segments were measured are similar, suggesting that the same processes occur in

during linear heating using a Helios a spectrophotometer each leaf type during heating.
(Unicam, Cambridge, UK). The samples were placed in a While the fluorescence level is rather constant within
glass cuvette with distilled water. The spectra were mea- 25–408C and then sharply increases to the M1 FTC
sured at selected temperatures with a 2 nm spectral slit- maximum for green leaves, a gradual fluorescence increase
width. from room temperature is evident for IML and chlorina f2
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leaves at preferential Chl a excitation (Fig. 1). The various fluorescence intensity. Fig. 2C also shows that an
temperature of the M1 maximum was slightly higher in emission form peaking at about 675 nm becomes dominant
green leaves (498C) than in chlorina f2 leaves (468C) and within 55–618C. At higher temperatures, no significant
IML leaves (478C) (Fig. 1). In green leaves, the first FTC spectral change was observed for the IML leaves.
phase appeared at higher temperatures. This indicates a We also measured the excitation spectra during heating
higher PSII thermostability in green leaves than in the of IML leaves at emission wavelength 675 nm (Fig. 2D).
other leaf types. The fluorescence rise to the M1 maximum However, it was not possible to ensure steady-state con-
is different on preferential excitation of the auxiliary ditions in the sample, as the wavelength of the excitation
pigments. A rather constant level with IML, and even a light continuously changed during scanning. In spite of this
decreasing tendency with green leaves, were detected inaccuracy, no significant spectral changes were detected
within the temperature range 25–408C. The slow decrease up to about 558C (Fig. 2D,E). Again, the main change
could be associated with a heat-induced detachment of appeared between 55 and 618C. Within this temperature
LHCII from PSII decreasing the PSII absorption cross range an increase in the excitation range of Chl a was
section [5]. detected. This result indicates that some Chl a form is

We concentrated our attention on the differences be- responsible for the second fluorescence rise in FTC. Such
tween the FTCs of the three leaf types above 558C (Fig. 1). an increase, but only in relative size, i.e. with respect to the
The highest second fluorescence rise in FTC without range of auxiliary pigments (450–510 nm), has already
significant subsequent decrease for IML leaves, a lower been observed in 77 K emission spectra of linearly heated
second rise with a distinct fluorescence decrease for IML leaves [23]. At temperatures above 618C the excita-
chlorina f2 leaves and a small second rise with a pro- tion spectra did not change (Fig. 2D,E).
nounced subsequent decay in FTC for green leaves were The emission spectra of chlorina f2 and green leaves
detected. The rise appeared at slightly higher temperatures measured during heating, together with the difference
in green leaves, indicating again their higher thermostabili- spectra, are displayed in Fig. 3. For chlorina f2 leaves the
ty. As the second fluorescence rise appeared in FTC of Chl spectral changes up to 608C were approximately the same
b-less chlorina f2, Chl b is not involved in this rise. as for the IML leaves. The fluorescence decrease in FTC

As was shown previously for IML barley leaves, there is above 608C (Fig. 3A) is accompanied by a decrease in
only a small contribution of auxiliary pigments to the 685 spectrum peaking at about 685 nm (Fig. 3C). The similari-
nm fluorescence at the second fluorescence rise in FTC ty of the spectral change between 55 and 468C (difference
[23] as compared to the first rise to the M1 maximum. spectrum 55246) to the change between 67 and 608C
Similar results for the 675 nm fluorescence were obtained (67260) (Fig. 3C) indicates that the fluorescence decrease
for green and chlorina f2 barley leaves (Fig. 1, compare in FTC above 608C could be a continuation of the
curves a and c). A higher second fluorescence rise was progressive fluorescence decrease beginning at the M1
detected for 675 nm than for 685 nm emission, indicating FTC maximum.
that, in the M2 FTC region, the emission maximum is This suggestion was strengthened by the measurements
below 685 nm for all leaf types (Fig. 1, compare curves a with green barley leaves (Fig. 3E,F). For these leaves, two
and b). This led us to the idea of measuring the full tendencies clearly interfere upon the second fluorescence
fluorescence emission spectra of the leaves during heating. rise in FTC (Fig. 3F, difference spectrum 61257). The

first tendency is the fluorescence rise of the Chl a form
3.2. Fluorescence spectra during heating of leaves probably peaking in the spectrum at about 675 nm as was

observed for leaves with a reduced LHC content (see Figs.
The fluorescence spectra were measured at selected 2C and 3C). The second tendency is the fluorescence

temperatures during heating. Fig. 2B shows the emission decrease with a spectral maximum at about 685 nm and
spectra of the IML barley leaf at distinct points of the FTC continuing up to 758C. A minor, but observable, contribu-
(see Fig. 2A) at preferential Chl a excitation. The spectra tion of the second tendency in the IML leaves can be seen
were rather similar to one another up to 558C. The main in the difference spectrum (67261) in Fig. 2C. The larger
spectral change, a shift of the main emission maximum, portion of the second tendency in green and chlorina f2
was seen within 55–618C, i.e. during the second fluores- leaves is probably associated with the larger content of
cence rise in FTC. The difference spectra (Fig. 2C) were LHCs in these leaves.
calculated from the two consecutive spectra displayed in To support the idea that the second fluorescence rise in
Fig. 2B. It is evident that the emission spectrum did not FTC originates in the emission form with an emission
change up to 408C and that the difference spectrum 55247 maximum at 675 nm, we also measured the emission
(the spectrum detected at 558C minus that detected at spectra of linearly preheated barley leaves at a very early
478C) and the 47240 spectrum had a shape very similar to stage of greening (etiolated leaves after 1.5 h of continuous
the shape of the room temperature emission spectrum. white light illumination). However, the leaves already
These results suggest that, within the temperature range contain photosystem cores [27]. In such leaves the amount
25–558C, the same emission forms emit fluorescence with of LHCs was minimal (unmeasurable by native Deriphate-
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Fig. 2. Fluorescence emission and excitation spectra of IML barley leaves at selected temperatures. (A) The FTC of the IML leaf (from Fig. 1, top, curve
a) with selected temperatures indicated. Emission spectra (B) were excited at 436 nm. Excitation spectra (D) were detected at 675 nm. Difference emission
(C) and excitation spectra (E) were calculated from spectra (A) and (D), respectively. Given temperatures or temperature differences are indicated. The
spectra are vertically shifted. Zero levels of the spectra in (D) and (E) are indicated on the right-hand abscissa in order of the displayed spectra.
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Fig. 3. Fluorescence emission and difference emission spectra of chlorina f2 (B and C) and fully green barley leaves (E and F) at selected temperatures.
The FTCs of chlorina f2 (A) and green barley leaf (D) from Fig. 1 (curves a, middle and bottom figures) with selected temperatures indicated. The spectra
were excited at 436 nm. Given temperatures or temperature differences are indicated. The spectra are vertically shifted.
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PAGE), but the leaves still contained a small amount of
protochlorophyllide a (data not shown). The FTC of this
leaf for 675 nm emission reconstructed from the emission
spectra measured during heating is displayed in Fig. 4.
While the first fluorescence rise in the FTC was absent
(PSII function was under development), the second rise
was pronounced. The position of the emission maximum
decreased from 679 to 675 nm during heating within the
temperature range 25–578C (Fig. 4, insert). At higher
temperatures the position remained at 675 nm.

3.3. Absorption spectra during heating of leaves

The absorption spectra of green, IML and chlorina f2
barley leaves were also measured during linear heating.
While the spectra in the Soret region are rather unchanged
(data not shown), more pronounced spectral changes were
observed in the red region during heating. Fig. 5A shows
the absorption spectra of IML leaves in the red region
detected at the same selected temperatures as for the
fluorescence measurements (see Fig. 2A). A gradual blue
shift of the red absorption maximum starting at room
temperature was detected, however the main shift appeared
within 55–618C. The large shift is typical for weakening of
chlorophyll–protein interactions in pigment–protein com-
plexes (PPCs). This finding strongly suggests that the
fluorescence rise to the M2 FTC region is not only
associated with the redistribution of excitation energy
between PPCs, but with structural changes in PPCs
themselves.

Fig. 5. Absorption (A) and difference spectra (B) of IML barley leaves at
selected temperatures (see Fig. 2A). The spectra (A) are not corrected for
light distortion. The difference spectra are calculated from the corrected
absorption spectra (for details, see Results). Given temperatures or
temperature differences are indicated. The spectra are vertically shifted.
Zero levels of the spectra in (B) are indicated on the right-hand abscissa
in order of the displayed spectra.

One may assume that the observed spectral changes are
associated with changes of spectral distortion in the leaf
during heating. The spectrum obtained at 258C is displayed
on the real absorbance scale while the others are vertically
shifted (Fig. 5A). The measured room temperature ab-
sorbance at the red maximum was 2.55. However, the
absorbance at 760 nm, outside the photosynthetic pigment
absorption spectrum, was also very high, 2.07. This clearly

Fig. 4. Typical FTC of barley leaf greening for 1.5 h with continuous indicates extensive light scattering in the sample [28]. We
light for emission wavelength 675 nm. This FTC was reconstructed from

21 tried to estimate the changes in light scattering duringthe measurements of emission spectra during linear heating (28C min ).
heating by measurements of absorbance at 750–800 nm,The spectra were excited at 436 nm. The position of the emission

maximum during heating is shown. which was approximately constant. In this range the
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Table 1detected absorbance varied within 2.07–2.10 throughout
Chl a, Chl b and carotenoid concentrations per leaf area of fully green,the heating period. We roughly corrected the absorption
chlorina f2 and IML barley leaves unheated and heated linearly to 758C

spectra for diffusion changes by subtraction of the mea- 21 aat a rate of 28C min
sured absorbance at 800 nm from the absorbance at the

22Concentration per leaf area (mg cm )given wavelength. Fig. 5B shows the difference spectra
Chl a Chl b Carobtained from the corrected absorption spectra. Again, the

main spectral shift was seen within the temperature range Green Control 21.360.7 7.260.3 5.560.4
Heated 21.161.0 7.060.4 5.460.455–618C.

A comparison of changes in the position of the red Chlorina f2 Control 13.560.8 – 3.460.1
absorption and emission maxima of all three leaf types Heated 13.460.5 – 3.460.2

during linear heating is presented in Fig. 6. For the IML IL Control 3.360.4 0.3860.06 2.360.3
and chlorina f2 leaves the major blue shift of both maxima Heated 3.460.2 0.3960.03 2.360.2
occurred within the temperature range of the fluorescence a Pigments were quantified spectrophotometrically according to Ref.
rise to the M2 FTC region. This clearly shows that the [25]. The S.D. was calculated from three to four independent measure-

ments.

fluorescence rise is associated with structural changes
within PPC(s). Slightly higher temperatures of the blue
shift in green leaves indicate a possible stabilizing effect of
LHCs. The final absorption and emission maxima at 758C
for all three leaf types are approximately at the same
wavelength, i.e. at about 671–2 and 679 nm, respectively.

3.4. Changes on the pigment level during heating

The question is whether or not the mentioned structural
changes in PPC(s) above 558C are accompanied by pig-
ment degradation. We estimated the concentration of Chl a,
Chl b and the sum of carotenoids by the spectrophoto-
metric method [25] for unheated leaves and leaves heated
to 758C (Table 1). No significant changes were observed
for any of the three leaf types. To detect a possible
degradation of Chls to products with a similar absorption
spectrum in the red region indistinguishable by the spectro-
photometric method, we also used the HPLC method. Up
to about 3% degradation of Chl a to pheophytin a and a
2% degradation of Chl b to pheophytin b were detected.
This conversion could originate in Chl degradation in spots
where the leaf segments were cut from the blades. No
degradation of Chls to other products such as chloro-
phyllides were seen for any of the three leaf types. This
high Chl stability could be the result of its organization to
proton-impermeable domains [29]. The heat conversion of
violaxanthin to unknown xanthophylls was observed. For
illustration, chromatograms of samples prepared from the
control and heated IML leaves are displayed in Fig. 7. To
see all pigments in one chromatogram, the Maxplot
function was used for the presentation, i.e. each peak is
displayed at the wavelength of its global absorption
maximum. These findings, together with the data above,Fig. 6. Positions of the main emission (A) and red absorption maxima
reveal that some spectral form of Chl a increases its(B) of green (squares), chlorina f2 (diamonds) and IML (circles) barley

leaves during linear heating. emission in the second fluorescence rise in FTC.
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The basic features of the FTCs of all three leaf types were
similar up to 558C at preferential Chl a excitation (Fig. 1).
However, the sharpness of the fluorescence rise to the M1
maximum and the relative height and position of the M1
maximum differed. These details were not studied in this
project and may be associated with a stabilizing effect of
LHC on the oxygen evolving complex in PSII [35] and the
extent of variable fluorescence [17].

The fluorescence decrease detected from the temperature
of the M1 FTC maximum to about 558C can be explained
as a continuation of the gradual heat-induced decrease of
the maximal fluorescence (F ) [5,15]. This was originallyM

interpreted as a functional detachment of LHCII from PSII
decreasing the absorption cross section of PSII [5]. How-
ever, this decrease was also observed with samples with
significantly reduced LHCII content (chlorina f2 barley,
IML leaves, stromal thylakoids or PSII cores) (Fig. 1)

´ˇ[4,23,34]. Recently, Pospısil and co-workers [15,20] have
shown that the gradual decrease of F can be seen within aM

much larger temperature range (from about 21008C) and
can be modeled as a purely physical effect. In support of
this, the phase at 51–558C of FTC was shown to beFig. 7. High-performance liquid chromatography of pigment extracts

from IML barley leaves at room temperature (control) and heated linearly reversible [36].
to 758C (heated). Chromatograms are displayed by the Maxplot function,
i.e. each peak is displayed at the wavelength of its absorption maximum. 4.2. The second fluorescence rise in FTCIdentification of peaks was performed according to their absorption
spectra and migration distances.

Our HPLC data clearly show that Chl a in barley leaves
does not degrade significantly during linear heating up to
758C (see Fig. 7) and thus may be responsible for the

4. Discussion second fluorescence rise in FTC. A direct result, the
difference excitation spectrum for the IML leaves (see

4.1. FTC to about 558C spectrum 61–598C, Fig. 2E), strongly supports this.
The fluorescence emission spectra and their differences

In plants, chloroplasts, and thylakoid membranes at obtained for leaves with reduced LHC contents at 55–618C
room temperature the chlorophyll fluorescence is usually showed that the second fluorescence rise in FTC originates
thought to originate from Chl a in the internal antennae of from the emission form with an emission maximum at
PSII, CP43 and CP47 (for a review, see Ref. [30]). about 675 nm (Figs. 2 and 3). This attribution was
However, it is probable that outer antenna complexes of strengthened by measurement with barley leaves greening
PSII contribute to the room temperature spectra [31], as the in continuous light (Fig. 4). However, the emission
PSII antenna is a very shallow energy funnel [32]. The maxima in this temperature range were detected at wave-
question of whether chlorophyll fluorescence has the same lengths above 675 nm for green, IML and chlorina f2
origin within the whole temperature interval during heating leaves. This was most probably due to the overlap of the
of these samples has not been elucidated. Briantais et al. 675 nm emission with the emission peaking at about 685
[12] applied the reversible radical pair model [33] for nm, as was mainly evident in the difference emission
modeling the fluorescence rise to the M1 FTC maximum spectra measured on green leaves within 55–618C (Fig.
and suggested that the rise could originate from the Chl a 3E).
of some minor LHCII antenna. The short-wavelength emission Chl a form cannot be

Our measurements with the fluorescence emission spec- attributed to some known intact Chl a-containing antenna.
tra during linear heating up to 558C did not indicate any Thus, the second fluorescence rise in FTC does not reflect
spectral change. The spectra were very similar for barley any change in the distribution of excitations between
leaves with different LHC contents (Figs. 2 and 3). Very antenna complexes, but rather their structural changes. The
similar emission, excitation, and absorption spectra at 25– correlation between the main shifts of the absorption and
558C (Figs. 2, 3, 5 and 6) reveal that the changes in emission maxima during linear heating for the used leaf
fluorescence intensity at these temperatures mostly reflect types (Fig. 6) confirms this suggestion.
changes of the fluorescence yield of the emitting forms. The sharpness of the second fluorescence rise indicates a
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phase transition within the thylakoid membrane. Actually, cence decrease in the M2 FTC region is a gradual
within the temperature range of this rise, plasmalema and denaturation of PSII leading to the formation of quenching
chloroplast membranes lose their semipermeability [37,38], centers or non-fluorescing aggregates.
thylakoids burst [39] and form condensed structures [40].
The Q parameter, describing the kinetics of the process10

reflected by the fluorescence rise, was estimated to be 7
[41]. This value indicates a protein denaturation process 5. Conclusion
[1] when the Chl–protein interaction changes. The irrever-
sibility of the second fluorescence rise in FTC [41] The fluorescence changes during FTC up to about 558C
supports its association with the denaturation of some probably reflect an increase of fluorescence yield of
protein complex with Chl a. antennae due to progressive impairment of the PSII

Another question is the origin of the fluorescing Chl a function. The second fluorescence rise comes from the
molecules with weakened interaction with proteins and short-wavelength Chl a spectral form with an emission
their interaction with the surroundings at temperatures maximum at 675 nm. The absorption and emission spectral
above 558C. The denaturation temperature of the isolated changes during this fluorescence rise imply that the rise
PSII core is around 608C [42], while isolated LHCII originates in Chl a molecules with weakened interactions
denatures above 708C [43]. Although these temperatures with proteins. FTCs measured with barley leaves with
may not correspond to the denaturation temperatures of different LHC contents support the idea that the fluoresc-
these complexes in leaves, a higher thermostability of ing Chl a molecules come from photosystem cores. The
LHCII with respect to the PSII core can be expected. Thus, fluorescence decrease at 61–758C, pronounced in fully
denaturation of the PSII core seems very likely to proceed developed green leaves with a large amount of LHCs,
during the fluorescence rise to M2 FTC. Gaevsky et al. corresponds to the gradual disappearance of the spectral
[22] have shown that the high-temperature rise appeared in form peaking at about 685 nm.
Chlamydomonas mutants lacking PSII or PSI. Therefore,
the Chl a from both PS cores are probably responsible for
the second fluorescence rise in FTC. This interpretation
corresponds to the finding that the higher second fluores- 6. Abbreviations
cence rise was observed in samples with reduced LHC
contents, e.g. in stromal thylakoids [21], leaves grown in F maximal fluorescenceM

stronger light conditions [44], greening or intermittent light FTC fluorescence temperature curve
grown leaves [23,24]. Detached LHCs, probably not Chl a(b) chlorophyll a(b)
contributing to this rise, could play the role of a non- IML intermittent light
fluorescent inner filter in the M2 FTC region. LHC light-harvesting complex

No second fluorescence rise was detected with isolated M1 first maximum in FTC
PSII cores [34] (also our unpublished data). This leads us M2 second maximum (region) in FTC
to suggest that some thylakoid membrane components or PAR photosynthetically active radiation
processes around the membranes are also involved in the PPC pigment–protein complex
fluorescence rise. PSI(II) photosystem I(II)

Q primary chinone acceptor of PSIIA

4.3. Fluorescence changes above the second rise in FTC RCII reaction center of PSII

The fluorescence decrease appearing above the second
fluorescence rise in FTC is pronounced in leaves with
higher LHC contents (Fig. 1) [24]. The changes in the Acknowledgements
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