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Abstract. Exposure of barley (Hordeum vulgare L.)
leaves to strong white light (1500 pmol pho-
tons - m~~ - s7') decreased the quantum yield of photo-
synthetic oxygen evolution in green light preferentially
absorbed by carotenoids (®-510) but not in red light
exclusively absorbed by chlorophylls (®-650). This
phenomenon was observed to be (i) rapidly induced
(within a few minutes), (ii) slowly reversible in darkness
(within about 1 h), (iii) insensitive to dithiothreitol and
(iv) maximally induced by photon flux densities higher
than about 1000 pmol - m~2 - s~1. Determination of the
carotenoid composition of the major light-harvesting
complex of PSII (LHCII) and analysis of the thylakoid
membrane lipid fluidity before and after strong illumi-
nation of barley leaves in the presence or the absence of
dithiothreitol showed that the light-induced decrease in
the ®-510/®-650 ratio did not require the physical
detachment of carotenoids from the pigment antennae.
Compared to barley plants grown under moderate light
and temperature conditions, plants grown in sustained
high irradiance at elevated temperature exhibited (i) a
lower ®-510/®-650 ratio, (ii) a reduced size of the
functional PSII pigment antenna in green light (but not
in red light) and (iii) a marked increase in the amount of
free carotenoids found in non-denaturing Deriphat-
containing electrophoretic gels of thylakoid membranes.
Similarly, the ®-510/®-650 ratio of the LHCII-deficient
chlorina-f2 barley mutant was very low compared to the
wild type. Separation and quantification of the cis/trans
carotenoid isomers of barley leaves revealed that strong
illumination did not induce pronounced cis-trans iso-
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merization of xanthophylls. Taken together, the data
suggest that the efficiency of energy transfer from
carotenoids to chlorophylls varies with the light envi-
ronment both in the short term and in the long term,
with excess light energy noticeably inhibiting the pho-
tosynthetic light-harvesting function of carotenoids. The
photoprotective significance of this carotenoid decou-
pling from the chlorophyll antennae is discussed.
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Introduction

The carotenoids serve at least two important functions
in photosynthesis, namely light harvesting and photo-
protection (Mathis and Schenck 1982; Lichtenthaler
1987; Siefermann-Harms 1990; Koyama 1991; Frank
and Cogdell 1996). Carotenoids are vital as photopro-
tective agents which prevent the chlorophyll-photosen-
sitized formation of highly destructive singlet oxygen by
intercepting the chlorophyll triplet states and by scav-
enging any additional singlet oxygen present. Carote-
noids also act as light-harvesting pigments by absorbing
sunlight and transferring the excitation energy to
(bacterio)chlorophyll, which eventually reaches the re-
action center. By this mechanism, photosynthetic or-
ganisms can utilize sunlight more efficiently, because
carotenoids absorb green light which is abundant in
sunlight but is weakly absorbed by chlorophyll. The
efficiency of energy transfer from carotenoids to (bacte-
rio)chlorophylls has been mainly studied in the reaction
centers and light-harvesting complexes (LHCs) of pho-
tosynthetic bacteria. Particularly, it has been shown that
the energy-transfer efficiency varies considerably, de-
pending on various factors including the carotenoid
species, the distance and geometrical arrangement
between carotenoids and bacteriochlorophylls, and the
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stereochemical structures of the polyene chain of
carotenoids (Nogushi et al. 1990; Cogdell et al. 1992;
Frank and Cogdell 1996). The existence of carotenoids
which do not transfer the absorbed light energy to
bacteriochlorophyll has also been reported in photosyn-
thetic bacteria (Nogushi et al. 1992).

In the major LHC of PSII (LHCII) of green plants,
lutein has been reported to transfer singlet-state energy
to chlorophyll a with approx. 100% efficiency (Sieferm-
ann-Harms and Ninnemann 1982). This high efficiency is
believed to result from the dense packing of pigments in
the LHCII with carotenoids being in close contact with
chlorophylls. Consequently, slight perturbations of the
pigment organization of the LHCs are likely to impede
the photosynthetic light-harvesting activity of carote-
noids. Accordingly, various treatments such as incuba-
tion in low concentrations of detergent and urea or
exposure to elevated temperatures were shown to
selectively interrupt the carotenoid-to-chlorophyll sing-
let-singlet energy transfer in isolated LHCII (Sieferm-
ann-Harms and Ninneman 1982; Siefermann-Harms
1990). A similar phenomenon was suggested to occur
in vivo in intact leaves submitted to mild heating
(Havaux and Tardy 1996) and to strong light stress
(Havaux et al. 1991). More precisely, exposure of pea
leaves to intense white light was observed to reduce the
relative contribution of carotenoids in the chlorophyll
fluorescence excitation spectrum. This effect was inter-
preted as the manifestation of a lowered energy flow
from accessory carotenoid pigments to antenna chloro-
phylls. In the present study, we investigate this phenom-
enon more extensively, taking advantage of the
photoacoustic method. Indeed, as recently pointed out
by Kramer and Crofts (1996), one of the most useful
applications of the photoacoustic technique is the in-
vivo determination of the spectral dependence of the
quantum yield of photosynthesis. The quantum yield of
oxygen evolution (®) was measured in red light (directly
absorbed by chlorophylls) and in green light (preferen-
tially absorbed by carotenoids) in barley leaves exposed
to short-term and long-term light treatments. This
photoacoustic study was complemented by fluorimetric
measurements of the functional PSII antenna size, by
biochemical analyses of the photosynthetic pigments and
by electron-resonance spectroscopic measurements of
the thylakoid membrane lipid fluidity.

Materials and methods

Plant material and treatments. Two barley genotypes (Hordeum
vulgare L.) were used: the Plaisant cultivar (wild type) and the
chlorophyll-b-less chlorina-f2 mutant. Plaisant seeds were procured
from GAE-Recherche (Maisse, France) and chlorina-f2 seeds were
kindly provided by Dr. B. Genty (University of Orsay, Paris,
France). Plants were grown in a phytotron under controlled
conditions of temperature (23 °C/18 °C), light (350-400 pmol -
m~2 - s, 12 h/d) and air humidity (70%) or in a greenhouse, as
previously described (Havaux and Tardy 1997). Leaves were
exposed to a strong white light of photon flux density (PFD)
1000 or 1500 pmol - m™ - s~ at constant temperature (23 °C), as
described elsewhere (Havaux and Tardy 1997). Leaves were
infiltrated with S mM DTT for 4 h through the transpiration

stream. Wild-type barley plants aged three weeks were transferred
to a 700-1 growth chamber: light and temperature were progres-
sively increased to final values of 1400 pmol - m™-s™' and
36.5 °C. Plants were grown for 10-12 d under those extreme
conditions. Control plants were kept under the same conditions as
those prevailing in the phototron. Photon flux densities were
measured with a Li-Cor quantum-meter (Li 185B/Li 190SB; Li-
Cor, Lincoln, Neb., USA).

Photoacoustic and chlorophyll-fluorescence measurements. Chloro-
phyll fluorescence was measured in modulated light with a PAM-
type fluorometer (Walz, Effeltrich, Germany). The initial fluores-
cence level (Fo) was excited by a weak red light (650 nm)
modulated at 16 kHz. The fluorescence signals were recorded with
a computer using the DA-100 data acquisition system (Walz). The
maximal quantum yield of PSII photochemistry was calculated as
Fv/Fm = (Fm-Fo)/Fm where Fm is the maximal yield of
chlorophyll fluorescence induced by a 800-ms pulse of intense
white light. After 30 min infiltration with 50 uM 3-(3,4-dichloro-
phenyl)-1,1-dimethylurea (DCMU) in darkness, chlorophyll fluo-
rescence was induced by a red light (655 nm, 20 pmol - m™2 - s71)
or a blue light (470 nm, 12.5 pmol - m™2 - s™}) produced by a light-
emitting diode (PAM-102-L or ED-101-PL, respectively; Walz).
The half-time (t;,) of the fluorescence rise was taken as a measure
of the functional antenna size of PSII (Malkin et al. 1981).

Photosynthetic oxygen evolution was measured in green light or
in red light by the photoacoustic method, as previously described
(Havaux and Tardy 1996, 1997). The measuring light was modu-
lated at 19 Hz and was filtered through a red or green interference
filter (Oriel 57610 or 57550) peaking at 650 nm or 510 nm,
respectively. The PFDs of the red and green light beams were 55
and 40 pmol - m™ - s7!, respectively. Photosynthesis was saturated
with a strong white light of PFD 4000 pmol - m™ - s™'. The
quantum yield of oxygen evolution (®) was estimated from the
ratio of the photobaric signal amplitude to the photothermal signal
amplitude as described by Malkin and Canaani (1994).

Preparation of LHCII. Thylakoid membranes were prepared
according to Robinson and Yocum (1980) except that 5 mM
DTT was added to the isolation medium and that Tricine was
replaced by Hepes in the last extraction step. The major LHC of
PSII (LHCII) was purified using the Mg ™ precipitation method of
Krupa et al. (1987). Purified LHCII was stored at —80 °C in 20 mM
Tricine-NaOH (pHS8), 2 mM EDTA, and 200 mM sorbitol before
further analysis.

Pigment determinations. Pigments were extracted from leaf discs or
LHCII in methanol. After centrifugation and filtration, pigments
were separated and quantified by HPLC as described by Havaux
and Tardy (1996).

The cis/trans carotenoid isomers were separated using the
HPLC method of Schoefs et al. (1995). This method allows the
xanthophylls to be well resolved in their cis and frans isomers
whereas carotene isomers are poorly separated. The chromato-
graph was equipped with a photodiode-array detector in order to
determine the electronic absorption spectrum of each peak during
the HPLC analysis. In order to prevent triplet-sensitized carotenoid
photo-isomerization, all the procedures of extraction and HPLC
analysis were done in darkness or in dim green light at about 4 °C.

Deriphat-polyacrylamide gel electrophoresis of thylakoid membranes.
Thylakoid membranes were prepared according to Robinson and
Yocum (1980) except that 5 mM DTT was added to the isolation
medium and that Tricine was replaced by Hepes in the last
extraction step. Thylakoids were subjected to gentle solubilization
with a mild detergent mixture and the solubilized photosynthetic
complexes were subsequently separated at 4 °C by non-denaturing
Deriphat-PAGE as previously described (Tardy and Havaux 1996).
The thylakoids were fractionated into five well-separated bands:
PSI, core complex of PSII (CCII), trimeric LHCIIb, monomeric
LHCIIs, and free pigments. The unstained gels were scanned
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(EASY-Store system; Herolab, Wiesloch, Germany) and the
abundance (intensity x area of the green bands) of the pigmented
complexes was determined using the EASY analysis software. The
free pigment band was excised from the gels and pigments were
extracted in sec-butanol using the method described by Martinson
and Plumley (1995). Deriphat-160 was a generous gift from
Sidobre-Sinova (Saint-Fargeau-Ponthierry, France).

Electron spin resonance (ESR) spectroscopy. Thylakoid membranes
were prepared according to Robinson and Yocum (1980) except
that 5 mM DTT was added to the isolation medium and that
Tricine was replaced by Hepes in the last extraction step. Thylakoid
membranes were washed twice, first with 100 mM sorbitol, 5 mM
EDTA, 20 mM Tricine at pH 8, then with 100 mM sorbitol. The
resulting unstacked membranes were finally resuspended in 0.1 M
Tris (pH 8.5) at a chlorophyll concentration of 1 mg- ml™. A
100-pl sample of this preparation was vigorously mixed with 2 pl of
a methanolic solution of the spin label 12-doxylstearic acid (12-
SASL: 2 mg - ml™Y). After centrifugation, free spin label could not
be detected in the supernatant. The labeled membrane suspension
was rapidly introduced into a 50-ul glass disposable pipette
(Corning, Giesen, Germany) sealed at one end. Paramagnetic
resonance signals of the samples were recorded with a Bruker ESP
300 (9.5 GHz) spectrometer equipped with a temperature-control
unit cooled with liquid nitrogen (Bruker Analytische Messtechnik,
Karlsruhe, Germany). The ESR measurements were done at 13 °C.
Typical ESR parameter settings were: magnetic-field strength,
3390 G; microwave power, 20 mW; modulation frequency,
100 kHz; scan range, 100 G; modulation amplitude, 1.0 G; usual
scan time, 6-8 min (4-5 scans); gain, 2 x 10°. The apparent
rotational  correlation time (t.) was calculated from:
e = 6.5%x 1071% x Wy x [(ho/h_;)!2—1] where W, is the width
of the mid-field line and hy and h_, are the heights of the mid- and
highfield lines, respectively (Keith et al. 1970; Cannon et al. 1975).

Results

The quantum yield of photosynthetic oxygen evolution
(®) was measured in green light centered at 510 nm and
in red light centered at 650 nm using the photoacoustic
technique (Malkin and Canaani 1994). Green light is
absorbed by both chlorophyll and carotenoid pigments
whereas red light is absorbed by chlorophylls only. The
PFDs of the green and red light beams were adjusted so
that the absorption of red light by the leaf samples, as
estimated by the amplitude of the light-saturated
photothermal signal (Malkin and Canaani 1994), was
comparable to that of green light. So, the ® measure-
ments were performed with approximately the same
number of quanta absorbed in the green and red spectral
regions. Figure 1 shows that illuminating leaves with a
strong white light of PFD 1500 pmol - m™2 - s™' caused
a marked decrease in the oxygen yield measured in green
light (®-510) relative to the yield measured in red light
(®-650). The ratio ®-510/F-650 fell from around 0.75 to
around 0.6 within 20 min. It is important to note that
@®-650 remained virtually unchanged during the light
treatment. Similarly, the quantum yield of PSII
photochemistry determined by chlorophyll fluorometry
(Fv/Fm, determined after 20-min dark-adaptation) was
little affected, slightly decreasing from 0.79 to 0.75 after
a 20-min exposure to 1500 pmol - m™2 - s™'. The selec-
tive decrease in the efficiency of green light for photo-
chemistry suggests that strong light brought about the
excitonic uncoupling of some carotenoids from the
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Fig. 1. Ratio of the quantum yield of oxygen evolution measured in
green light (®-510) to that measured in red light (®-650) in barley
leaves (wild type and chlorina-f2 mutant) suddenly exposed to strong
white light (1500 pmol - m™ - s™'). Closed triangles, control leaves;
open triangles, leaves pre-infiltrated with 5 mM DTT

chlorophyll antennae. We also measured ® in red light
beams preferentially absorbed by chlorophyll a or
chlorophyll b (680 nm or 640 nm, respectively). No
differential effect of the strong light treatment was
observed between ®-680 and ®-640 (data not shown).
This indicates that the observed changes in ®-510/ ®-650
did not involve uncoupling between the chlorophyll-a-
containing core complex of the photosystems and the
chlorophyll-a/b-protein complexes which are associated
with the light-state transitions. In reality, we can
consider that the ® measurements (before or after the
strong light treatment) were done in state 2 since the leaf
samples were illuminated for several minutes with the
red or green light beams in the photoacoustic cell. This
was checked by measurements of the far-red-light-
induced Emerson enhancement (E) of oxygen evolution
in red light (640 nm): E was 10% before strong
illumination and 13% after 30 min in strong light,
indicating no appreciable changes in the red light
distribution between the two photosystems. These low
E values are typical of state 2 (Canaani and Malkin
1984).

The decrease in ®-510/®-650 at 1500 pmol - m™ - s~
was not affected by pre-infiltrating leaves with 5 mM
DTT, a potent inhibitor of the violaxanthin (Vio) de-
epoxidase. One can then conclude that the selective
reduction of ®-510 did not require the synthesis of
antheraxanthin (Ant) and zeaxanthin (Zea). As com-
pared to wild-type barley leaves, leaves of the chlorina-f2
barley mutant had a much lower ®-510/®-650 value of
ca. 0.35. In contrast to the wild type, the ®-510/®-650
ratio of chlorina-f2 leaves was virtually insensitive to
strong illumination. Seemingly, a large fraction of the
carotenoids in LHCII-deficient chlorina-f2 chloroplasts
are not coupled to chlorophylls. The results obtained
with chlorina-f2 indicate that the ®-510/®-650 changes
measured in illuminated wild-type leaves are indicative
of photoinduced changes in LHCII. Constitutive
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Table 1. The ®510/®650 photoacoustic ratio, t;, of the chlor-
ophyll fluorescence induction rise in the presence of DCMU in blue
light and in red light, and carotenoids/chlorophylls ratio (Car/Chl)
in barley leaves grown at 23 °C/400 pmol - m~2 - s~ or 36.5 °C/

1400 pmol - m™2 - s™L. n =4+ SD

23 °C/ 36.5 °C/

400 pmol - m™2 - s~ 1400 pmol - m™2 - 57!
ty2(ms)
In red light 19.1 +£ 2.2 204 + 2.1
In blue light  45.0 + 3.3 59.2 £ 2.4
D510/D650 0.69 £+ 0.03 0.60 £ 0.02
Car/Chl 0.19 0.25

uncoupling of carotenoids from chlorophylls was also
observed in barley leaves grown under extreme condi-
tions of temperature and light (Table 1). Indeed, the
@®-510/D-650 ratio was 0.7 in leaves grown under
‘normal’ conditions (23 °C/400 pmol photons - m™? -
s™!) and noticeably decreased to 0.6 in leaves grown at
36.5 °C and 1500 pmol photons - m™2 - s,

The size of the functional PSII-pigment antennae was
also estimated from chlorophyll fluorescence induction
measurements in the presence of DCMU (Malkin et al.
1981). When chlorophyll fluorescence was induced by
red light (655 nm), the half time (t, ») of the chlorophyll-
fluorescence induction rise, which is inversely propor-
tional to the functional antenna size of PSII, was close to
20 ms for both growth conditions (Table 1). When
fluorescence was induced by blue light (470 nm), t;),
noticeably increased in plants grown in high-light/
elevated-temperature conditions compared to control
plants, indicating a decrease in the functional PSII
antenna size in the former plants. As the carotenoid/
chlorophyll ratio increased in the high-light-grown
leaves (Table 1), the selective increase in t;, in blue
light confirms the conclusion derived from the @
measurements that a significant part of the carotenoid
pool was uncoupled from the chlorophyll antennae of
PSII. The half-time was also measured in control barley
leaves before and after exposure to 1000 pmol pho-
tons - m~> - s~! for 30 min (data not shown). Again, t;»
in red light was little affected (+5%) by the light
treatment, whereas t;, in green light increased by more
than 35%.

Figure 2 shows that the photoinduced pigment un-
coupling as monitored by the ®-510/®-650 changes was
fully reversible in darkness. The time course of the
®-510/D-650 reversal appeared to be slower than the
time course of the light-induced decrease in ®-510/®-650
(compare Fig. 1 and Fig. 2). In addition, the dark
recovery of ©-510/D-650 was much slower than the state
2-state 1 transitions which are known to occur in the
minute time range. As shown in Fig. 3, the phenomenon
was saturated at a PFD of ca. 1000 pmol - m 2 - s~

When the pigmented complexes of barley thylakoids
were separated by non-denaturing Deriphat-PAGE
(Fig. 4), little change in the pigment distribution within
or between the photosystems was observed after growth
in strong light at high temperature. However, the
abundance of free pigments was observed to markedly
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Fig. 2. Dark recovery of the ®-510/®-650 ratio in wild-type barley
leaves pre-exposed for 10 min to a strong white light of PFD
1500 pmol - m™ - s~

increase. The free-pigment bands were excised from the
gels and the pigments were extracted and analyzed by
HPLC (Table 2). The free chlorophylls generated during
electrophoresis of control thylakoids (isolated from
plants grown at 23 °C and 350 pmol photons - m™2 -
s™!) represented approx. 0.2% of the chlorophylls loaded
on the gels. This value is compatible with the amount of
free chlorophyll estimated in vivo by chlorophyll-fluo-
rescence lifetime measurements (Marder and Raskin
1993). For thylakoids prepared from plants grown under
extreme light and temperature conditions, 0.6% of the
loaded chlorophylls were found in the free pigments
band. The free-pigment band was observed to be
strongly enriched in carotenoids, Vio and lutein in
particular. The carotenoid/chlorophyll (Chl) ratio of the
free pigments was 0.56 for control thylakoids and 1.25
for thylakoids prepared from plants grown in high light/
high temperature. These values are much higher than
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Fig. 3. The ®-510/®-650 ratio in barley leaves exposed for 20 min to
different PFDs of white light
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Fig. 4. Non-denaturing Deriphat-PAGE of thylakoid pigmented
complexes. Lane 1, control barley leaves; lane 2, barley leaves grown
at 36.5 °C and 1500 pmol photons - m? - s™.. F, free pigments

those measured in leaves (see Table 1). We estimated
that approx. 0.6% and 3.5% of the carotenoids were
found in the free-pigment zone for control and light-
acclimated thylakoids, respectively.

Table 3 shows the pigment content of the major LHC
of PSII (LHCII) prepared from barley leaves before and
after strong illumination in the presence or absence of
DTT. As expected, strong light (1000 pmol - m™ - s7!
for 15 min) induced a marked decrease (more than 50%)
in the Vio content from 39 to 18 pug - (mg Chl)™'.
Concomitantly, the level of Ant and Zea found in
LHCII increased but, remarkably, this increase did not
fully compensate for the loss of Vio. Indeed, the total
xanthophyll-cycle pigments content was 42 pg - (mg
Chl)™' in dark-adapted LHCII and only 35 pg - (mg
Chl)™! in LHCII isolated from the illuminated leaves.
Then, a substantial fraction of Vio converted to Zea was
lost from LHCII. This finding indicates that Ant and
Zea were released from LHCII during illumination or
that they were loosely bound to LHCII, causing their
partial loss during the LHCII preparation. When the
same experiment was performed with leaves pretreated
with the Vio de-epoxidase inhibitor DTT, Zea did not
accumulate in the LHCII, as expected, and no loss of
Vio was observed during illumination. Clearly, Vio and

Table 2. Composition of the free-pigment bands in the Deriphat-
PAGE gels of thylakoid membranes (see Fig. 4, band F) prepared
from barley leaves grown at 23 °C/400 ymol - m~2-s™! and
36.5 °C/1400 pmol - m~2 - s7!. Data are expressed as pg pigment
per mg chlorophyll loaded on the gels. Car/Chl is the ratio of total
carotenoids to total chlorophylls. n = 4 £ SD

23 °C/ 36.5 °C/

400 pmol - m™2 - 57! 1400 pmol - m™2 - 57!
Neoxanthin 0.11 = 0.09 0.30 = 0.16
Vio 035 £ 0.14 2.30 £ 1.10
Ant 0.03 £ 0.01 0.40 £+ 0.40
Lutein 0.46 £+ 0.06 2.55 £ 1.05
Zea 0.05 £ 0.01 0.22 £ 0.15
B-Carotene 0.19 + 0.03 1.45 + 0.65
Chlorophyll »  0.46 £ 0.16 1.16 + 0.44
Chlorophyll a 1.60 + 0.41 4.58 + 1.76
Car/Chl 0.56 1.25

Zea behave differently regarding their interaction with
LHCII.

In Table 4, we examined the effects of a strong light
treatment (10 min at 1000 pumol - m™-s™') on the
relative proportions of the xanthophyll cis and trans
isomers. Neoxanthin was present mainly in the cis
isomeric form; about 3.5% of neoxanthin was found in
the trans configuration in dark-adapted barley leaves. In
contrast, the other xanthophylls were almost exclusively
found in the trans configuration. In particular, in dark-
adapted leaves, the cis/trans Vio and cis/trans lutein
ratios were lower than 2%. Purified LHCII was not
enriched in cis-Vio. Light stress had little effect on the
cis/trans xanthophylls ratio. However, cis-trans isomer-
ization of neoxanthin was occasionally detected in some
high-light-treated leaves.

The lipid phase of barley thylakoid membranes was
analyzed before and after strong light treatment by
measuring its fluidity using electron spin resonance and
the spin label 12-SASL (Table 5). The rationale of these
experiments is that diffusive displacement of carotenoids
from the LHCs to the membrane (if any) and subsequent
interaction of the released carotenoids with the thy-
lakoid membrane lipid phase should modify the fluidity
properties of the thylakoid membrane, as demonstrated
in carotenoid-containing artificial lipid membrane (Mil-
on et al. 1986; Subczynski et al. 1992; Gabrielska and
Gruszecki 1996). In other words, decreased membrane
fluidity can be used as an indirect indicator of the inter-
action between carotenoids and thylakoid membrane

Table 3. Carotenoid content [in pg - (mg

total chlorophyll)™'] of LHCII purified Pigments Light Light and DTT

from dark-adapted and light-treated barley

leaves infiltrated with 0 and 5 mM DTT. Before After Before After

}]hz1§ht+tr§;tsr§e1§f$2svfgog uﬁq‘(‘)ﬁ* e Neoxanthin 38.8 + 2.0 418 + 2.5 389 + 3.8 416 + 32

e e e Vio 39.0 £ 2.5 17.5 + 2.1 431 + 37 389 + 5.9

) Ant 8+ 13 6.7 £ 1.9 1.7 £ 0.6 22 £ 1.5

Lutein 126.5 £ 7.6 1344 + 4.5 124.1 £ 8.5 1319 £ 9.5
Zea + 0.6 10.5 £ 1.2 0.3 £0.5 1.3 £ 0.8
B-carotene 145 + 5.7 11.0 £ 5.7 13.8 + 4.8 12.1 £ 53
V+A+Z 41.7 34.7 45.1 424
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Table 4. Cis and trans isomers of xantho-

phylls (in ng - mm~2) in barley leaves before ~ xanthophyll Leaves LHCI

and after illumination (1000 pmol - 1s0mers ) )

m~2 - s~! for 10 min) in the presence or the Dark Light Light + DTT

absence of ;rg‘xeggg gzr‘lsf_’;?izrpfggtem trans-Neoxanthin 0.2 = 0.1 14+ 14 0.2 + 0.1 17 0.5

barley leaves is also shown [in ng - (ug total cts-Neo.xanthm 5.9 + 0.6 3.1 +0.1 5.3 + 0.1 39.6 £ 6.7

chlorophyll)~']. n.d., not detected trans-Vio 122 +£ 1.4 43 + 0.5 105 £ 1.8 28.3 £ 3.3

Py T : cis-Vio 0.15 + 0.1 0.05 £ 0.07 02 + 0.1 1.1+ 0.4
trans-Ant 0.6 £ 0.1 14 £ 04 0.4 £ 0.1 0.6 + 04
trans-Lutein 148 £ 1.7 143 £ 09 13.4 £ 0.1 86.8 £ 4.3
cis-Lutein 0.17 £ 0.17 n.d.* 0.5 £ 0.1 2.8 £ 2.0
trans-Zea n.d. 77 £ 04 n.d. n.d.
*Could have been masked by the Zea peak

Table 5. The (A + Z)/(A + Z + V) ratio . T

and lipid fluidity (measured by the t¢ value Wild type Chlorina f2

of 12-SASL) of thylakoid membranes pre-

pared from dark-adapted and light-treated Tc (ns) (//: i %)/ LV Tc (ns) (2 i %)/ LV

barley leaves (wild type and chlorina f2) in ( ) ( )

the presence or the absence of 5 mM DTT. Dark 41 + 02 0.1 44 + 04 0.1

The light treatrr;ent was 10 min at Light 51+ O.l 0‘6 4‘2 1 0'1 0.85

1000 i‘“i"lsbm "s.nd,notdetermined. [ L pTT 44 1+ 02 0.1 n.d. nd.

n= Light + DTT 45+ 02 0.1 n.d. n.d.

lipids. The apparent rotational correlation time (tc) of
12-SASL incorporated in thylakoid membranes (wild
type) significantly increased after a short illumination of
the leaves, indicating a decrease in thylakoid membrane
fluidity. When the Vio cycle was blocked by DTT, the
light-induced change in membrane fluidity was not
observed. Those findings confirm previous observations
by Gruszecki and Strzalka (1991). No change in tc was
noticed after illumination of chlorina-f2 leaves although
Vio was massively converted to Zea.

Discussion

This study has shown that bright light significantly
reduces the quantum yield of oxygen evolution (®)
monitored in green light, which preferentially excites
carotenoid pigments, relative to @ measured in red light,
which is exclusively absorbed by the chlorophylls. This
suggests that a substantial fraction of the carotenoid
pool bound to the light-harvesting pigment complexes of
the photosystems ceased to work as efficient accessory
pigments in leaves exposed to strong light. A similar
phenomenon was previously observed by fluorescence
spectroscopy in pea leaves exposed to strong white light:
chlorophyll fluorescence emission excited by orange light
(550-600 nm) was enhanced relative to the fluorescence
emission excited at lower wavelengths in the blue
spectral region (400-500 nm; Havaux et al. 1991),
indicating loss of excitation energy transfer from carot-
enoids to chlorophylls. Moreover, the finding that
carotenoid fluorescence in the 500-600 nm spectral
range significantly increased in photoinhibited leaves
(Gruszecki et al. 1991) supports the idea of a photo-
physical separation of carotenoids and chlorophylls

during strong illumination. Indeed, decreased depopu-
lation of the excited singlet states of carotenoids by
neighbouring chlorophylls should obviously increase the
probability of carotenoid singlet deactivation by other
processes, including fluorescence. However, in those
previous works, extreme light stresses were imposed on
leaves, leading to marked photooxidative damage of the
photochemical apparatus of photosynthesis. This was
not the case in the present study where ®-650, the
quantum yield of PSII photochemistry (Fv/Fm) and the
pigment content of the leaf samples were very little
affected by the light treatments. Additionally, for kinetic
and spectroscopic reasons (mentioned in the Results),
one can exclude the involvement of state 1-state 2
transitions in the light-induced ®-510/®-650 changes.
Singlet-singlet energy transfer between carotenoid
and chlorophyll molecules presumably requires a very
close contiguity of the pigments (Mathis and Schenck
1982; Siefermann-Harms 1990; Cogdell et al. 1992;
Frank and Cogdell 1996). For instance, in synthetic
carotenoporphyrins consisting of a carotenoid part
covalently linked to a synthetic tetraarylporphyrin, the
transfer yield has been shown to be dependent on the
geometry of the system. Efficient energy transfer was
measured when the chromophores closely approached,
with the carotenoid chromophore close to the porphyrin
n-electron system (Bensasson et al. 1981; Moore et al.
1982). In natural systems, such intimate and specific
pigment-pigment interactions are doubtless mediated by
the higher-order structure of the pigment-protein com-
plexes (Siefermann-Harms and Ninnemann 1982;
Siefermann-Harms 1990). In photosynthetic bacteria,
the efficiency of energy transfer from bound carotenoids
to bacteriochlorophylls was demonstrated to depend on
the apoprotein which determines not only the distance
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and orientation between carotenoids and bacteriochlo-
rophylls but also the molecular structure of bound
carotenoids (Nogushi et al. 1990). Strong light is
believed to provoke pigment aggregation phenomena
in the minor and major LHCIIs linked to protonation of
LHCII polypeptides (Horton et al. 1996). Consequently,
it is conceivable that the conformational/structural
changes induced by light in the light-harvesting pig-
ment-protein complexes modify the mutual orientation
and intermolecular distance between antenna pigments
as well as the molecular structure of bound carotenoids,
impeding the short-distance singlet-singlet energy trans-
fers from carotenoids to chlorophylls.

In view of its insensitivity to DTT (Fig. 1), the
observed carotenoid-chlorophyll excitonic uncoupling
was not directly dependent on the conversion of Vio to
Zea. We did not examine, however, whether the Vio
cycle modulates the kinetics of the LHC rearrangements
associated with the carotenoid, as is the case for the non-
photochemical energy dissipation (Ruban et al. 1993a;
Horton et al. 1996). Our data also indicate that the
pigment decoupling does not involve the physical
detachment of carotenoids from the LHCs: neither the
pigment content of LHCII (Table 3) nor the fluidity of
the thylakoid membrane lipid phase in which the LHCs
are embedded (Table 5) was modified by the strong light
treatment in the presence of DTT. From in-vitro studies
of carotenoids incorporated in artificial lipid membranes
(Milon et al. 1986; Subczynski et al. 1992; Gabrielska
and Gruszecki 1996), one would expect that if xantho-
phylls were released from the LHCs to the surrounding
lipid domain then membrane lipid rigidification would
have taken place. Therefore, our data do not support the
suggestion previously made by ourselves (Havaux et al.
1991; Havaux and Tardy 1995) and by others (Gruszecki
1995; Gruszecki et al. 1997) that the fluorimetrically
measured pigment disconnection is the spectral mani-
festation of the process of making Vio available to the
de-epoxidase, understood to be the physical detachment
of Vio from the chlorophyll antennae. Most probably,
the @-510/®-650 changes (Fig. 1), as well as the
observed decrease in fluorescence yield excited by blue
light (Havaux et al. 1991), reflect molecular rearrange-
ment of the antennae complexes. From the data of
Table 4, one can exclude the possibility that this
molecular rearrangement involved major changes in
the geometrical configuration of the LHC-bound
xanthophylls. Recently, in an in-vitro study of isolated
LHCII incorporated in liposomes, Gruszecki et al.
(1997) have reported light-induced spectroscopic chan-
ges which could be interpreted as the manifestation of
cis-trans isomerization of carotenoids. These authors
have hypothesized that these cis-trans rearrangements
involve mainly Vio and are combined with the detach-
ment of trans Vio from the LHCs and migration to the
membrane lipid phase where trans-Vio is enzymatically
converted to trans-Zea. These hypotheses seem to be
highly improbable in native thylakoid membranes.
Indeed, the present study has shown that cis-Vio
represents a very small fraction (<2%) of the total
Vio pool. Consequently, Zea is synthesized from the pre-

existing trans-Vio pool. In addition, as already men-
tioned above, no detachment of Vio from LHCII was
observed in strong light (in DTT-infiltrated samples). As
far as the carotenoids of the reaction centers are
concerned, the HPLC method used here does not allow
a good separation of the B-carotene isomers. In an early
study of the pigment distribution in PSII-enriched
membrane fractions using an HPLC system equipped
with a calcium hydroxide column, both cis and trans
B-carotenes were detected in PSII (Lemoine et al. 1992).
More recently, B-carotene was found in the configura-
tion 15,15"-cis in the reaction center of a higher plant
(Bialek-Bylka et al. 1995), in agreement with the
Koyama’s proposal that carotenoids selectively adopt a
cis-configuration in the reaction centers of the photo-
systems (Koyama 1991).

Actually, a light-induced decrease in membrane
fluidity did occur in thylakoid membranes when Vio
was allowed to convert to Zea (Table 5). We also
observed that LHCII prepared from illuminated leaves
was impoverished in xanthophyll-cycle pigments com-
pared to LHCII purified from dark-adapted leaves
(Table 3). The concomitant membrane rigidification
and decrease in the Zea content of LHCII is compatible
with a diffusive displacement of Zea from the pigment-
protein complexes to the surrounding lipid domain, as
previously suggested (Gruszecki 1995; Havaux and
Tardy 1995; Gruszecki et al. 1997). The differential
behavior of Zea and Vio with respect to their interaction
with the LHCs probably results from their chemical
features. Zeaxanthin differs from Vio in its polarity, its
number of carbon double bonds and its spatial confor-
mation (Ruban et al. 1993b). The observation that the
amount of Zea in LHCII prepared from light-treated
leaves is smaller than the amount of Vio in LHCII from
dark-adapted leaves was previously made by Lee and
Thornber (1995). However, this was not mentioned in
other reports (Ruban et al. 1994; Philipp and Young
1995). As the latter reports dealt with extreme light
stresses in CO,-free nitrogen/low oxygen mixtures, these
discrepancies could be explained by the type of light
treatments used in the different works. Indeed, it is
conceivable that, if release of Zea takes place during the
operation of the xanthophyll cycle, this should result in a
complex and dynamic equilibrium between bound and
unbound xanthophylls depending on the illumination
conditions.

The reversibility of the light-induced ®-510/®-650
(Fig. 2) could suggest a regulatory function of the
carotenoid disconnection. Strong-light-induced loss of
energy transfer from carotenoids to chlorophylls can be
interpreted as a protective mechanism since part of the
light absorbed by accessory pigments is diverted from
the sensitive reaction centers. The light dependence of
the phenomenon (Fig. 3) is compatible with an adaptive
function to high light irradiances close to the light
saturation of photosynthesis. The photoprotective na-
ture of the pigment-uncoupling phenomenon reported
here is also supported by the observation that growth of
plants under stressful light and temperature conditions
simultaneously increased the amount of carotenoids that
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are weakly or not bound to the LHCs (Fig. 4, Table 2)
and decreased the functional antenna size of PSII in
green light (Table 1). Thus, in plants adapted to high
light intensities, some of the carotenoids permanently
lost their usual function of accessory pigments. This may
reflect a special organization of the pigment antennae in
plants adapted to extreme light and temperature envi-
ronments. It is tempting to relate this long-term
rearrangement of the pigment antennae with accumula-
tion of the strong-light-induced ELIPs, a protein family
with homology to the LHC polypeptides (Green and
Kiihlbrandt 1995). It has been suggested that early-light
inducible proteins (ELIPs) are pigmented proteins that
function as substitutes for the LHC proteins when plants
are grown under potentially harmful light conditions
(Adamska and Kloppstech 1994). Possibly, the photo-
physics of xanthophyll bound to ELIPs differs from that
of LHC-bound xanthophylls.

The chlorophyll-b-less chlorina f2 barley mutant
seems to be an extreme example of functional discon-
nection of carotenoids from chlorophyll antennae. The
quantum yield of oxygen evolution in green light was
dramatically reduced compared to @ in red light,
suggesting that carotenoids do not play a major role as
light-harvesting pigments. A similar phenomenon was
previously reported in a pale-green aurea mutant (Su/su)
of tobacco by Canaani et al. (1985) who hypothesized
that carotenoids may reside outside the thylakoid
membrane in this mutant. Similarly, Schindler and
Lichtenthaler (1994) suggested the possibility of an
incomplete transfer of excitation energy from carote-
noids to chlorophyll @ in the aurea tobacco mutant.
Chlorina-f2 is completely deficient in LHCII and lacks
most of the minor LHCs of PSII (Krol et al. 1995; Preiss
and Thornber 1995). In addition, the carotenoid/chlo-
rophyll ratio of chlorina f2 is higher than that of the wild
type (0.32 £ 0.04 vs. 0.23 £ 0.01). Unfortunately, the
localization of the excess carotenoids in chlorina f2 is
unknown but, according to Jahns and Krause (1994),
they are not necessarily bound to distinct proteins. The
observation that light stress did not modify the fluidity
properties of the thylakoid membrane lipids in chlorina-
/2 is consistent with this idea. Indeed, no change in the
interaction between xanthophyll-cycle pigments and the
membrane lipid phase is expected in strong light if Vio/
Zea are already free in the thylakoid membrane before
the light treatment. Alternatively, carotenoids of chlor-
ina-f2 are bound to pigment-protein complexes but they
do not meet the criterion of close proximity required for
efficient energy transfer. In this context, it is worth
mentioning that, in LHCII trimers isolated from wild-
type Arabidopsis thaliana, energy is transferred to
chlorophyll @ mainly via chlorophyll » and not directly
from carotenoids (Connelly et al. 1997). Therefore,
absence of chlorophyll b in chlorina-f2 photosystems
may perturb carotenoid-to-chlorophyll energy transfers.

To summarize, the efficiency of energy transfer from
carotenoids to chlorophylls in barley leaves seems to
vary with the light environment both in the short term
and in the long term, with excess light energy reducing
the photosynthetic light-harvesting function of carote-

noids. We do not know the carotenoid species involved
in this phenomenon but, considering the extent of the ®-
510/®-650 changes (about —20%, Fig. 1), it is possible
that an appreciable fraction of the LHC-bound carot-
enoids is concerned. As the free pigment band in the
Deriphat-PAGE gels is indicative of the pigments that
are the less firmly bound to proteins, its enrichment in
Vio and lutein identifies these carotenoids as candidates
for the photoinduced pigment decoupling. Experiments
with DTT show that the carotenoid disconnection does
not require the physical detachment of carotenoids from
the LHCs. The physiological significance of the revers-
ible pigment uncoupling reported here deserves to be
studied more extensively in the future.

The authors thank Gilles Testaniére (CEA, Cadarache, France) for
his participation in the Deriphat-PAGE experiments and Anne-
Catherine Holl (University of Lille, France) for her help with the
HPLC separation of carotenoid isomers.
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