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ABSTRACT

Pronounced aggregation of the photosystem II light-har-
vesting complex (LHC II) was observed in low-light-
grown tobacco plants stressed with a strong CO, deficit
for 2-3 days. The LHC II aggregates showed a typical
band at 697-700 nm (Fg) in low-temperature emission
spectra. Its excitation spectrum corresponded to that of
detergent-solubilized LHC II. Formation of Fg in
stressed plants was not reversed in the dark and leaves
did not contain any zeaxanthin showing that neither a
light-induced transthylakoid pH gradient nor zeaxanthin
was required for LHC II aggregation. The CO,-stressed
plants showed clear signs of photodamage: depression of
the potential yield of photosystem II photochemistry (F,/
Fy;) by 50-70% and a decline in chlorophyll content by
10-15%. Therefore, we propose that the photodamage to
the photosynthetic apparatus is the cause of the LHC I
aggregation in plants. The Fg, exhibited a reversible de-
crease of its intensity upon irradiation of leaves with in-
tensive light. There was no or only slight decrease around
700 nm in unstressed plants. The nonphotochemical
quenching of chlorophyll fluorescence showed the oppo-
site relation, being higher before than after the strong
CO, deficit. This discrepancy was likely related to the
different LHC II aggregation state in control and
stressed plants.

INTRODUCTION

About half of the chlorophyll (Chl){ of higher plants and
green algae is bound to a Chl 4 and b-containing protein,
the light-harvesting complex II (LHC 1I). Besides its main
function, i.e. collection of light energy, it plays an important
role in the stacking of thylakoid membrane (1) and in the
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tAbbreviations: Chl, chlorophyll; F,, dark level of Chl fluorescence
yield; Fy, variable Chl fluorescence vield; Fy, maximum Chl flu-
orescence yield: Fyg,, fluorescence emission band peaking at 699
nm; LHC II, light-harvesting complex of photosystem 11; PAR,
photosynthetically active radiation: PS. photosystem: (yp. non-

photochemical quenching of Chl fluorescence: gy, rapidly re-
versible part of nonphotochemical quenching.
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regulation of the energy distribution between the two pho-
tosystems (PS) (2,3). Recently, Horton et al. (4,5) proposed
that the LHC II is involved in the regulation of the dissi-
pation of excitation energy to heat in the pigment antenna.
It was hypothesized that the mechanism underlying this reg-
ulation is the reversible aggregation of the LHC II controlled
by a proton gradient across the thylakoid membrane.

The ability of the LHC II to aggregate was demonstrated
in vitro. Pronounced LHC II aggregation was stimulated by
lowering of the pH from 7 to 4.5-5.5 (4.6,7). Similarly, the
xanthophyll cycle, which is generally accepted to regulate
heat dissipation in the pigment antenna, seems to control the
organization of the light-harvesting complex. Violaxanthin
has been shown to inhibit strongly the LHC II aggregation,
whereas zeaxanthin had no or a stimulatory effect on it (4.7—
9). The LHC 11, isolated from thylakoids by mild detergent
treatment, has been shown to aggregate upon removal of
detergent, on addition of cations (1,4,6,7) and upon an in-
crease of the LHC [I/lipid ratio in proteoliposomes (6,10).
The LHC II aggregation was also done within the thylakoid
membrane by mild treatment with nonionic detergent (11).
Also specific changes in lipid composition of the thylakoid
membrane may be the cause of LHC Il aggregation. Siegel
et al. (12) found that addition of phospholipids to thylakoids
caused extensive aggregation of the LHC II into semicrys-
talline arrays. This aggregation can be eliminated by use of
the uncharged digalactosyldiglyceride instead of phospholip-
ids (13).

Despite great progress in the characterization of isolated
LHC 1 aggregates, little is known about their occurrence in
intact tissues. The mechanism of the formation of LHC II
aggregates in vivo remains unknown. There are several re-
ports of LHC II aggregates in vivo. In these studies, LHC I
aggregates were monitored by their characteristic emission
band with a maximum at about 700 nm. A shoulder at 699
nm was observed in a mutant of Chlamydomonas reinhardtii
lacking both PS (14). Relative intensity of this shoulder in-
creased with inereasing Chl concentration in the algae cul-
ture, which seems to be in line with the LHC II aggregation
observed in proteoliposomes upon an increase in the LHCII/
lipid ratio (6,10). A similar shoulder at 701 nm has been
found in the emission spectrum of the LHC I of yellow lime
leaves in which both PS, but not LHC II, were completely
degraded (15). A reversible quenching at about 700 nm was
monitored upon formation of high-energy quenching in thy-
lakoids isolated from high light-stressed spinach leaves (16)



and in intact whole leaves of the tropical plant Guzmania
monostachia (7,17,18). It can be noted that fitting of emis-
sion spectra of both the constant and the variable fluores-
cence by Gaussian components required a component near
703 nm (19,20).

In this paper, formation of the emission band at about 700
nm is reported in tobacco plants stressed by CO, deficit.
Spectral analysis showed that this band originates from LHC
Il aggregates and exhibits reversible light-induced quench-
ing. A mechanism for the formation of LHC Il aggregates
in intact leaves is discussed.

MATERIALS AND METHODS

Plant cultivation and treatment. Plantlets of tobacco (Nicotiana ra-
bacum L. ¢v. White Burley) were cultivated in sterile conditions on
Murashige and Skoog agar medium (21) in glass vessels (volume
about 85 em?) covered with aluminum foil (so-called in vitre cul-
ture). Vessels with plantlets were placed in a controlled chamber
under 20°C, 12 h photoperiod and irradiance of 50 wmol m * s of
photosynthetically active radiation (PAR). For details of cultivation
and photosynthetic characteristics of the in vitro cultures see Lees
(22) and PospiSilovd er al. (23), respectively. Then the aluminum
covers were replaced with hermetically sealed glass stoppers with a
solid CO, absorber on the base of sodium hydrate (Natrocalcid,
Chemopetrol Spolana Neratovice, Czech Republic) fixed on the in-
ner surface using Ramsay grease. The CO, concentration in the glass
vessels with the CO, absorber was well below the CO, compensation
point (25-30 ppm) as determined by infrared gas analysis described
in Santracek er al. (24). Ten hermetically closed plants with CO,
absorber and 10 control plants (covered with aluminum foil) were
used for analysis each day after closing the vessels with glass stop-
pers. The plants were taken from cultivation room 3 h after the
beginning of the photoperiod.

In vivo Chl fluorescence. The capacity of PS II photochemistry and
fluorescence quenching were assayed with a PAM fluorometer (Walz,
Germany; see Schreiber ef al. (25)). Leaf discs (0.5 cm?) taken from
the central parts of tobacco leaves were placed on a drop of distilled
water and predarkened for 15 min in a black metal holder. Then the
following sequence of measurements was conducted: measurement of
a dark fluorescence yield, F,, determination of a maximum fluores-
cence vield, Fy, using a saturation pulse (3200 pmol m 2 s! for 1
s), 3 min dark, measurement of the slow fluoreseence decline induced
by red actinic light (300 pmol m 2 s !) for 5 min, application of the
saturation pulse to determine a maximum fluorescence yield upon
actinic irradiation, Fy', relaxation for 7 min and application of the
saturation pulse to determine a relaxed maximum fluorescence yield,
Fy". The capacity of PS II photochemistry was calculated as the ratio
of variable (Fy = Fy — Fy) and maximum fluorescence. High energy
fluorescence quenching was accessed as a part of nonpotochemical
quenching relaxing within 7 min of darkening. This part, further re-
ferred to as qyp'. was calculated as the (Fy" — Fy'WFy' ratio (for
description of symbols see the legend to Fig. 1). It was preferred to
Shreiber’s ratio (25) because of its proportionality to the concentration
of a quencher in the Stern—Volmer equation. An example of fuores-
cence measurement is given in Fig. 1.

Fluorescence spectra. Fluorescence emission and excitation spec-
tra were measured on leaf disks and diluted leal homogenates. Ho-
mogenates were prepared as follows: Three leaf disks of total area
of 0.8 em? were homogemzed in 0.3 mL of medium (0.4 M sorbitol,
50 mM Tricine buffer. pH 7.6, 10 mM KCIl. 2.5 mM MgCl,, 10 mM
sodium ascorbate) using a glass homogenizer and filtered through
cotton wool. The homogenate was soaked into a glass microfiber
filter (Whatmann) and immediately frozen in liquid nitrogen. The
Chl concentration in samples was about 0.5 g Chl(a+5) cm~2. The
time from the start of the homogenization to freezing of the sample
was less than 1 min. The disks of the total area of 1-1.3 cm? taken
from the same leat were used for determination of the pigment con-
tent. Fluorescence emission and excitation spectra were measured
with a Fluorolog spectrofluorometer (SPEX., USA) using the spectral
bandwidth of emission or excitation monochromator of 2 nm. The
slit of the second monochromator was adjusted to give a bandwidth
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Figure 1. An example of measurement of Chl fluorescence yield
from a tobacco leaf. The tobacco plant was stressed for 2 days by
CO, deficit. The term F, refers to the dark level of chlorophyll flu-
orescence; Fy, Fy' and Fy" refer to a maximum fluorescence yield
in the dark, under irradiation with actinic light and after dark relax-
ation, respectively. Fy, Fy' and Fy" were determined using a 1 s
saturation pulse (3200 pmol PAR m 2 s 1) of white light (indicated
by arrows with “'s™). ““On’" and “‘off"” refers to the start and the
end of irradiation with red actinic light (300 pmol PAR m 2 s7!).
Full arrows indicate the freezing of samples for measurement of
ratios of Auorescence emission spectra presented in Fig. 8.

of 4 nm. The excitation wavelength was 490 nm. All spectra were
measured at 77°K.

Absorption spectra. Absorption spectra of tobacco were measured
with whole leaves frozen on a Plexiglas holder in liquid nitrogen.
Spectra were recorded with a PU 8800 spectrophotometer (Philips-
Pye Unicam, UK) using a bandwidth of 2 nm.

Isolation of LHC 1. The LHC II was isolated using sodium do-
decylsulfate polyacrylamide gel electrophoresis according to Ander-
son (26) as described in Siffel er al. (27).

Zeaxanthin content. Leaves were homogenized in 100% acetone
in a glass homogenizer. The homogenate was spun down at 14000
g. the pellet was reextracted with 80% acetone and spun down. Both
supernatants ‘were combined and filtered through a 0.2 pm teflon
filter prior to injection, The pigment composition was analyzed using
the modified HPLC method of Gilmore and Yamamoto (28) on a
C-18 15 X 3 mm, 5 pum (Tessek, Czech Republic) reverse-phase
column using isocratic elution of a mixture of acetonitrile, methanol
and water (68:12:6) for the first 5 min followed by a linear gradient
to absolute methanol for 2 min and isocratic elution with absolute
methanol for 5 min until B-carotene was eluted. The fAow rate was
2 mL min '; pigments were detected at 445 nm. In order to estimate
the capacity of zeaxanthin formation, leaves were placed on the
water surface in a gas chamber under nitrogen atmosphere and sub-
jected to high intensive light (slide projector with a heat filter, 1000
pmol m=? s7') for 20 min.

Chlorophyll content. Amounts of Chl & and b in leaf homogenates
were determined in 80% acetone extracts with a PU 8800 spectro-
photometer (Philips-Pye Unicam. UK) according to Lichtenthaler
(29).
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Figure 2. Changes in the potential yield of PS II photochemistry
(F,/Fy) and the rapidly relaxing component of nonphotochemical
quenching (gyp') upon CO, deficit (solid line) induced by addition
of the CO, absorber. Broken line = recovery after removal of the
CO, absorber. The qup' was calculated according to formula (Fy," —
Fy')/Fy'. Both parameters were measured with a PAM fluorometer.
Intensities of saturation pulse and red actinic light were 3200 and
300 pmol m~2 s7!, respectively.

RESULTS AND DISCUSSION

A carbon dioxide deficit has been proven to increase con-
siderably the sensitivity of the photosynthetic apparatus to
photoinhibitory damage. Under CO, deficit, even very low
light intensities are able to cause depression of the activity
of PS II (30). The changes in PS II function upon CO, de-
pletion were tested using the ratio of variable to maximal
fluorescence, Fy/Fy; (Figs. 1 and 2), characterizing the yield
of PS II photochemistry. In our experimental conditions (50
pmol PAR m2 s!, 20°C, 25-30 ppm of CQO,), the F/Fy
ratio declined to zero within 4-5 days. Depression of the PS
Il yield was reversible in atmospheric CO, concentration un-
til the third day of the stress. The recovery of the PS II
photochemistry lasts about 9 days. Later, the recovery of the
PS 1I yield was much slower or was not observed at all.
Similar time dependence was found also for nonphotochem-
ical quenching (qyp, results not shown) and qup’, the rapidly
relaxing component of gyp (Fig. 2). Thus, the tobacco plants
stressed by CO, deficit for 2 or 3 days were used for further
analyses. These plants did not exhibit any visible signs of
damage. The Chl content in their leaves was lowered only
by 10-15% relative to unstressed plants (Fig. 3).

Spectral characterization of LHC II aggregates

A qualitative difference between the plants stressed for 2 or
3 days and unstressed ones was found in fluorescence emis-
sion spectra. The emission spectrum of unstressed plants
consists of three main bands with maxima at 685, 695 and
at about 735 nm. Two former bands originate from PS II
and the third one from PS I. In addition, there is a small
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Figure 3. Changes in Chl content and Chl a/b ratio upon CO; deficit
(solid line) induced by addition of the CO, absorber. Broken line =
recovery after removal of the CO, absorber.

shoulder at the short-wavelength edge of the spectrum (at
681 nm) that represents the LHC II emission (31,32). The
shoulder can be clearly detected in intact tissues using a
second derivative analysis (see, e.g. Siffel et al. (15)). In the
stressed plants a new shoulder at 699 nm appeared (Fig. 4A).
This shoulder was clearly detectable in whole leaves but not
in diluted leaf homogenates. The reason was the reabsorp-
tion. A strong reabsorption of fluorescence in the leaf de-
pressed the short-wavelength emission including the main
band at 685 nm and, thus, the minor bands positioned at
longer wavelengths (i.e. at 695 and around 699 nm) became
more pronounced. For comparison of emission spectra of the
leaf disk and the diluted homogenate prepared from the same
leaf see Fig. 4B. It is possible that the observed changes can
be explained by reabsorption. Reabsorption is sensitive to
changes in pigment concentration and changes in the form
of the absorption spectrum. Chlorophyll concentration de-
clined by 10-15% during 2 or 3 days of stress. At this time,
the absorption spectra of the stressed leaves showed only
small changes in the region 680-720 nm. Even at later stages
of stress, when absorbance changes were higher (see Fig. 7),
these changes did not exceed about 10%. Such small
changes are not sufficient to explain dramatic changes in the
emission spectrum. In the emission spectrum, at later stages
of the stress, a similar band was found in highly diluted
samples where reabsorption can be excluded (see below).
The emission band peaking at about 700 nm is usually
ascribed to aggregates of the LHC II (1,4). We performed
more detailed spectral analysis of Fgyo on diluted leat ho-
mogenates to confirm this statement in intact plants. In
plants stressed for 2 or 3 days, only a small shoulder at 699
nm was formed. Its spectral analysis was complicated be-
cause of high overlapping with PS II emission. Nevertheless,
under prolonged CO, deficit, photodamage caused a marked
decline of PS II emission (Fig. 5). Thus, in order to take
excitation spectra of Fgy, several plants were kept in CO,
deficit for 5-6 days. In these samples, emission bands of
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Figure 7. Comparison of 77K absorption spectra for tobacco leaves
before (broken line) and 6 days after CO, depletion (solid line). The
ratio of the spectra (CO, depleted/control), depicted on the top of
the figure. clearly shows the band near 692 nm arising on CO, de-
pletion.

ference around 690 nm. In this spectral region, a shoulder
with the maximum at 691-693 nm was formed upon CO;
deficit of tobacco plants (see also the ratio of the spectra at
the top of Fig. 7). The shoulder likely represents a Chl form
produced upon LHC II aggregation. A similar band could be
found in difference spectra of light-scattering samples. Ab-
sorption bands became flatter and broader upon scattering of
light, exhibiting relative depression of absorbance at the
maximum. The difference between the spectra of scattering
and transparent samples gives two maxima at both sides of
the peak. This is true for difference spectra but not for their
ratio, which was therefore used in our paper. The ratio of
“*scattering/transparent’” should give a negative peak posi-
tioned at the absorption maximum.

Other differences (in the region of Chl b absorption and
above 700 nm) are related to the different abundance of LHC
II and complexes of PS in control and stressed plants and
reflect the degradation of both PS under CO; deficiency.

Thus, the spectral analysis shows that the long-wavelength
Chl species with absorption and emission maxima at 691-
693 and 699 nm, respectively, formed upon CO, deficit of
tobacco plants, originates from aggregates of LHC II.

Light-induced decrease of fluorescence intensity of
LHC II aggregates

Ruban et al. (16,17) demonstrated a reversible light-induced
decrease of Chl fluorescence near 700 nm in isolated thy-
lakoids and in intact leaves of tropical plant G. monostachia.
This decrease was interpreted to reflect a change in the ag-
gregation state of the LHC II in vive, and has been taken as
evidence supporting the involvement of LHC IT aggregation
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Figure 8. Comparison of reversible light-induced changes in the
fluorescence emission spectra for the plant stressed by COs deficit
for 2 days (solid line) and the unstressed plant (broken line). The
figure depicts the ratios of spectra of irradiated and dark relaxed
samples. The samples were frozen (in the dark) 7 min after irradi-
ation with actinic light (F ;) or after dark relaxation for 7 min
(Fyark) as indicated by arrows in Fig. 1.

in high-energy quenching of Chl fluorescence. Therefore, we
tested whether the emission band formed upon CO, deficit
in tobacco plants undergoes a similar light-induced decline.
We compared the light-induced decrease of Fygy with the
rapidly relaxing component of qyp for both stressed and con-
trol tobacco plants. This component is usually taken to re-
flect the high-energy quenching (5,18). Segments cut from
one leaf of stressed tobacco were irradiated with actinic light
for 7 min to induce qxp and, then, relaxed in the darkness
for 7 min (Fig. 1). Samples for measurement of emission
spectra were frozen in liquid nitrogen before and after dark
relaxation as indicated by full arrows in Fig. 1. In order to
emphasize the light-induced changes, ratios of the spectra
taken before and after dark relaxation (F| gu/Foark) were
calculated (Fig. 8). The ratio Iy jgur/Fparx gives similar in-
formation as the ratio (Fpapk — Fricur/Foark = 1 = Frigu/
Fpark used by Ruban er al. (16). The form of the spectral
dependence of the ratio F g /Fparg does not depend on
relative intensities of individual spectra and on fluorescence
reabsorption in the sample and, thus, it is easier to use it
when measuring the spectra without normalization on an in-
ternal fluorescence standard (e.g. rhodamine). The Fy g/
Fpark ratios show that both the stressed and control plants
exhibited a reversible light-induced decrease of fluorescence
intensity of the PS II. In addition, the COs-stressed plants
exhibited a reversible light-induced decline around 700 nm
and at 680 nm similar to that described by Ruban er al.
(16,17). In unstressed plants, however, no or only a slight
shoulder around 700 nm was found in the ratio. This shows
that the LHC Il aggregates formed during CO, deficit un-
dergo reversible light-induced changes which parallel the
high-energy quenching.



On the other hand, there was an apparent discrepancy be-
tween the extent of gy’ and light-induced changes at 700
nm in COs-stressed and control plants. The CO,-stressed
plants showed a lower gy’ than the control ones and a high-
ly pronounced depression around 700 nm. On the contrary,
the control plants exhibited a higher g’ without a pro-
nounced decrease around 700 nm. Therefore, the reversible
light-induced depression of emission intensity around 700
nm does not depend only on qyp'. The CO,-stressed plants
differed from control plants in the aggregated state of the
LHC II as indicated by the presence of the Fgy, in emission
spectra of stressed material (Fig. 4A) and, thus, the light-
induced depression of fluorescence around 700 nm seems to
depend. in addition to the extend of gy, on the aggregation
state of the LHC II present in thylakoids before induction of
Qyp' by actinic light. Similarly, a light-induced decrease
around 700 nm observed even in unstressed plant material
(16) can depend on preexistent LHC II aggregation, the pres-
ence of which in unstressed plants has been indicated by
several experiments (33-35).

What can be the cause of LHC II aggregation
in intact plants?

By analogy with the aggregation induced in isolated LHC II
and isolated thylakoids, one can consider that LHC II ag-
gregalion in intact tissues was stimulated by low intrathy-
lakoid pH and/or by zeaxanthin (4.5). A pH gradient is
formed upon irradiation of the photosynthetic apparatus and
is dissipated within several minutes of darkness. Our sam-
ples prepared for measurement of fluorescence spectra were
frozen under dim light, which is not able to form a marked
pH gradient. In order to exclude the effect of light at all,
several samples were predarkened for 15 min before freez-
ing. No effect of predarkening on the fluorescence intensity
of Fgoq was observed. The Fy,, was observed even at the end
of the dark period of cultivation, i.e. after 12 h of darkness.
Moreover, the delay of several days between the CO, deple-
tion and appearance of the LHC II aggregates can hardly be
explained by means of lumen protonation, which occurs
within minutes after irradiation. Hence, low pH does not
seem to be responsible for the observed LHC II aggregation.
To test the role of the xanthophyll cycle, we determined the
content of zeaxanthin in tobacco leaves in both CO,-stressed
and control plants. Surprisingly. no zeaxanthin was found in
either group of plants (Fig. 9). Neither was anteraxanthin,
an intermediate in deepoxidation of violaxanthin to the ze-
axanthin, present. In order to verify the ability of our plants
to form zeaxanthin, some of them were irradiated by inten-
sive light (1000 pmol m ? s ') for 20 min in a nitrogen
atmosphere and the capacity of the xanthophyll cycle
(amount of zeaxanthin formed during high-light irradiation
relative to the total amount of xanthopylls invelved in the
xanthophyll cycle) was determined. This showed values
around 10% for unstressed plants. In stressed plants, similar
values were found during the first 3 days of the stress and
then the capacity of the xanthophyll cycle declined (Fig. 9).
Thus, surprisingly, a CO, deficit did not induce [ormation
of zeaxanthin or a marked increase in the capacity of the
xanthophyll cycle. Although we did net study the reasons
for the lack of the response of the zeaxanthin protective
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Figure 9. Changes in zeaxanthin content (closed symbols) and the
capacity of the zeaxanthin cycle (open symbols) during CO, deficit.
The capacity was determined as the amount of zeaxanthin (relative
to total xanthophyll cycle pigments) formed in leaves under irradi-
ation with 1000 pmol PAR m 2 s ! in nitrogen atmosphere for 20
min.

mechanism to CO, deficit in our plants, it seems reasonable
to mention here at least one possible cause of such unusual
plant response—cultivation under very low irradiance (50
pmol m2 s 1.

A CO, deficit is generally considered to be strong pho-
toinhibitory treatment, which, when applied for a long time,
causes pronounced photodamage to the photosynthetic ap-
paratus even at very low irradiance. Because of different
sensitivity of individual constituents of thylakoid membranes
to photodamage. the composition of thylakoids can be
changed by long-term CO, deficit. In our experiments, dam-
age to Chl proteins was indicated by changes in the spectra
of CO--stressed plants (see Fig. 5). They showed that both
PS were degraded faster than LHC II. Most of the LHC 1I
is usually bound to PS II. Upon photodamage to PS, LHC
IT was, as indicated by relative increase in its emission in-
tensity, released from PS II, which could facilitate the LHC
I aggregation. A further indicator of photodamage was the
Chl content. It decreased slowly during the first 4 days and
then, following the full PS II photoinhibition, a rapid decline
in Chl content occurred. It coincided with an increase in the
emission band at 699 nm relative to the LHC II emission at
681 nm.

Several papers, noted already in the introduction, referred
to the LHC II aggregation induced by changes in the lipid/
protein ratio (6,10,14) or changes in lipid composition
(12,13) in artificial (liposomes) or native membranes. Be-
sides damage to Chl proteins, photooxidation of lipid is
known to occur under photoinhibitory conditions (36-38).
This can lead to a decrease in the lipid-to-protein ratio and/or
to a change in the composition of lipids in the thylakoid
membrane and, thus, to cause LHC II aggregation. There-
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fore, it seems probable that PS photodamage and lipid per-
oxidation, both occurring under photoinhibitory conditions,
were the cause of the LHC II aggregation under CO, deficit.

A CO, deficit is often experienced by plants in natural

conditions, for instance under drought stress. Deficits of O,
and CO,, in combination with an intensive irradiance, are
often used as an approach to increase zeaxanthin levels (and
thus also qup') in plants. Under such conditions, formation
of LHC II aggregates similar to those reported here can be
expected.
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