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FiG. 2. Time course of changes in Chl fluorescence (A) and pigment
content (B and C) induced by an exposure of a P. balsamifera leaf to 2%
0,,0% CO; at a PFD of 100 umol m~2s™'. All leaf samples were kept in
complete darkness for 5 min prior to fluorescence measurements, and
prior to freezing of samples for pigment analysis, respectively.

thin decreased by 3.63 nmol cm™ (from 4.03 to 0.40 nmol
cm~2). Upon return to normal air the amount of zeaxanthin
rapidly decreased to about 50% of the steady state level in 2%
05, 0% CO,, and then continued to decline slowly.

Although the components of the xanthophyll cycle underwent
major changes in their relative proportions, virtually no changes
occurred in the amounts of the other ‘photosynthetic’ pigments
such as Chl a and b, B-carotene, lutein, and the sum of the total
carotenoids (8-carotene, lutein, zeaxanthin, violaxanthin, an-
theraxanthin, and neoxanthin) (Fig. 2C). Zeaxanthin was the
only (measured) pigment which responded to excessive light with
an instantaneous increase. The time course of the changes in
zeaxanthin content of the tissue mirrored the time course of the
quenching of Fy and F),. Both F-and F), were linearly correlated
with the zeaxanthin content of the leaf tissue (Fig. 3).

Effect of High Light Treatment on Fluorescence and Pigment
Content in Leaves Differing in Photoinhibitory Response. To
investigate the involvement of carotenoids in the response of
leaves to high light conditions, two species were chosen which
displayed different types of photoinhibition, as indicated by
fluorescence characteristics. In young shade leaves of H. helix, a
strong increase in the rate constant of nonradiative energy dissi-
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FiG. 3. Relationship between zeaxanthin content and Chl fluores-
cence (variable and maximum fluorescence) in a sun leaf of P. balsami-
Jera exposed to 2% Oz, 0% CO, at a PFD of 100 umol m~2 s™! (data
from Fig. 1).

pation appeared to be the predominant effect, since there was a
net decrease in Fo (Table I). Mature shade leaves of the highly
shade-tolerant rain forest species M. deliciosa, on the other hand,
showed evidence of pronounced photoinhibitory damage, as
indicated by a strong net increase in F, (Table I). The complete
set of fluorescence and pigment data for H. helix shade leaves,
before and after the high light treatment, is shown in Table 1.
The data give a typical example of the remarkably small variation
between duplicate samples. The 2-h treatment resulted in a
pronounced decrease of variable fluorescence (from 11.6 to 3.7)
which was accompanied by a moderate decrease in Fy/F), from
0.79 to 0.57. The zeaxanthin content of the tissue increased
strongly, as did the sum of the three xanthophylls (zeaxanthin,
antheraxanthin, and violaxanthin). The net increase in xantho-
phylls was matched by a decrease in S-carotene (Table I). These
changes are given in ug cm™2 and correspond to a decrease in §-
carotene content by 2.1 nmol cm~2 (from 11.3 t0 9.2 nmol cm™2)
and a concomitant increase in the three xanthophylls of the
cycle, by 2.01 nmol cm™2 (zeaxanthin: +3.96; antheraxanthin:
—0.65; violaxanthin: —1.30 nmol cm~2). The level of the other
major xanthophyll, lutein, did not decrease. Consequently, the
sum of the total carotenoids remained constant. This photoin-
hibitory treatment did not result in any decrease in Chl ¢ and b
content. Instead, there was a small increase, particularly in Chl
a. For H. helix, a similarly strong correlation between the
quenching of variable fluorescence and the amount of zeaxanthin
present in the tissue was observed (Fig. 4) as was seen in P.
balsamifera (Fig. 3). Figure 4 includes data obtained with H.
helix leaves exposed to either low light in 2% O, 0% CO,, or to
high light (500 or 1500 umol photons m~2 s™") in air for 2 h. The
two sets of data points fit the same regression line. Clearly, high
light treatments (air) have a similar effect on fluorescence as
treatments in an atmosphere of 2% O,, 0% CO. in low light.
This result corroborates the interpretation that, in H. helix, the
effect of the high light treatment is mainly to increase the rate of
nonradiative energy dissipation.

High light treatment of a mature leaf of M. deliciosa which
had developed in deep shade resulted in a decrease of F) com-
parable to that observed in H. helix (Table I). In M. deliciosa
there was, however, a much more pronounced decrease in the
ratio Fy/F),, indicating severe photoinhibition. In contrast to
the net decrease of F,, observed in H. helix, a pronounced (40%)
net increase of Fo occurred in M. deliciosa (Table I). In M.
deliciosa, the high light treatment also caused an increase in
zeaxanthin which was, however, much less pronounced than the
one observed in H. helix. Under control conditions (100 gmol
photons m~2 57!, air), zeaxanthin could be detected in M. deli-
ciosa but not in H. helix. The sum of the three components of
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Table 1. Changes in Pigment Content and Chl Fluorescence Characteristics in Two Species Induced by a 3-h Exposure to a PFD of 1500 umol m™2 s in Air

Species
H. helix
Before

XANTHOPHYLL CYCLE AND PHOTOINHIBITION 221

85 -83 0 e o 30T pedera helix, shade
S8 wuan S @ E ,st
OO ©OCOO ™ SO~ o
o vy
! ! 2 20t
Qv << c 15k
I | S of
NS nvYe R 8 osh
I | 0 )
== ®Roxny Ir
3 v, rel. units
FiG. 4. Relationship between zeaxanthin content and Chl fluores-
=8 88K 88 cence (Fy) in shade leaves of H. helix exposed to different combinations
—— eMddx —-o of PFDs and exposure times. The different symbols depict treatments in
+ 2% O,, 0% CO, at a PFD of 100 umol m™2 s™! (®) and treatments for a
3-h period in air at PFDs of 500 (A) and 1500 (M) gumol m™2 s™',
respectively.
a9 883 ae
SS SScSg SSg the xanthophyll cycle on a leaf area basis was approximately the
! | same in the two species under control conditions. The fresh
weight per unit area of the two types of leaves was also similar
(27.9 mg cm™2 for M. deliciosa and 23.7 mg cm™ for H. helix)
22 a8 v resulting in similar pigment concentrations on a fresh weight
22 93838¢ 33o basis. Because of the higher Chl content of M. deliciosa leaves,
T T the ratio xanthophyll/Chl was smaller in M. deliciosa. The high
light treatment did not result in any increase in the sum of the
three components of the xanthophyll cycle in M. deliciosa. In
contrast to H. helix, M. deliciosa also exhibited only a very small
e oo decrease in $-carotene.
=3 9% Effect in Low Light of Excessive Excitation Energy on Relative
e ececg ©-° Proportions of Xanthophylls and 3-Carotene. The net increase
! in the sum of the three xanthophylls, zeaxanthin, antheraxanthin,
and violaxanthin, which was observed in H. helix in high light
and air (Table I), could also be induced in low light by removal
= e of the terminal electron acceptors (2% O,, 0% CO,) (Table II).
no N = q The increase in the sum of the three components of the xantho-
e A=A °e—-=2 phyll cycle again was quantitatively matched by a reversible
+ decrease in S-carotene while the lutein content was unaltered
and the sum of the total carotenoids remained constant through-
NN A% SE~ out the treatment. In H. helix, part of the zeaxanthin was
N-RV-IRV-RV- RV $ o © ‘f apparently formed at the expense of S-carotene, similar to the
above response of this species during the high light treatment.
The conversion of S-carotene to zeaxanthin occurred relanvely
22 839 = rapidly (within 90 min) and was reversible.
We Yrta << '? Carotenoid Levels and Onset of Photoinhibitory Damage. The
| following data show that photoinhibitory damage by high light,
as indicated by an increase in Fp accompanied by a strong
<o onwe decrease in Fy/F,, occurred precisely at the point at which the
I ey dd9 conversion of violaxanthin to zeaxanthin had been completed
and no further increase in zeaxanthin content took place. We
AQ NRMNO T — chose a species, P. balsamifera, in which the sum of the three
S 3]/3F =HA xanthopylls of the cycle did not increase within the time frame
+ examined. Figure 5 shows fluorescence characteristics and pig-
mo mouno 9o ment composition of a sun leaf of P. balsamifera upon stepwise
A8 Z38Y &&= transfer to increasing PFD levels in an atmosphere of 2% O, and
Ob¢ © OB ! 0% CO,. All parameters are plotted against Fy in order to show
the quantitative relationship between the increase in zeaxanthin
g Y and the decline in Fy. Between 0 and 320 pmol photons m™
E 3 _§ s™!, Fo decreased, accompanied by only a small decrease in F,/
S 8 S Fy and, hence, in photochemical efficiency (Fig. 1). Between
- EZ e - ] 320 and 2600 gmol photons m~2 s~!, however, F, increased
& g Ses g again and at the same time a precipitous decline in Fy/F), was
< EXL<R observed. The changes in fluorescence characteristics between 0
and 320 umol m~2 s™! (phase I) are indicative of an increase in
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O &l & - FIG. 5. Relationship between variable fluorescence, Fy, and other Chl
- w O N . L. . .y
g © 3 @ fluorescence characteristics (Fo, Fv/Fy), and pigment composition in a
2 §§ sun leaf of P. balsamifera. The leaf was stepwise exposed to increasing
§ 6‘ ° photon flux densities, for 30-min periods each, from 0 to 2600 ymol m2
8 X g s™!. Samples were taken at the end of the 30-min period at each light
g N B halvAR-H] level and were kept in complete darkness for 5 min prior to fluorescence
§¢ g 3 T measurements or prior to freezing of samples for pigment analysis.
! Q
LY . e e . .
s % the rate of nonradiative energy dissipation, i.e. of the occurrence
g€ S § 8% of a potentially protective process, whereas between 320 and
_§’ g 9| ==Z 2600 umol m~7 s~ (phase II) fluorescence characteristics indicate
S E damage to PSII.
- 3| o o Between 0 and 320 umol photons m~2s™!, a strong increase in
e 8| E RS zeaxanthin content and a concomitant decrease in violaxanthin
| 5 © - content took place (Fig. 5B). The increase in zeaxanthin content
=3 was linearly related to the decrease in variable fluorescence as
'é s "o~ had been observed in young H. helix shade leaves under both
g & IAE high and low light conditions (Ifig. 4, compare also Fig. 3). At
© 320 umol photons m~2 s~!, violaxanthin was almost totally
H 5 « converted to zeaxanthin and no further increase in zeaxanthin
8| g 8 content or decrease in violaxanthin content was observed up to
g _8_ . ® 2600 umol photons m~2s~!. Yet, variable fluorescence continued
§ < °& to decrease between 320 and 2600 umol photons m~2 s~'. Thus,
g () there is a range of extremely high light levels which cause a
S ERE quenching of both F,, and F,, (not shown) that is not accom-
panied by any further increase in the content of zeaxanthin.
Although there were no marked changes in 8-carotene, lutein, or
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in the total carotenoids, there appeared to be a small decrease in
Chl a and b between 320 and 2600 umol photons m~2 s™' (Fig.
5C).

DISCUSSION

This study shows that the carotenoid composition of leaves
specifically responds to photoinhibitory treatments and that there
is a strong quantitative correlation between the formation of
zeaxanthin in the xanthophyll cycle and a type of fluorescence
quenching which is indicative of increased nonradiative energy
dissipation. Furthermore, a high capacity for the formation of
zeaxanthin is related to a high tolerance to photoinhibition.

The quenching of Chl fluorescence was used as an indicator
of an increased rate of nonradiative energy dissipation under
conditions where the rate of absorption of excitation energy
exceeded the rate of its utilization via photosynthetic electron
transport. One kind of nonradiative energy dissipation has been
related to thylakoid membrane energization (‘high energy
quenching’) and relaxes rapidly (8). The study presented here is
concerned with a type of quenching with longer induction and
relaxation times, which persists in the dark (4). This type of
fluorescence quenching could be induced at low light levels (e.g.
100 pmol photons m~2 s™!) by preventing photosynthesis and
photorespiration (2% O,, 0% CO,) and at high light levels (e.g.
1500 umol photons m~2 s7!) in air. At the high but not at the
low light level, this type of fluorescence quenching, indicative of
an increased rate of nonradiative energy dissipation, was accom-
panied by an additional effect, photoinhibitory damage to the
PSII reaction centers. According to a model of Kitajima and
Butler (7) for Chl 77 K fluorescence, a decrease in the rate
constant for photochemistry of PSII (Kp), i.e. photoinhibitory
damage to the PSII reaction centers, leads to a rise in Fo. In
contrast, an increase in the rate constant of nonradiative energy
dissipation (Kp) leads to a decrease in F), and a concomitant
though smaller decrease in F,. In a previous study it has been
suggested that the changes in 77 K fluorescence caused by high
light may be accounted for by a combination of these two
processes (4). Since they have opposite effects on Fop, the net
changes in F, in relation to the changes in F), may be taken as
an indicator of the relative contribution of the two processes.

A quantitative relationship between the photon yield of pho-
tosynthetic O, evolution and the ratio Fy/F), obtained with room
temperature modulated fluorescence, existed during photoinhib-
itory treatments as had been shown for the ratio Fy/F,,, meas-
ured at 692 nm in low temperature (77 K) Chl fluorescence (1,
4). Therefore, Fy/F) in room temperature fluorescence, as well
as in low temperature fluorescence, can serve as a quantitative
indicator of high light-induced changes in photochemical effi-
ciency.

Carotenoid Levels under Photoinhibitory Conditions. Exposure
of leaves to conditions of excess excitation energy, which resulted
in an increased rate of nonradiative energy dissipation, invariably
led to a specific increase in zeaxanthin and a decrease in viola-
xanthin (16). This was the case both at low light levels in 2% O,,
0% CO, (Fig. 2, Table II), and at high light levels in air (Fig. 4,
Table I). None of the other carotenoids which were present in
larger amounts than the components of the xanthophyll cycle
(at least under control conditions) responded with an increase to
such photoinhibitory conditions. Rather, g-carotene in Hedera
decreased in both low and high light. It is conceivable, that the
zeaxanthin formed in excess of that which could be accounted
for by the decrease in the original level of violaxanthin results
from conversion of g-carotene. The fact that a reversible decrease
in B-carotene content was induced by 2% O,, 0% CO; in low
light (Table II), i.e. under conditions excluding photoinhibitory
damage, strongly suggests a regulatory function of these conver-
sions and shows that the reversible conversion of 8-carotene to
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zeaxanthin does not require high light per se but is triggered by
the balance between the absorption and the utilization of excit-
ation energy.

Relationship between Fluorescence Quenching Indicative of
Increased Nonradiative Energy Dissipation, and Increase in Zea-
xanthin. There was a striking quantitative correlation between
either F) or F), and the zeaxanthin content of the leaves, for the
low light response (100 umol photons m~2 5!, 2% O,, 0% CO»)
in P. balsamifera (Figs. 2 and 3) and in H. helix (Fig. 4). This
type of fluorescence quenching of both F, and Fo can be
interpreted as an increase in the rate constant for nonradiative
energy dissipation caused by ‘the creation of alternative quench-
ers that compete with the reaction centers for excitation energy’
(7). It is an attractive possibility that zeaxanthin may act as a
quencher of fluorescence. It is unknown whether zeaxanthin is a
better quencher than violaxanthin. Alternatively, differences in
the microcompartmentation of the two carotenoids in the thy-
lakoid membrane could lead to the increased fluorescence
quenching reported here. That ‘a carotenoid triplet is a quencher
of Chl fluorescence’ was concluded by Mathis et al. (13) from
flash excitation studies using thylakoid suspensions, in view of a
similar kinetic behavior of rapid fluorescence quenching and the
formation of carotenoid triplet states as indicated by the absorb-
ance change at 505 nm.

The carotenoid triplet state is probably populated by triplet-
triplet energy transfer from the triplet state of Chl a (11). The
probability of the formation of Chl triplet states in vivo remains
unclear; in Chl solutions this probability was shown to be high
(2). Carotenoid triplets could then also quench Chl fluorescence
by reaction with the singlet state of Chl a, as suggested by Mathis
and Schenk (12), thereby competing with the photosynthetic
reaction centers for excitation energy.

In an intact, photosynthesizing leaf, two contrasting require-
ments have to be met by an ‘alternative quencher.” Besides
operating as an overflow valve under conditions of excess excit-
ation, such a quencher should be absent or ineffective under
control conditions to allow for a highly efficient excitation energy
transfer, which is indicated by the finding that photon yields of
photosynthesis are close to their maximum theoretical value in
nonphotoinhibited leaves (1). Zeaxanthin is the only carotenoid
compound to meet both requirements, and the xanthophyll cycle
is perfectly regulated to sense the point at which absorbed light
becomes excessive. This is so because the cycle is known to
respond to the balance between electron transport reactions and
CO, fixation, via its sensitivity (a) to the acidification of the
intrathylakoid lumen (5), (b) to the redox state of ‘some’ electron
carrier (19), and (c) to the levels of NADPH and O, (20).

Alternatively to a function of zeaxanthin as a fluorescence
quencher via direct interaction with excited states of Chl, zea-
xanthin could react with the products of further reactions of
triplet Chl, such as radicals of hydrocarbon compounds or singlet
oxygen, and thereby prevent damaging photooxidations. All of
these mechanisms are consistent with protection by carotenoid
pigments against the destructive effects of excessive excitation
energy but more work is needed to distinguish between them.
There is clearly a range of high light intensities in which no
further increase in zeaxanthin occurred, whereas there still was
further quenching of Fy (Fig. 5) and, to a smaller extent, of Fi,
(not shown). This was the case under conditions where accu-
mulation of excitation energy went far beyond the level that is
normally experienced. This additional quenching of Fy and Fy,
(phase II in Fig. 5) could be explained by the assumption that
photoinhibitory damage per se results not only in a rise in Fo
but also in a decrease in F,.

Relationship between Capacity for Zeaxanthin Formation and
Avoidance of Photoinhibitory Damage. The point at which pho-
toinhibitory damage became evident, as indicated by an increase
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in Fo and a precipitous decline in Fy/F), (Fig. 5), coincided with
the point at which no further increase in zeaxanthin was ob-
served. One may speculate that photoinhibitory damage occurs
only when the capacity of the system to increase the concentra-
tion of the potentially protective compound, zeaxanthin, is ex-
ceeded. To further elucidate this relationship, the changes in
pigment composition were studied in two species differing in
their susceptibility to photoinhibition and in the type of photo-
inhibitory response. Young shade leaves of H. helix responded
to high light treatments with changes in fluorescence character-
istics (net decrease in Fo, moderate decrease in Fy/F);) which
indicated a strong increase in the rate of nonradiative energy
dissipation (Table I). These leaves recovered completely from
photoinhibition within 4 h. In mature shade leaves of a second
species, M. deliciosa, the high light treatment resulted in a
pronounced photoinhibitory damage, as indicated by the net
increase in F, and a strong decrease in Fy/Fy, (Table I). In M.
deliciosa, the recovery from photoinhibition required days and
remained incomplete. These two types of leaves could also clearly
be distinguished with respect to the magnitude of the changes in
pigment composition. In young shade leaves of H. helix, a strong
increase in zeaxanthin content beyond that which can be ac-
counted for by a decrease in violaxanthin was induced within a
few hours both in the low light (2% O,, 0% CO.) and in the high
light treatment. In contrast, M. deliciosa leaves did not exhibit
the capacity for xanthophyll synthesis, apparently from g-caro-
tene, within the same time frame. The different responses may
be related to a generally higher level of biosynthetic activity in
the young Hedera leaf. These findings further suggest a protective
function of carotenoid pigments: the H. helix leaf which exhib-
ited the higher capacity for rapid zeaxanthin formation also
showed the lower susceptibility to photoinhibitory damage, and
in the leaf of P. balsamifera (Fig. 5) in which the sum of the
xanthophylls did not increase, pronounced photoinhibitory dam-
age became manifest at the point at which no further increase in
zeaxanthin occurred.

Considering (i) the previous notion that carotenoid pigments
engage in protection of the photosynthetic apparatus and (ii) our
finding that zeaxanthin was the only carotenoid pigment which
did respond to conditions of excessive excitation energy with an
increase, we conclude that the operation of the xanthophyll cycle
plays a specific role in the protection of the photochemical

apparatus against high light.
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