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INTRODUCTION

This review deals with the responses of the photosynthetic organs of plants to
high light, with an emphasis on a recently recognized mechanism that protects
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the photosynthetic apparatus against damage under conditions frequently
encountered by plants. As Powles (123) did before us, we restrict our
discussion to light absorbed by chlorophyll—i.e. visible light. Light stress
results not from high light per se, but rather from an excess of absorbed light
beyond that utilized in photosynthesis. An excess of light can arise when the
ratio of photon flux density (PFD) to photosynthesis is high. This ratio can
increase through increases in PFD or through decreases in photosynthesis at a
constant PFD, such as might occur under chilling conditions or in response to
water stress.

Plants exhibit an entire spectrum of responses to increasing PFD (Figure 1).
Over a range of PFDs, an increase in the absorption of light by chlorophyll
will result in an increase in photosynthetic CO, fixation. Above a certain
PFD, however, photosynthesis will be incapable of utilizing all the energy
absorbed by chlorophyll. In this range of PFDs various mechanisms operate
that protect the photosynthetic apparatus against damage from the accumula-
tion of excessive energy. However, whenever the utilization and dissipation
of energy through photosynthesis, in combination with the photoprotective
processes, are insufficient for dealing with the absorbed light, the photosyn-
thetic apparatus may be damaged. Whereas the interpretation of photooxida-
tive reactions as damage is unequivocal, the interpretation of the effects
related to PS Il inactivation and turnover is not, as discussed belew. Shade- -
acclimated leaves or organisms have low capacities not only for photosynthe-
tic electron transport but also for photoprotective responses such as thermal
energy dissipation (see below). They therefore experience sustained in-
activations of the photosynthetic process at much lower levels of PFD than do
sun-acclimated leaves or organisms. In contrast, in the absence of other stress
factors sun leaves may be able to dissipate full sunlight entirely, through the
combination of high rates of photosynthetic electron transport and high rates
of thermal energy dissipation. We also examine several examples of increased
photoprotective energy dissipation in sun leaves exposed to a combination of
high light and other environmental stress factors.

Several reviews on the responses of plants to high light have appeared
previously, each emphasizing the aspects of this response that were currently
receiving the most attention. Bjorkman (23; see also 12-15) reviewed the
acclimation of the photosynthetic apparatus to different PFDs—an acclima-
tion that allows a greater capacity for the utilization of high light levels by
leaves that develop under higher PFD than by leaves that develop under lower
PFD. Interest has also focused on the set of conditions under which damage
can occur (36, 96, 115, 123). Although damage to the photosynthetic appara-
tus was widely considered to be the primary response of leaves to excessive
light, some photoprotective responses were considered in the review of
photoinhibition in this series eight years ago (123); Krause (92) and Baker
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Figure | Schemati¢ representation of the responses of the photosynthetic apparatus of plants to ;-

the absorption of increasing levels of PFD, including the utilization of light through photosynthe- :
sis, various photoprotective responses, and potential damage. The regions of overlap represent
areas where the interpretation of the response is controversial, or where the response could be
viewed as both utilization and photoprotection, or photoprotection and damage. The relative
magnitude of the different responses is generally illustrated in the lower three boxes for a shade
leaf. a sun leaf, and a sun leaf that experiences one or more additional stresses. It is not known to
what degree inactivation/turnover of PS II (and possible photooxidation) occurs in sun leaves
acclimated to additional stresses.

(17) attended to both types of responses as well. The role of thermal energy
dissipation in photoprotection and photoinhibition was examined recently (42;
see also 24-26, 44, 46, 52, 94), whereas other aspects of photoprotection
(scavenging of active oxygen species) have been reviewed by Asada &
Takahashi (16; see also 63).

Prior to the occurrence of any photooxidative processes, another phenom-
enon takes place: “Photoinhibition” of photosynthesis had originally been
defined as a decrease in the rate of photosynthesis, particularly in the efficien-
cy of photosynthetic energy conversion. During the previous decade the term
photoinhibition was used almost synonymously with damage to Py H-
However. it has now been demonstrated that a decrease in the efficiency of
photosynthetic energy conversion (i.e. photoinhibition) can result not only
from some form of “damage” to PS II but also from an increase in thermal
energy dissipation, which is a photoprotective process and does not represent



602 DEMMIG-ADAMS & ADAMS

damage (Figure 1). While measurements of photosynthesis rates and of
chlorophyll fluorescence (of the ratio of variable to maximum fluorescence
from PS 11, F/F.; 4, 27, 39, 94) have allowed the identification of decreases
in photochemical efficiency under a wide range of conditions (including
high-light exposures of shade-grown organisms and the exposure of sun
leaves to high light in combination with other environmental stresses), these
measurements have not allowed an unequivocal separation between decreases
in photochemical efficiency resulting from an increase in thermal energy
dissipation and decreases that may be associated with some form of “dam-
age.” It has been shown that increases in thermal energy dissipation can,
under some conditions, be sustained upon return to low (or non-excessive)
light such that the kinetics of the recovery process cannot be used to distin-
guish between protective responses to, and adverse effects of, high light.

One model has been used (90; but see also 94) in which the particular
chlorophyll fluorescence characteristics were interpreted to indicate, on the
one hand, thermal energy dissipation presumably in the chlorophyll pigment
bed (decrease in the instantaneous and maximum fluorescence yield, F, and
F.: see 5-8, 20, 24, 25, 28, 39, 40, 42, 49, 50, 53, 127, 149) and, on the
other. an inactivation of the photochemical reaction center of PS Il or a
decreased transfer of excitation energy to PS II (increase in the instantaneous
fluorescence yield; see 6, 8, 24, 25, 39, 48, 59, 64, 77, 139). The controversy
between “damage” to the photosynthetic apparatus and photoprotective ener-
gy dissipation in response to high light has persisted for some time and 1S
further complicated by the fact that different investigators examine widely
differing plant materials under treatment conditions that are also disparate. In
most studies, shade-grown leaves or algae have been exposed to several times
the growth PFD (and often higher than full sunlight), and in other studies
isolated systems (such as thylakoids), which apparently lack some of the
photoprotective responses, have been exposed to highly excessive PFDs.
There is now reason to believe that the responses of such systems to an €xcess
of light are qualitatively different from the responses of plants growing in
natural sunlight (cf Figure 1).

In this review we emphasize a major photoprotective process, involving the
xanthophyll cycle, that facilitates the dissipation of excessive energy directly
within the chlorophyll pigment bed under conditions normally encountered by
plants in the field. Not only can the xanthophyll cycle respond rapidly to
changes in absorbed light to provide protection during peak PFD each day,
but the content of the xanthophyll cycle components themselves exhibits
pronounced acclimation such that the leaves of plants found in high light
habitats have larger pool sizes of the xanthopyll cycle components and thus
presumably a much greater capacity for photoprotective energy dissipation
than do the leaves of plants in shaded habitats. This factor makes a major
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contribution to the difference between the responses of shade and sun leaves
or organisms to high light.

UTILIZATION OF LIGHT THROUGH PHOTOSYNTHETIC
ELECTRON TRANSPORT

The primary function of the chloroplast can be considered to be the utilization
of the products of photosynthetic electron flow for the fixation of CO; by
Rubisco. Up to a certain level of PFD, increases in PFD result in further
increases in photosynthetic CO» fixation, and increases in the PFD the plant
experiences every day result in increases in their maximal photosynthetic
capacity. This acclimation of the photosynthetic apparatus to high PFD
includes an increase in the levels of most of the photosynthetic electron
transport carriers, as well as an increase in the capacity of the biochemistry of
photosynthesis, particularly in the level of the enzyme responsible for fixing
CO, (and O;), Rubisco (12—14). Therefore sun plants (or leaves) have a
greater capacity to “dissipate” high levels of PFD by utilizing the captured
energy through photosynthesis than can shade plants (Figure 1). This acclima-
tion may thus also result in a higher capacity of electron transport reactions
leading to acceptors other than CO,.

Both for short-term increases in incident PFD and for longer-term increases
in growth PFD, other reactions in addition to CO, fixation: can contribute to
supporting photosynthetic electron flow. These reactions would include the
fixation of O, by Rubisco, leading to the formation of phosphoglycolic acid as
the initial step in photorespiration (17; see also 83). It has been shown that in
water-stressed cotton the ratio of oxygenation to carboxylation increases
while the absolute rates of both decrease (30). There 1s also the potential for
the direct reduction of O, by PS I in the Mehler reaction, leading to the
formation of O; and then H,0O, (82). Whereas these products of the Mehler
reaction are potentially damaging species (16; see also 152, 153), it has been
pointed out that the Mehler reaction nonetheless does represent a dissipative
pathway (123), particularly when coupled to the ascorbate peroxidase reaction
(see below; 63, 135). Further studies are necessary to determine under what
conditions direct O, reduction in the Mehler reaction occurs in vivo, and what
the potential for these reactions in the dissipation of excitation energy might
be. The reduction of other compounds [e.g. nitrogen (33) or, possibly, sulfur
(10)] by electrons from photosynthetic electron transport also occurs, but not
necessarily at a high rate. All of the above reactions that can sustain some
level of electron flow may. however, have an important role—e.g. when
photosyathetic rates are low—in the build-up of a transthylakoid pH gradient,
which Is in turn the prerequisite for the major thermal energy dissipation
process in the photochemical system (see below).
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PHOTOPROTECTION

Prevention of Excessive Light Absorption

Whereas photoprotection afforded through the removal of excess excitation
energy (thermal dissipation) within the photochemical apparatus and removal
of active oxygen (discussed in the following two sections) appear to be
ubiquitous in higher plants, the mechanisms whereby the absorption of light
by chlorophyll is decreased are varied and species specific. Such responses
include the movement of chloroplasts and whole leaves. Some plants can alter
leaf angle over short time intervals (minutes), an action that can decrease the
absorption of light when the leaf blade 1s positioned parallel to the incident
light (29, 91, 124). Such movements may become persistent under conditions
of heat or drought stress (62, 67, 99).

Over longer time intervals leaves may develop with leaf angles that
minimize light absorption where growth occurs 1n excessive light (57). Like-
wise, leaves may develop greater surface reflectance (due to pubescence, a
waxy cuticle, or the accumulation of salt on the epidermis) under conditions
where light is excessive (38, 107). Absorption of (excess) light within the leaf
by screening compounds (pigments) other than chlorophyll may also reduce
the amount of light absorbed by chlorophyll, but whether the accumulation of
such compounds is photoprotective is not yet known.

Removal of Excess Excitation Energy Directly within the
Light-Capturing System

Upon the absorption of more light than can be utilized through photosynthetic
electron transport, several photoprotective mechanisms can prevent the poten-
tially damaging accumulation of excitation energy in the photochemical
apparatus. One of the most recently discovered of these is the harmless and
controlled thermal dissipation of excessive energy directly within the photo-
chemical system, presumably in the chlorophyll pigment bed (20, 39, 42, 53,
68. 75. 127). This dissipation process, the main focus of our review, involves
the xanthophyll cycle, or rather the de-epoxidized state of the xanthophyll
cycle (especially the xanthophyll zeaxanthin; 42). We discuss primarily ther-
mal energy dissipation as determined from changes in chlorophyll fluores-
cence from PS I1. However, there is evidence that the same process occurs In
PS I as well (39, 69, 136; S. S. Thayer, H. Y. Yamamoto, and O. Bjoérkman,
personal communication). Other suggested dissipative mechanisrs within the
photochemical apparatus (see 94) include a charge-recombing:ion process
within the reaction centers (149), as well as a dissipative electron cycle
around the reaction center of PS II (60, 126, 134).

To date there has been only one study (30) on the crop plant cotton, in
which it was shown that even in a well-watered plant with high rates of
photosynthesis only 25% of the absorbed light at peak PFD in the field was
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used for CO, fixation, 19% for photorespiration (i.e. 44% used in photosyn-
thetic electron transport), and the remaining 56% was completely accounted
for by thermal energy dissipation as quantified from a decrease in the yield of
chlorophyll fluorescence. In such sun leaves there is no evidence of any
damage, nor indeed of any sustained reductions in the efficiency of
photosynthetic energy conversion—despite the fact that they do experience an
excess of light, absorbing more than twice as much energy as is utilized in
electron transport. Leaves such as these do experience transient decreases in
the efficiency of photosynthetic energy conversion, resulting from the in-
creased thermal dissipation at midday—decreases that are fully reversible.

When sun-exposed leaves experience other environmental stress factors in
addition to high light, the fraction of light experienced by these leaves as
excessive can increase strongly. Such conditions can result in sustained
reductions in the efficiency of photosynthetic energy conversion that were
thought to indicate some form of damage (123). However, in several recent
studies a combination of light with other environmental stress factors under
field conditions induced a pronounced and sustained increase in thermal
energy dissipation that could largely account for the change in photochemical
efficiency (5, 25, 30; cf Figure 1). These examples are discussed in further
detail below.

Removal of Active Oxygen Formed in the
Photochemical Apparatus

Two main forms of active oxygen are apparently involved in the initiation of
photooxidative damage, the superoxide anion radical, O, , and its products
and singlet oxygen, 'O,. It has been suggested that both the superoxide anion
radical and singlet oxygen are involved—e.g. in chilling-enhanced photoox-
idations (in chilling-sensitive leaves; 85, 152, 153). Various antioxidants,
most importantly reduced ascorbate and reduced glutathione, can be involved
in the de-activation of these species in multiple ways (for a review see 16).

As mentioned above, the direct reduction of O, by PS I (the Mehler
reaction) results in the formation of the superoxide anion radical, O; . The
enzyme superoxide dismutase converts Oy to hydrogen peroxide, H,0,, and
the latter can subsequently react with ascorbate via ascorbate peroxidase to
form water and oxygen. Ascorbate can be oxidized in two steps; first to the
monodehydroascorbate radical, which is re-reduced directly by NADPH (via
monodehydroascorbate reductase) and, second, potentially further to de-
hydroascorbate, which is re-reduced (via dehydroascorbate reductase) by
reduced glutathione, which is in turn also reduced by NADPH (via glu-
tathione reductase; see 16, 63). Various components of this ascorbate (and
glutathione) metabolism have been found in increased amounts under excess
light in leaves acclimated to such conditions, particularly at chilling tempera-
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tures (e.g. 38, 80, 86, 132, 133) but also under water stress (65). Further-
more, the chloroplasts of leaves that develop in high light environments
possess greater quantities both of ascorbate and of various enzymes involved
in ascorbate metabolism than do leaves that develop in the shade (63, 70).

Ascorbate serves not only to reduce hydrogen peroxide but also to reduce
violaxanthin to antheraxanthin and zeaxanthin in the xanthophyll cycle (137,
154). Thus in addition to supporting some rate of linear electron flow via its
consumption of NADPH and H,O,, ascorbate facilitates the formation of
zeaxanthin and thereby the development of thermal energy dissipation. It has
furthermore recently been suggested that the former reaction may also be
involved in thermal energy dissipation. It has been hypothesized that the
Mehler peroxidase reaction induces the development of a large transthylakoid
pH gradient (since it supports linear electron flow without ATP consumption)
that in turn promotes significant zeaxanthin formation (111; see also 135).
The extent to which this reaction occurs in vivo remains to be explored
further.

Another species of oxygen that can be formed in the thylakoid membranes
is the highly reactive (and damaging) singlet excited state of oxygen ('O,),
which can be formed through interaction with the excited triplet state of
chlorophyll. Upon absorption of a photon, chlorophyll enters the excited
singlet state, which normally leads to photochemistry. However, under an
excess of light, accumulating chlorophyll molecules In the excited singlet
state can enter the excited triplet state. The interaction of such chlorophyll
molecules in the excited triplet state with oxygen leads to the generation of
'0,. The photoprotective function of carotenoids in photosynthesis has been
thought to be limited to this area: De-excitation of 'O, or of the triplet excited
state of chlorophyll directly (95, 138). Leaves that have developed in high
light possess larger total carotenoid pools than do leaves that have developed
in the shade (see below). We suggest below that carotenoids have another
function, namely a process involving the xanthophyll cycle (zeaxanthin)
leading to the de-excitation of chlorophyll molecules in the singlet excited
state through zeaxanthin.

INACTIVATION/TURNOVER OF PS 1l

With regard to the phenomenon of photoinhibition, more attention has prob-
ably been focused on the PS 11 reaction center proteins (particularly D) than
on any other single factor. The D, protein (also referred to as the 32-kDa
herbicide-binding or Qg protein) carries several of the primary components of
the photochemical reaction sequence that are affected during the inactivation
of PS II through extremely excessive PFDs and considerably prior to removal
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of D, (32, 34, 35, 143, 147). Light also stimulates D, protein turnover (104,
150). This turnover consists of the assembly of complexes, which takes place
within the stromal lamellae, followed by migration of these complexes into
the granal lamellae and a degradation process involving the translocation of
PS II components from granal to stromal lamellae (11, 86, 103; see also 15).
Several investigators (see 96, 115) have suggested that the D, protein is
damaged by high light and subsequently replaced, and studies using inhibitors
of protein synthesis have shown that recovery from photoinhibition can be
dependent on protein synthesis (64, 77, 78, 130, 148). It was therefore
suggested that the migration of PS II complexes (carrying D,) between
stromal and granal thylakoids represents a “PS II repair cycle” involving
migration of “damaged” PS II centers [without their light harvesting complex
II (LHC-II) peripheral complex] out of the granal thylakoids and migration of
undamaged (but inactive) PS II centers (also without peripheral LHC-II) into
the stromal lamellae (11, 86, 105, 110). A model was proposed suggesting
that the extent of photoinhibition is determined by the relative rates of such
“damage” and “repair” during exposure to excessive light in leaves (77, 78)
and algae (98, 129, 130).

Further responses involving reversible movements of various components
of PS II from granal to stromal thylakoids have also been described: A
disconnection of PS Il from the LHC-II peripheral complex followed by
migration of PS II from granal to stromal thylakoids was observed at elevated
(144, 145) and at chilling (102) temperatures. However, these responses were
suggested to be of a photoprotective nature, decreasing the antenna size of PS
I1 under excess light and possibly leading to other changes that make the PS 11
centers without LHC-II less susceptible to damage (101; see also 35). It is
unclear which other aspects of PS II heterogeneity (for reviews see 76, 94) are
involved in this response.

How are the various forms of modification and translocation of PS II
components related, on one hand, to each other and, on the other hand, to
normal turnover, any destruction by excessive light, and photoprotective
responses? The observations discussed above may represent different aspects
of the same phenomenon. This phenomenon might consist of a photoinhibi-
tory inactivation of PS II that depends on protein synthesis for its reversal but
that, nevertheless, has a photoprotective quality involving some form of
increased energy dissipation within the PS II center (see discussions in 94,
117, 119, 139, 140). Alternatively, these could be two distinct phenomena, a
reversible conversion of PS II centers into an inactivated but dissipating form
(see also 126. 134, 149), and a removal and replacement of PS Il com-
ponents. In either case, consideration must be given to the possibility that
reductions in photochemical efficiency (F,/F,) may be associated with some
form of energy dissipation not only when they result from increased thermal
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energy dissipation in the chlorophyll pigment bed, but also when caused by an
inactivation of the PS II centers.

Apart from the current controversy over the nature of the inactivation of the
PS II centers, however, the question whether this phenomenon occurs in
plants acclimated to conditions of excess light remains to be investigated.
Studies that have identified the reaction center complexes as the site of
photoinhibition have generally used organisms grown under low PFD (or
isolated chloroplasts or thylakoids) and then experimentally exposed to high
PFDs. Preliminary experiments with sun leaves exposed to PFDs equivalent
to full sunlight under otherwise favorable conditions suggest that their re-
sponse does not involve an equilibrium between inactivating and protein
synthesis—dependent recovery processes, as long as thermal energy dissipa-
tion occurs (B. Demmig-Adams and W. W. Adams III, unpublished data). In
such leaves only the inhibition of thermal energy dissipation (with dithiothrei-
tol, DTT: see below) resulted in a sensitivity of the recovery process to the
protein synthesis inhibitor chloramphenicol. Furthermore, the reversible
photoinhibition, possibly involving the PS II reaction center, that 1s observed
in nonhardened spinach leaves at chilling temperatures in the light is avoided
in leaves acclimated to such temperatures in the field (142; see also 139, 140),
possibly through an increased scavenger activity and an increase in thermal
energy dissipation via zeaxanthin (133).

THE XANTHOPHYLL CYCLE AND THERMAL ENERGY
DISSIPATION: A PHOTOPROTECTIVE RESPONSE

Characteristics of the Xanthophyll Cycle

The xanthophyll cycle consists of light-dependent conversions of three xan-
thophylls (oxygenated carotenoids) in a cyclic reaction involving a de-
epoxidation sequence from the diepoxide violaxanthin via the monoepoxide
antheraxanthin to the epoxide-free form zeaxanthin, and an epoxidation se-
quence in the reverse direction (for reviews see 81, 137, 154). These two
reaction sequences are catalyzed by two different enzymes and can occur
simultaneously in the light. This xanthophyll cycle is present in the thylakoid
membranes of all higher plants, ferns, mosses, and several algal groups (46,
81, 131, 146). The formation of zeaxanthin is not restricted to those orga-
nisms that possess the xanthophyll cycle, and zeaxanthin can be found in most
aerobic photosynthetic organisms that have developed under conditions of
excessive PFD (42, 46).

The dependence of the reactions of the xanthophyll cycle on light 1s the
consequence of the regulation, and not the biochemistry. of the cycle (for
reviews see 81. 137, 154). This regulation is exercised by several tfactors
associated with photosynthetic electron transport (see below); it results in the
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accumulation of zeaxanthin under an excess of light and the reconversion of
zeaxanthin to violaxanthin upon return to non-excessive light levels. As PFD
increases (see Figure 1) there is no de-epoxidation of violaxanthin as long as
all of the absorbed light is utilized through photosynthetic electron transport
(in the linear portion of a PFD response curve of photosynthesis—i.e. in the
photon yield region). Violaxanthin begins to be converted to antheraxanthin
and zeaxanthin at the PFD at which photosynthesis can not use all of the
excitation energy. The content of zeaxanthin in leaves has been shown to
increase with increasing degrees of excess PFD from there on (20, 53; for
reviews see 42, 44, 46).

Several regulatory factors (81, 137, 154) allow the fine-tuning of the
formation of zeaxanthin to the amount of excess PFD absorbed. The de-
epoxidation of violaxanthin to zeaxanthin requires a low (acidic) thylakoid
lumen pH (see also 122) and reduced ascorbate (which 1s re-reduced by
NADPH); the availability of violaxanthin to the de-epoxidase may also be
regulated, although this latter possibility has not been fully clarified. The
epoxidation of zeaxanthin to violaxanthin requires O, and NADPH and has a
higher pH optimum than the de-epoxidation reactions. The xanthophyll cycle
also operates in both PS Il and PS I, and it is regulated by the same parameters
in both photosystems (S. S. Thayer, H. Y. Yamamoto, and O. Bjorkman,
unpublished data; see also 136). Y ' - :

Recent progress in the investigation of the xanthophyll cycle has been
stimulated by methodological progress—e.g. much-improved techniques for
HPLC separation of zeaxanthin and lutein (74, 146), as well as the use of
absorbance change measurements from whole leaves (20-22).

Association among the De-epoxidized State of the Xanthophyll
Cycle, Thermal Energy Dissipation, and Photoprotection

Another parameter that typically increases along with an increasing excess of
light absorbed by chlorophyll is thermal energy dissipation, presumably in the
chlorophyll pigment bed. This dissipation activity can be quantified from
changes in the yield of chlorophyll fluorescence, and several approaches that
give similar results have been used (20, 42, 43, 46). Linear relationships
between the amount of zeaxanthin (or the de-epoxidation state of the xantho-
phyll cycle) and thermal energy dissipation have been observed in leaves
under a wide range of conditions, including situations in which energy
dissipation is rapidly reversible (20, 43, 49, 53, 54, 75) upon termination of
the treatment with excessive light (a type of change in the yield of fluores-
cence that has been referred to as “energy-dependent” or “pH-dependent
quenching”™; 92-94) as well as those in which both thermal energy dissipation
and the level of zeaxanthin decrease slowly upon return to non-excessive light
(41). There are, however, situations in which zeaxanthin is present and there
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is no thermal dissipation of energy, although only in the absence of excessive
light (22, 52, 54, 75).

The strongest evidence to date in support of a causal relationship between
zeaxanthin and thermal energy dissipation has been obtained using an in-
hibitor of the de-epoxidation of violaxanthin to zeaxanthin, DTT (155), In
intact leaves (3, 20-22, 49, 75, 151) and lichens (42, 43, 47). In systems In
which zeaxanthin formation has been prevented by the presence of DTT,
exposure to excessive light produces no rapidly reversible decrease in the
yield of chlorophyll fluorescence—i.e. no increase in thermal energy dissipa-
tion. Leaves that contained and retained zeaxanthin and were subsequently
treated with DTT exhibited no inhibition of thermal energy dissipation (O.
Bjorkman and W. Bilger, personal communication), and thus the inhibition of
thermal energy dissipation by DTT is through the inhibition of zeaxanthin
formation. The inhibition of thermal energy dissipation (in DTT-treated
systems) is accompanied by an increased reduction state of PS 11 centers—i.e.
by an accumulation of excitation energy in PS II—which is thought to result
in adverse effects. A sustained decrease in the efficiency of photosynthetic
energy conversion can be detected in DTT-treated systems after treatment
with high light.

Similar results with regard to the development of thermal energy dissipa-
tion, the reduction state of the PS II centers, and sustained decreases in the;
efficiency of photosynthetic energy conversion have been obtained in other
studies comparing systems in which zeaxanthin formation did not occur with
systems in which zeaxanthin could form rapidly. These have included treat-
ment of leaves under chilling conditions (which inhibits the enzymatic con-
version of violaxanthin to zeaxanthin; 55) and comparisons of lichens both
with green algal phycobionts (which possess the xanthophyll cycle) and with
blue-green algal phycobionts (which do not possess the xanthophyll cycle and
thus cannot form zeaxanthin rapidly; 47, 48, 51). Blue-green algal lichens
that did possess zeaxanthin (synthesized slowly over days) exhibited re-
sponses similar to those of green algal lichens (47).

With regard to the situation in which zeaxanthin can be present in the
absence of thermal energy dissipation, it has been suggested that the thylakoid
membrane must be in the energized state (i.e. that light must be excessive) 1n
order for zeaxanthin to be active in thermal energy dissipation (42, 46). The
factors responsible for inducing this activity apparently involve the presence
of a pH gradient across the thylakoid membrane (a low lumen pH; 72) as well
as another. unidentified condition that may in fact be induced by a low lumen
pH (71. 73, 75). Thus similar factors (those that respond to an excess of
absorbed light) regulate both the formation of zeaxanthin (biochemical con-
trol) and its activity in thermally dissipating excessive excitation energy
(biophysical control).
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Several hypotheses have been offered about the nature of the involvement
of zeaxanthin 1n energy dissipation. Investigators have obtained results that
they interpret to indicate that there is one energy dissipation process (charac-
terized by a decrease in the yield of both F, and F.,)) that is dependent on
zeaxanthin, and that there may be another process that alse causes a decrease
in the yield of chlorophyll fluorescence and can also be ra; :dly reversible (3,
49, 72, 75). We have suggested that zeaxanthin may in some (direct or
indirect) manner facilitate the de-excitation of accumulated chlorophyll sin-
glet excited states (42, 44, 52). In contrast, Horton and coworkers (112, 127)
have suggested that zeaxanthin modifies the pH response of a thermal energy
dissipation process (the only one in their interpretation) to allow this process
to occur at pH values presumably normally found in vivo. As mentioned
above, 1t has furthermore now been suggested that the effect of the Mehler
peroxidase reaction also occurs via an increased formation/activation of zeax-
anthin (111). All of these investigators seem to agree that zeaxanthin is
involved in thermal energy dissipation and that this 1s the major photoprotec-
tive dissipation process that occurs in leaves over a range of conditions
normally encountered by plants.

Operation of the Xanthophyll Cycle in the Field

DIURNAL DE-EPOXIDATION AND EPOXIDATION In this section we describe
“the response of the };aﬁthmphyll_ cycle to daily changes in incident PFD in
leaves of plants growing in full sunlight but not subject to any other environ-
mental stress. In such plants there are pronounced changes in the (de-)epoxi-
dation state of the xanthophyll cycle over the course of a day. As incident
PEFD 1increases, de-epoxidation of violaxanthin occurs and zeaxanthin levels
increase along with PFD, and as PFD levels decline in the afternoon zeaxan-
thin 1s reconverted to violaxanthin (Figure 2). This is a typical response and
has been observed in a wide range of plant species growing in natural sunlight
(2). Thus the xanthophyll cycle operates in the field even in photosynthetical-
ly highly active plants, as has been shown for a variety of annual crop species,
as well as in other species with lower rates of photosynthesis (2, 44, 46, 50).
A close relationship between the absorption of excess light and the de-
epoxidation of violaxanthin and thus formation of zeaxanthin has also been
demonstrated using leaves with different orientations that receive peak PFD at
different times during the day. In such leaves the peak levels of zeaxanthin are
found in each leaf during the period of maximum incident PFD, either during
the morning, at midday, or during the afternoon, depending upon the particu-
lar exposure (9; see also 50).

Similar responses of changes in the vield of chlorophyll tluorescence to
incident PFD have been obtained from a variety of plants growing in the field
(1, 5, 7, 8, 50), which indicates that pronounced diurnal changes in thermal
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Figure 2 Diumnal changes in the photon flux density incident upon the upper leaf surface, the
level of zeaxanthin, and the epoxidation state of the xanthophyll cycle (EPS = [violaxanthin +
0.5 antheraxanthin]/[oiaxanthin + antheraxanthin + zeaxanthin]) in leaves of the mesophyte
Malva neglecta and the xerophytic shrub Euonymus kiautschovicus on 135 September 1990 in
Boulder. Colorado. The COs-saturated rates of photosynthetic O, evolution (PO-) determined at
1950 wmol photons m™" s~ ' and 25°C are also given for similar leaves from the same plants. The
pool size of the xanthophyll cycle was | 14.8=6.5 (n = 8) mmol violaxanthin + antheraxanthin
+ zeaxanthin per mol chlorophyll a + 5 1n E. kigutschovicus and 157.4=10.1 (n = 8) in M.
neglecta. Data from Ref. 2.
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energy dissipation of the type associated with zeaxanthin (quenching of F,
and F,,) occur in the field. More concomitant measurements of zeaxanthin
content and thermal energy dissipation activity are needed. Nonetheless, it
does appear that zeaxanthin 1s associated with the major thermal energy
dissipation process in plants in the field, at least under favorable conditions.
An 1ncrease 1n thermal energy dissipation is associated with some decrease
in the photochemical efficiency of PS II (F./F,,) and in the photon yield of
photosynthesis (5, 30; see also 24, 39). Other reported changes in F./F,, in
response to incident PFD in the field may also involve increases in thermal
energy dissipation associated with zeaxanthin (1, 7, 8, 50, 79, 114, 119).
The degree to which the xanthophyll cycle is de-epoxidized at midday can
vary considerably among leaves of different species (or even the same spe-
cies) depending on their capacity for photosynthetic electron transport (see
Figure 2; 2, 45, 146). Leaves with the higher rates of photosynthesis exhibited
less de-epoxidation (they formed less zeaxanthin at peak PFD—i.e. they had a
higher epoxidation state, EPS); leaves with lower rates of photosynthesis
exhibited more de-epoxidation (they formed more zeaxanthin—i.e. had a
lower EPS). From the observation that cotton dissipated (probably via zeaxan-
thin) all of the energy in excess of that utilized through photosynthetic
electron transport (see earlier; 30) it can be concluded that the percentage of
(thermally) dlsmpated excitation energy and thus the deg,ree of de-epoxidation
of the xanthﬂphyll cycle should in turn indicate what fraction of the absorbed
light 1s utihized. A linear relationship between the epoxidation state of the
xanthophyll cycle and ratio of photosynthesis/PFD (multiplied by the pool
size of the xanthophyll cycle) has recently been reported for a variety of
species with different rates of photosynthesis (146). The potential of this
relationship for the remote sensing of photosynthetic performance of plants
from the status of the xanthophyll cycle is currently being explored (66).

SHADE-SUN ACCLIMATION OF THE XANTHOPHYLL CYCLE POOL The size
of the xanthophyll cycle pool (violaxanthin + antheraxanthin + zeaxanthin)
undergoes a marked acclimation to the light environment (45, 56, 146). In
leaves that have developed in low light, the xanthophyll cycle pool is relative-
ly small, whereas in leaves that have developed in high (sun) light the
xanthophyll cycle pool can represent more than 30% of the total carotenoids
present 1n the photosynthetic apparatus (Figure 3). This holds for species
typically found either only in the shade or only in full sunlight, and for leaves
of the same species that develop in different light environments. (3-carotene
also exhibits similar changes in response to PFD during development, and this
1s consistent with a specific stmulation of [(3.3-carotenoid synthesis (S-
carotene and the three xanthophylls of the xanthophyll cycle are all B,83-
carotenoids; see also 88) in response to high (or excessive) PFD. In contrast,
a-carotene appears to accumulate in larger amounts in the shade, and the
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SHADE LEAVES SUN LEAVES

Rainforest species Crop species

SHADE SUN

17%

Figure 3 Comparisons of the carotenoid composition of seven deep-shade-grown rainforest
species with seven annual crop species grown in full sunlight, and two leaves of Virginia creeper
(Parthenocissus quinquefolia), one of which developed in deep shade and one of which de-
veloped in full sunlight. V + A + Z = violaxanthin + antheraxanthin + zeaxanthin = total
components of the xanthophyll cycle; L = lutein; BC = B-carotene; aC = a-carotene; N =
neoxanthin. The relative sizes of the pie diagrams reflect the difference in the total carotenoid
content on a chlorophyll basis between the sun and shade leaves. Data from Ref. 45.

accumulation of neoxanthin and lutein does not appear to be influenced by
PFD in a consistent pattern. This shade-sun acclimation of the xanthophyll
cycle pool size 1s a general response and has been found in similar magnitudes
in a total of 36 different species of higher plants in two surveys (43, 146), in a
moss (131), a marine macroalga (64, 84), and in a variety of green algal
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lichen species when these experience high light in the moistened state (W. W.
Adams 11, B. Demmig-Adams, and O. L. Lange, unpublished data). Even in
organisms that do not possess a xanthophyll cycle, the content of zeaxanthin
(per chlorophyll) was higher in high-light than in low-light environments, as
reported for a red alga (37) and for blue-green algae (106, 120). An increased
zeaxanthin content or an increase in the xanthophyll cycle pool size (allowing
for a greater potential for the formation of zeaxanthin) is presumably related
to a greater capacity to dissipate excess excitation energy thermally. There-
fore the shade-sun acclimation of the photosynthetic apparatus involves an
increased capacity not only for the utilization of light in photosynthesis, but
also for photoprotective thermal energy dissipation.

It has been suggested that the stimulation of the synthesis of the xantho-
phyll cycle components occurs in response to the degree of excessive PFD.
However, it may also be the case that a large xanthophyll cycle pool (particu-
larly on a leaf area basis) is associated with a high rate of photosynthesis/high
metabolic rate (which in turn can support high rates of carotenoid biosynthe-
s1s). This interpretation is suggested by a report that among species growing
in full sunlight those with the higher photosynthesis rates ( mostly annual crop
species) also had the largest xanthophyll cycle pools, in spite of the fact that
they experienced lesser degrees of excessive light than a variety of perennial
shrubs and vines with xanthophyll cyele pools equal to or smaller than those
in the annual crop species (45). These differences are illustrated by the two
species shown in Figure 2. Malva neglecta (a mesophyte), with a high rate of
photosynthesis, exhibited a relatively high epoxidation state at midday owing
to a lesser degree of zeaxanthin formation as well as a large total xanthophyll
cycle pool. Euonymus kiautschovicus (a xerophytic shrub), with a lower rate
of photosynthesis, exhibited a low epoxidation state at midday owing to the
formation of a high level of zeaxanthin coupled with a xanthophyll cycle pool
smaller than that found in M. neglecta. It thus seems clear that rapidly
growing, mesophytic species, for example, have the potential to form zeaxan-
thin far in excess of that required for thermal energy dissipation in full
sunlight under otherwise favorable conditions. It is not known, however, to
what degree more xerophytic shrubs and vines maintain the level of the
xanthophyll cycle pool at an amount just sufficient for thermal energy dissipa-
tion, or if they may also rely on other means of photoprotection.

RESPONSE OF THE XANTHOPHYLL CYCLE TO THE INTERACTION OF LIGHT
AND ENVIRONMENTAL STRESS FACTORS A variety of environmental stress
factors can influence the operation of the xanthophyll cycle. This influence is
probably not direct but rather acts through effects on the capacity for
photosynthetic electron transport. Any environmental stress factor that causes
a decrease in photosynthesis rates (as many do) will have the effect of
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increasing the ratio of PFD/photosynthesis, even if PFD remains constant.
Under such circumstances continued absorption of light by chlorophyll leads
to an increased level of excess excitation energy, and any increase in the
amount of energy dissipated thermally should provide greater photoprotec-
tion. This topic still requires considerable investigation, but the evidence to
date indicates that zeaxanthin is important in the dissipation of additional
excessive energy when plants are subjected to some envircnmental stress
factor in the presence of light. In some cases (see below) this response
involves a slow reversal of the increase in zeaxanthin-associated energy
dissipation upon return to favorable conditions. However, stress does not
necessarily cause sustained effects on photochemical efficiency (100).

Water stress Upon cessation of watering, leaves of Nerium oleander (which
does not perform osmotic adjustment) exhibited sustained decreases in the
yield of chlorophyll fluorescence indicative of increased thermal energy
dissipation (25, 41), as well as sustained increases in the level of zeaxanthin
(41), when such leaves remained at the growth PFD throughout the period of
desiccation. The xanthophyll cycle pool also increased in size as water stress
developed over a number of days (41). In this case the phenomenon of
“photoinhibition,” i.e. the sustained decrease in the efficiency of photosyn-
thetic energy conversion, is apparently largely caused by a photoprotective
response (25, 1. 1

In cotton (which does exhibit osmotic adjustment), water stress also re-
sulted in an increase in thermal energy dissipation (30). The percentage of the
absorbed light dissipated thermally increased from 56% under well-watered
conditions (water potential = —1.1 MPa) to perhaps as much as 75% under
severe water stress (water potential = —2.8 MPa). Decreases in the yield of
chlorophyll fluorescence indicative of increased thermal energy dissipation of
up to 98% of the absorbed light have also been observed in several other
species experiencing water stress under natural conditions in the field (5, 7).

Salinity Sustained decreases in the efficiency of photosynthetic energy con-
version were observed in the leaves of mangroves exposed to full sunlight on
the eastern coast of Queensland, Australia. These decreases in photochemical
efficiency could be fully accounted for by increases in thermal energy dissipa-
tion (25, 28), probably associated with zeaxanthin (see 56). Further con-
comitant assessments of thermal energy dissipation and zeaxanthin content
should be performed on both halophytes and nonhalophytes exposed to saline
conditions in the field. With respect to energy dissipation there are indications
that cotton. a halotolerant nonhalophyte. exhibits a response to growth under
high salinity different from that of mangroves (E. Brugnoli and O. Bjorkman,
personal communication).
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Nutrient stress In maize seedlings, nitrogen limitation results in a reduction
in both shoot growth and the capacity for photosynthesis; it also resulted in an
Increase in leaf zeaxanthin content (89). Under excessive PFD, nitrogen-
deticient plants increased their thermal energy dissipation (as quantified from
decreases in chlorophyll fluorescence yield). Another interesting study on the
effect of nitrogen availability found that the dominant carotenoid in plankton
In nitrate-rich surface waters was fucoxanthin, whereas the major carotenoid
present 1n plankton from nitrate-poor surface waters was zeaxanthin (116).
Thus, when the nitrogen supply is sufficient, light capture appears to be
emphasized (fucoxanthin is a carotenoid involved in the transfer of captured
energy to chlorophyll); when nitrogen is limiting (presumably to the construc-
tion of the photosynthetic apparatus), photoprotection appears to be empha-
sized as a means of dissipating the absorbed energy.

Iron deficiency in sugar beet leaves caused a loss of chlorophyll and a
smaller decrease in the xanthophyll cycle pool size, resulting 1n an increase in
the size of the pool per chlorophyll (108). In spite of the fact that these plants
were growing at only ~20% of full sunlight, the de-epoxidation state of the
xanthophyll cycle increased strongly (almost to complete de-epoxidation)
with increasing iron deficiency. This finding is consistent with the relation-
ship between the degree of excess light and the epoxidation state of the
xanthophyll éycle. - :

High temperature The rate of de-epoxidation of violaxanthin to zeaxanthin
Increases with iIncreasing leaf temperature (21), as would be expected of an
enzymatic reaction. A similar temperature response has been obtained for the
development of thermal energy dissipation as assessed from measurements of
the change in chlorophyll fluorescence yield in intact leaves (3, 21). Whether
elevated temperatures affect not only the formation of zeaxanthin but also the
activation of zeaxanthin through membrane energization remains to be in-
vestigated.

Low temperature De-epoxidation of violaxanthin to zeaxanthin occurs slow-
ly at low temperatures in plants that are not acclimated to chilling tempera-
tures (33), as well as in some plants that have acclimated to chilling tempera-
tures (B. Demmig-Adams and W. W. Adams III, unpublished data). In
contrast, a greater rate of de-epoxidation at all temperatures was reported in
leaves of Malva parviflora during the spring than during the summer (21).
Although de-epoxidation can be slow at chilling temperatures, the final extent
of de-epoxidation can be pronounced once steady-state conditions have been
reached. since a given level of PFD can represent highly excessive excitation
energy due to the inhibition of photosynthesis by such temperatures (3, 21).

In addition, we (W. W. Adams III and B. Demmig-Adams, unpublished
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data) have observed that, in exposed habitats in the field, a number of
evergreen species contained large amounts of zeaxanthin prior to sunrise
during cold periods in the winter. Apparently the epoxidation of zeaxanthin to
violaxanthin is inhibited on cold nights; the predawn levels of zeaxanthin can
be as high as those found at midday. The leaves therefore contain zeaxanthin
and are presumably able to dissipate excessive energy (the excess of excita-
tion energy may be substantial given the inhibition of photosynthesis by low
temperature) as soon as light 1s absorbed by chlorophyll following sunrise.
Thus the acclimation of xanthophyll cycle reactions to chilling conditions in
these plants may occur through the retention of zeaxanthin throughout cold
periods (see also 108) rather than through any adjustment in the rapidity of
zeaxanthin formation. The retention of zeaxanthin was also accompanied by
sustained reductions 1n photochemical efficiency (W. W. Adams III and B.
Demmig-Adams, unpublished data; see also 113, 133). Sustained reductions
in photochemical efficiency have likewise been observed in response to high
light under chilling conditions in the field in a number of other studies (62,
119, 141, 142). The underlying mechanism of these changes remains to be
determined.

General response to high light + stress To summarize, sustained reductions
in the efficiency of photosynthetic energy conversion can be observed in
- plants from sun-exposed habitats that are also subjected to an additional stress
~ factor such as reduced water or nutrient availability, high salinity, or low
temperature. In several examples examined to date, these sustained reductions
were associated with both sustained increases in thermal energy dissipation
(of the type associated with zeaxanthin) and sustained increases in zeaxanthin
content. Thus there are cases in which the phenomenon of photoinhibition in
the field can be accounted for by increased employment of a photoprotective
response. It is not known to what extent (if indeed at all) a slow reversal of
zeaxanthin-associated energy dissipation upon return to more favorable con-
ditions lowers the productivity of plants in the field.

CONCLUSIONS

There 1s now considerable evidence for an involvement of zeaxanthin In
photoprotective energy dissipation within the photochemical apparatus under
excess light. The exact nature of this involvement remains to be identified.
Furthermore, the potential for zeaxanthin formation (through increases in the
total pool of the xanthophyll cycle components under higher PFD) changes as
part of a plant's shade-sun acchimation, and de-epoxidation/epoxidation
occurs routinely during the course of the day in the field in sun-exposed
habitats. Thus the response of sun leaves to excessive light is qualitatively
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very different from that of shade leaves. In sun leaves that do not experience
any environmental stress, the combination of a high capacity for photosyn-
thetic electron transport (utilization of the absorbed energy) coupled with a
high capacity for photoprotective thermal energy dissipation (involving zeax-
anthin) can apparently account for the complete removal of all of the energy
absorbed by chlorophyll under full sunlight.

Sun leaves that experience additional stress, such as low water availability
or low temperatures, often exhibit photoinhibition in the form of sustained
reductions 1n the efficiency of photosynthetic energy conversion (much as do
shade leaves exposed to high light). However, in several cases in which this
phenomenon has been more fully characterized. such a response was largely
the consequence of sustained increases in photoprotective thermal energy
dissipation associated with zeaxanthin rather than of other causes. Additional
studies are needed to explore further the role of zeaxanthin-associated thermal
energy dissipation, as well as other photoprotective mechanisms, in permit-
ting the photosynthetic apparatus to function under high light—both in other-
wise favorable conditions and in combination with other stresses.

In contrast to sun leaves, shade leaves have a low capacity not only for
photosynthetic electron transport but also for the dissipation of excess excita-
tion energy associated with zeaxanthin. Under hi gh light, shade leaves experi-

+ = ence an inactivation of PS II reaction centers: recovery from this inactivation

can depend on a synthesis of components of these centers. The nature of this
response of shade leaves requires further elucidation. It also remains to be
determined whether a similar phenomenon can be involved in the response of
sun leaves to a combination of light and additional environmental stress
factors.

ACKNOWLEDGMENTS

We wish to thank numerous colleagues for making their reprints available to
us and for sharing unpublished data. Recent and unpublished work in our own
laboratory is supported by the United States Department of Agriculture,
Competitive Research Grants Office, award number 90-37130-5422.

Literature Cited

_rl"-.-.

1.

2

Adams, W. W_ I]1. 1988. Photosynthet-
ic acclimation and photoinhibition of
terrestrial and epiphytic CAM tissues

growing in full sunlight and deep shade.
Aust, J. Plant Phvsiol. 15:123-34

. Adams. W. W _III, Demmig-Adams, B.

1992, Operation of the xanthophvll cv-
¢le in higher plants in response to diurnal
changes in incident sunlight. Plania. In
press

. Adams, W. W, [II, Demmig-Adams,

B., Winter. K. 1990. Relative contri-
butions of zeaxanthin-related and zea-
Xanthin-unrelated types of “high-
energy-state” quenching of chlorophyll
fluorescence in spinach leaves exposed

to wvarlous environmental conditions.
Plant Phvsiol. 92:302-9

- Adams, W, W, III, Demmig-Adams.

B., Winter, K., Schreiber, U. 1990. The
ratio of variable 10 maximum chloro-
phyll fluorescence from photosystem II,



620

10.

11.

13.

14.

,._.
L

. Adams, W, W.

DEMMIG-ADAMS & ADAMS

measured n leaves at ambient tempera-
ture and at 77 K, as an indicator of the

photon yield of photosynthesis. Plana
180:166-74

. Adams, W. W. [ll, Diaz, M., Winter,

K. 1989. Diurnal changes in photochem-
ical efficiency, the reduction state of
Q. radiationless energy dissipation,
and non-photochemical fluorescence
quenching 1n cacti exposed to natural
sunlight in northern Venezuela. Oecolo-
gia 80:553-61

. Adams, W. W. IlI, Osmond. C. B.

1988. Internal CO, supply during photo-
synthesis of sun and shade grown CAM
plants in relation to photoinhibition.
Plant Phvsiol. 86:117-23

[II, Smith. S. D.,
Osmond, C. B. 1987. Photoinhibition of
the CAM succulent Opuntia basilaris
growing in Death Valley: evidence from
77 K fluorescence and gquantum yield.
Oecologia 71:221-28

. Adams, W. W_ Il Terashima, [., Brug-

noli, E., Demmig, B. 1988. Compari-
sons of photosynthesis and photoinhibi-
tion 1n the CAM vine Hova australis and
several C; vines growing on the coast of
eastern Austraiia. Plant Cell Environ.
11:173-81

. Adams, W. W, III, Volik, M.. Hoehn,

A., Demmig-Adams, B. 1992. Leaf ori-
entation and the response of the xantho-
phyll cycle to incident light. Oecologia.
In press

Adams, W. W, I, Winter, K.. Lanzl,
A. 1989. Light and the maintenance of
photosynthetic competence in leaves of
Populus balsamifera L. during short-
term exposures to high concentrations of
sulfur dioxide. Planta 177:91-97

Adir, N., Shochat, S., Ohad, [. 1990.
Light-dependent D, protein synthesis
and translocation is regulated by reaction
center II. Reaction center Il serves as an

acceptor for the D, precursor. J. Biol.
Chem. 265:12563-68

. Anderson, J. M. 1986. Photoregulation

of the composition, function, and struc-
ture of thylakoid membranes. Annu.
Rev. Plant Physiol. 37:93-136
Anderson, J. M., Chow. W. §S.. Good-
child, D. J. 1988. Thylakoid membrane
organisation in sunsshade acclimation.
Aust. J. Plant Phvsiol. 15:11-26
Anderson, J. M., Osmond. C. B. 1987.
Shade-sun responses: compromises be-
tween acclimation and photoinhibition.
See Ret. 96. pp. 1-33

. Anderson, J. M., Thompson. W. W,

1989. Dynamic molecular organization
of the plant thylakoid membrane. See
Ref. 31, pp. 161-82

16.

17.

18.

19.

20.

21.

23,

235.

217,

Asada, K., Takahashi, M. 1987. Pro-
duction and scavenging of active oxygen
in photosynthesis. See Ref. 96, pp. 227-
84

Baker, N. R. 1991. A possible role for
photosystem II in environmental per-
turbations of photosynthesis. Physiol.
Plant. 81:563-70

Baltschetfsky, M., ed. 1990. Current
Research in Photosvnthesis. Dordrecht:
Kluwer

Biggins, J., ed. 1987. Progress in Pho-
tosynthesis Research. Dordrecht: Marti-
nus Nijhoff Publishers

Bilger, W., Bjorkman, O. 1990. Role of
the xanthophyll cycle in photoprotection
elucidated by measurements of light-
induced absorbance changes, fluores-
cence and photosynthesis in leaves of
Hedera canariensis. Photosynth. Res.
25:173-85

Bilger, W., Bjorkman, O. 199]1. Tem-
perature dependence of violaxanthin
de-epoxidation and non-photochemical
fluorescence quenching in intact leaves
of Gossypium hirsutum L. and Malva
parviflora L. Planta 184:226-34

. Bilger, W., Bjorkman, O., Thayer, S.

5. 1989. Light-induced spectral absor-
bance changes in relation to photosyn-
thesis and the epoxidation state of xan-
thophyll cycle components in cotton
leaves. Plant Physiol. 91:542-51
Bjorkman, O. 1981. Responses to dif-
ferent quantum flux densities. In Ency-
clopedia of Plant Physiology, NS, Vol.
12A: Physiological Plant Ecology I, ed.
O. L. Lange, P. §. Nobel, C. B. Os-
mond, H. Ziegler, pp. 57-107. Berlin:
Springer

. Bjorkman, O. 1987. Low-temperature

chlorophyll fluorescence in leaves and
its relationship to photon yield of photo-
synthesis in photoinhibition. See Ref.
96, pp. 123-44

Bjorkman, O. 1987. High-irradiance
stress in higher plants and interaction
with other stress factors. See Ref. 19,
Vol. 1V, pp. 11-18

Bjorkman. O. 1989. Some viewpoints
on photosynthetic response and adapta-
tton to environmental stress. See Ref.
31, pp. 45-38

Bjorkman, O., Demmig, B. 1987. Pho-
ton yield of O, evolution and chlorophyll
fluorescence characteristics at 77 K
among vascular plants of diverse ori-
gins. Planta 170:480-304

Biorkman. O., Demmig. B.. Andrews.
T. J. 1988. Mangrove photosynthesis:
response to high-irradiance stress. Aust.
J. Plant Phvsiol. 15:43-61

. Bjorkman, O., Powles, S. B. 1981. Leaf



30.

33.

34,

36.

37.

38.

39.

40.

41.

LIGHT STRESS AND PHOTOPROTECTION

movement in the shade species Oxalis
oregana. l. Response to light level and
light quality. Carnegie Inst. Wash.
Yearb. 80:59-62

Bjorkman, O., Schifer, C. 1989. A gas
exchange-fluorescence analysis of pho-
tosynthetic performance of a cotton CTop
under high-irradiance stress. Philos.
Trans. R. Soc. London Ser. B 323:309—
Il [Extended Abstr.]

. Briggs, W. R. 1989 Photosynthesis.
32,

New York: Alan R. Liss, Inc.
Callahan, F. E., Becker, D. W.. Che-
niae, G. M. 1986. Studies on the photo-
activation of the water-oxidizing enzyme
I1. Characterization of weak light photo-
inhibition of PSII and its light-induced
recovery.  Plant  Physiol. 82:261-
68

Chapin, F. S. IIl, Bloom, A. J.. Field.
C. B., Waring, R. H. 1987. Plant re-
sponses to multiple environmental fac-
tors. BioScience 37:49-57

Chow, W. S., Osmond, C. B.. Huang,
L. K. 1989. Photosystem II function and
herbicide binding sites during photoinhi-
bition of spinach chloroplasts in-vivo
and in-vitro. Photosynth. Res. 21:17-
26

. Cleland, R. E., Melis, A.. Neale, P. J.

1986. Mechanism of photoinhibition:
photochemical reaction center inactiva-
tion in system II of chloroplasts. Phoro-
synth. Res. 9:79-88

Critchley, C. 1988. The molecular
mechanism of photoinhibition—facts
and fiction. Aust. J. Plani Physiol.
15:2741

Cunningham, F. X. Jr., Dennenberg, R.
J., Mustardy, L., Jursinic, P. A., Gantt.
E. 1989. Stoichiometry of photosystem
1, photosystem 11, and phycobilisomes in
the red alga Porphyridium cruentum as a
function of growth irradiance. Plant
Physiol. 91:1179-87

de Kok, L. J., Oosterhuis, F. A. 1983
Effect of frost hardening and salinity on
glutathione and sulfhydryl levels and on
glutathione reductase activity in spinach
leaves. Phvsiol. Plant. 58:47-51
Demmig, B., Bjorkman, O. 1987. Com-
panson of the effect of excessive light on
chlorophyll fluorescence (77 K) and
photon yield of O, evolution in leaves of
higher plants. Planta 171:171-84
Demmig, B., Winter, K., Kriger, A.,
Czygan, F.-C. 1987. Photoinhibition
and zeaxanthin formation in intact
leaves. A possible role of the xantho-
phyll cycle in the dissipation of excess
light energy. Plant Physiol. 84:218-24
Demmig, B., Winter, K., Kriiger, A.,
Czygan, F.-C. 1988. Zeaxanthin and the

42.

43.

45.

46.

47.

48.

49,

50.

f_F
——

. Demmig-Adams. B..

621

heat dissipation of excess light energy in
Nerium oleander exposed to a combina-
tion of high light and water stress. Plant
Phyvsiol. 87:17-24

Demmig-Adams, B. 1990. Carotenoids
and photoprotection in plants. A role for
the xanthophyll zeaxanthin. Biochim.
Biophys. Acta 1020:1-24
Demmig-Adams, B., Adams, W. W.
[11. 1990. The carotenoid zeaxanthin and
“high-energy-state quenching” of chlo-
rophyll fluorescence. Photosynih. Res.
25:187-97

. Demmig-Adams, B., Adams. W. W.

Il. 1991. Light, photosynthesis. and the
xanthophyll cycle. See Ref. 120, pp.
171-79

Demmig-Adams, B., Adams, W. W.
I11. 1992. Carotenoid composition in sun
and shade leaves of plants with different
life forms.Plant Cell Environ. In press
Demmig-Adams, B., Adams, W. W.
III. 1992. The xanthophyll cycle. In Ca-
rotenoids in Photosynthesis, ed. A.
Young, G. Britton. Berlin/Heidelberg:
Springer. In press

Demmig-Adams, B., Adams, W. W.
11, Czygan, F.-C., Schreiber, U..
Lange. O. L. 1990. Differences in the
capacity for radiationless energy dissipa-
on in green and blue-green algal li-
chens associated with differences in ca-
rotenoid composition. Planta 180:582-
&9

Demmig-Adams, B., Adams, W. W.
I, Green, T. G. A., Czygan, F.-C..
Lange, O. L. 1990. Differences in the
susceptibility to light stress in two li-
chens forming a phycosymbiodeme. one
partner possessing and one lacking the
xanthophyll cycle. Oecologia 84:451—
56

Demmig-Adams, B., Adams, W. W.
Il1, Heber, U., Neimanis, S.. Winter,
K., et al. 1990. Inhibition of zeaxanthin
formation and of rapid changes in radia-
tionless energy dissipation by di-
thiothreitol in spinach leaves and chloro-
plasts. Plant Physiol. 92:293-301
Demmig-Adams, B., Adams, W. W.
I, Winter, K., Meyer, A., Schreiber,
U.. et al. 1989. Photochemical efficien-
cy of photosystem II, photon yield of O,
evolution, photosynthetic capacity, and
carotenold composition during the “mid-
day depression” of net CO, uptake in
Arbutus unedo growing in Portugal.
Plarnta 177:377-87

Miaguas. C..
Adams, W. W._ [II, Meyer, A., Kilian,
E.. Lange, O. L. 1990. Effect of high
light on the efficiency of photochemical
¢nergy conversion in a variety of lichen



622

52,

33,

54,

35.

56.

8

58.

39.

60.

61.

63.

DEMMIG-ADAMS & ADAMS

species with green and blue-green phy-
cobioats. Planta 180:400-9
Demmig-Adams, B., Winter, K., Krii-
ger, A., Czygan, F.-C. 1989. Light
stress and photoprotection related to the
carotenoid zeaxanthin in higher plants.
See Ref. 31, pp. 375-91
Demmig-Adams, B., Winter, K., Kri-
ger, A., Czygan, F.-C. 1989. Light re-
sponse of CO, assimilation, dissipation
of excess excitation energy, and zeaxan-
thin content of sun and shade leaves.
Plant Physiol. 90:881-86
Demmig-Adams, B., Winter, K., Kri-
ger, A., Czygan, F.-C. 1989. Zeaxan-
thin and the induction and relaxation
kinetics of the dissipation of excess ex-
citation energy in leaves in 2% O, 0%
CO,. Plant Physiol. 90:887-93
Demmig-Adams, B., Winter, K., Kri-
ger, A., Czygan, F.-C. 1989, Zeaxan-
thin synthesis, energy dissipation, and
photoprotection of photosystem II at
chilling temperatures. Plant Physiol.
50:894-98

Demmig-Adams, B., Winter. K., Win-
kelmann, E., Kriiger, A., Czygan, F.-C.
1989. Photosynthetic characteristics and
the ratios of chlorophyil, B-carotene,
and the components of the xanthophyll
cycle upon a sudden increase in growth
light regime in several plant species.
Bot. Acta 102:319-25

Ehleringer, J. R. 1988. Changes in leaf
characteristics of species along eleva-
tional gradients in the Wasatch Front,
Utah. Am. J. Bot. 75:680-89
Ehleringer, J. R., Bjorkman, O.,
Mooney, H. A. 1976. Leaf pubescence:
effects on absorpance and photosynthe-
s1s 1n a desert shrub. Science 192:376-
17

Falk, §., Samuelsson, G., Oquist, G.
1990. Temperature-dependent photoin-
hibition and recovery of photosynthesis
in the green alga Chlamvdomonas rein-
hardtii acclimated to 12 and 27°C. Phy-
siol. Plant. 78:173-80

Falkowski. P. G., Kolber, Z., Fujita, Y.
1988. Effect of redox state on the dy-
namics photosystem II during steady-
state photosynthesis in eucaryotic algae.
Biochim. Biophvs. Acta 933:432-43
Farage, P. K., Long, S. P. 1987. Dam-
age to maize photosynthesis in the field
during periods when chilling is com-
bined with high photon fluxes. See Ref.
19. Vol IV, pp. 13942

. Forseth, L., Ehlennger, J. R, 1980. So-

lar tracking response to drought in a des-
ert annual. Oecologia 44:159-63

Foyer, C. H., Lelandais, M., Edwards,
E. A,, Mullineaux, P. M. 1991. The

65.

66.

67.

68.

69.

10.

71,

73.

74.

.

role of ascorbate in plants, interactions
with photosynthesis and regulatory sig-
nificance. See Ref. 120, pp. 13144

. Franklin, L. A., Levavasseur, G.,

Osmond, C. B., Henley, W. J., Ramus,
J. 1991. Two components of onset and
recovery during photoinhibition of Ulva
rotundata. Planta In press

Gamble, P. W., Burke, J. J. 1984.
Effect of water stress on the chloroplast
antioxidant system. 1. Alterations in glu-
tathione reductase activity. Plant Physi-
ol. 76:615-21

Gamon, J. A., Field, C. B., Bilger, W_,
Bjorkman, O., Freedeen, A. L.,
Periuelas, J. 1990. Remote sensing of
the xanthophyll cycle and chlorophyll
fluorescence in sunflower leaves and
canopies. Oecologia 85:1-7

Gamon, J. A., Pearcy, R. W. 1989,
Leaf movement, stress avoidance and
photosynthesis in Vitis  californica.
Oecologia 79:475-81

Genty, B., Briantais, J.-M., Baker, N.
R. 1989. The relationship between the
quantum yield of photosynthetic electron
transport and quenching of chlorophyll
fluorescence. Biochim. Biophyvs. Acta
990:87-92

Genty, B., Harbinson, J., Baker, N. R.
1990. Relative quantum efficiencies of
the two photosystems of leaves in photo-
respiratory and non-photorespiratory
conditions. Plant Physiol. Biochem. 28:
1-10

Gillham, D. J., Dodge, A. D. 1987,
Chloroplast superoxide and hydrogen
peroxide scavenging systems from pea
leaves: seasonal variations. Plant Sci.
50:105-9

Gilmore, A. M., Yamamoto, H. Y.
1990. Zeaxanthin formation in qg-inhib-
ited chloroplasts. See Ref. 18, Vol. II,
pp. 495-98

. Gilmore, A. M., Yamamoto, H. Y.

1991. Zeaxanthin-dependent and inde-
pendent nonphotochemical quenching
are quantitatively related to ApH. Plant
Phyvsiol. Suppl. 96:41

Giumore, A. M., Yamamoto, H. Y.
1991. Zeaxanthin-dependent and inde-
pendent nonphotochemical quenching
are resistant to antimycin in proportion
to ApH. Plant Physiol. Suppl. 96:119
Gilmore, A. M., Yamamoto, H. Y.
1991. Resolution of lutein and zeax-
anthin using a nonendcapped, lightly
carbon-loaded C-18 high-performance
fiquid chromatographic column. J.
Chromatogr. 343:137-43

Gilmore, A. M., Yamamoto, H. Y.
1991. Zeaxanthin formation and energy-
dependent fluorescence quenching in



e —— -

76.

CE

79,

80.

81.

82.

83.

84,

85.

86.

LIGHT STRESS AND PHOTOPROTECTION 623

pea chloroplasts under artificially-medi-
ated linear and cyclic electron transport.
Plant Physiol. 96:635-43

Govindjee. [990. Photosystem Il hetero-
geneity: the acceptor side. Photosynth.
Res. 25:151-60

Greer, D. H., Berry, J. A., Bjoérkman,
O. 1986. Photoinhibition of photosyn-
thesis in intact bean leaves: role of light.
lemperature and requirement for chloro-
plast-protein synthesis during recovery.
Planta 168:253-60

. Greer, D. H., Ottander. C., Oquist, G.

1991. Photoinhibition and recovery of
photosynthesis in intact barley leaves at
5 and 20°C. Physiol. Plant. 81:203-
10

Groom, Q., Long, S. P.. Baker, N. R.
1990. Photoinhibition of photosynthesis
iIn a winter wheat crop. See Ref. 18,
Vol. II, pp 463-66

Guy, C. L., Carter, J. V. 1984, Charac-
terization of partially purified gluta-
thione reductase from cold-hardened and
non-hardened spinach leaf tissue.
Cryvobiology 21:454-64

Hager, A. 1980. The reversible. light-
induced conversions of xanthophylls in
the chloroplast. In Pigments in Plans.
ed. F.-C. Czygan. pp. 57-79. Stuttgart:
Fischer :

Halliwell, B. 1984, Chloroplast Metab-

olism. The Structure and Function of

Chloroplasts in Green Leaf Cells. Ox-
ford: Clarendon Press. 2nd ed.

Heber, U., Schreiber, U., Siebke. K..
Dietz, K.-J. 1990. Relationship between
light-driven electron transport, carbon
reduction and carbon oxydation in pho-
tosynthesis. In Perspectives in Biochem-
ical and Genetic Regulation in Photo-
synthesis, ed. 1. Zelitch, pp. 17-37.
New York: Alan R. Liss, Inc.

Henley, W. J., Levavasseur, G.. Frank-
lin, L. A., Osmond. C. B.. Ramus. ]
1991. Photoacclimation and photoinhi-
bition in Ulva rotundata as influenced
by nitrogen availability. Planta 184:
235-43

Hodgson, R. A. J.. Raison. J. K. 199].
Superoxide production by thylakoids
during chilling and its implication in the
susceptibility of plants to chilling-in-
duced photoinhibition. Planta 183:222-
28

Hundal, T., Virgin, 1., Styring, S.. An-
dersson, B. 1990. Changes in the orga-
nization of photosystem [] following
light-induced D -protein  degradation.
Biochim. Biophvs. Acta 1017:235—41

. Jahnke, L. S., Hull, M. R.. Long. S. P.

1991, Chilling stress and oxygen metab-
olizing enzymes in Zea mavs and Zea

38.

89,

90.

91.

93.

94.

93

96.

97.

98.

99.

100.

101.

diploperennis. Plant Cell Environ. 14
97-104

Jones, B. L., Porter, J. W. 1986. Bio-
synthesis of carotenes in higher plants.
CRC Crit. Rev. Plant Sci. 3:295-324
Khamis, S., Lamaze, T., Lemoine, Y.,
royer, C. 1990. Adaptation of the pho-
tosynthetic apparatus in maize leaves as
a result of nitrogen limitation. Plant
Physiol. 94:1436-43

Kitajima, M., Butler, W. L. 1975
Quenching of chlorophyll fluorescence
and primary photochemistry in chloro-
plasts by dibromothymoquinone. Bio-
crim. Biophys. Acta 376:105-15
Koller, D. 1986. The control of leaf
orientation by light. Photochem. Photo-
biol. 44:819-26

. Krause, G. H. 1988. Photoinhibition of

photosynthesis. An evaluation of dam-
aging and protective mechanisms. Phys-
iol. Plant. 74:566-74
Krause, G. H., Vernotte, C.. Briantais,
J.-M. 1982. Photoinduced quenching of
chlorophyll fluorescence in intact chlo-
roplasts and algae. Resolution into two
components. Biochim. Biophys. Acta
679:116-24
Krause, G. H., Weis, E. 1991. Chloro-
phyll fluorescence and photosynthesis:
the basics.” Annu. Rev. Plant Physiol.
Plant Mol. Biol. 42:313-49 .
Krinsky, N. I. 1979. Carotenoid protec-
tion against oxidation. Pure Appl.
Chem. 51:649-60
Kyle, D. J. 1987. The biochemical basis
for photoinhibition of photosystem II.
See Ref. 96, pp. 197-226
Kyle, D. J., Osmond, C. B., Amtzen.
C. J. 1987. Photoinhibition. Amster-
dam: Elsevier .
Lidholm, J., Gustafsson, P., Oquist, G.
1987. Photoinhibition of photosynthesis
and its recovery in the green alga
Chlamydomonas reinhardtii. Plant Cell
Phyvsiol. 28:1133-40
Ludlow, M. M., Bjérkman, O. 1984.
Paraheliotropic leaf movement in Siratro
as a protective mechanism against
rought-induced damage to primary
photosynthetic reactions: damage by ex-
cessive light and heat. Planta 161:505—
18
Ludlow, M. M., Samarakoon, §. .
Wilson, J. R. 1988. Influence of light
regime and leaf nitrogen concentration
on 77 K fluorescence in leaves of four
tropical grasses: no evidence for photo-
inhibition. Awust. J. Planr Physiol. 15:
665-76
Maenpaid, P., Andersson, B., Sundby,
C. 1987. Difference in sensitivity to
photoinhibition between photosystem II



624

102.

103.

104.

145.

106.

107.

108.

109.

110.

111.

DEMMIG-ADAMS & ADAMS

in the appressed and non-appressed thy-
lakoid regions. FEBS Lert. 215:31-36

Maenpdd, P., Aro, E.-M., Somersalo,
S.. Tyystjarvi, E. 1988. Rearrangement
of the chloroplast thylakoid at chilling
temperature in the light. Plant Physiol.
87:762-66

Mattoco, A. K., Edelman, M. 1987.
Intramembrane translocation and post-
translational palmitoylation of the chlo-
roplast 32-kDa herbicide-binding pro-
tein. Proc. Narl. Acad. Sci. USA
34:1497-301

Martoo, A. K., Horrman-Falk, H., Mar-
der, J. B., Edelman, M. 1984, Regula-
tion of protein metabolism: coupling of
photosynthetic electron transport to in
vivo degradation of the rapidly metabo-
lized 32-kilodalton protein of the chloro-
plast membranes. Proc. Natl. Acad. Sci.
USA 81:1380-84

Melis, A. 1991. Dynamics of photosyn-
thetic membrane composition and func-
tion. Biochim. Biophys. Acta 1058:87-
106

Millie, D. F., Ingram, D. A., Dionigi,
C. P. 1990. Pigment and photosynthet-
ic responses of Oscillatoria agardhii
(Cyanophyta) to photon flux density and
spectral quality. J. Phveol. 26:660-66

Mooney, H. A., Ehleringer, J., Bjérk-
man, O. 1977. The energy balance of
leaves of the evergreen desert shrub Arri-
plex hvmenelvtra. Oecologia 29:301-10
Morales, F., Abadia, A., Abadia, /.
1990. Characterization of the xantho-
phyll cycle and other photosynthetic pig-
ment changes induced by iron deficiency
in sugar beet (Bera vulgaris L.). Plant
Physiol. 94:607-13

Musser, R. L., Thomas, S. A., Wise, R.
R.. Peeler, T. C., Naylor, A. W. 1984,
Chloroplast ultrastructure, chlorophyll
fluorescence, and pigment composition
in chilling-stressed soybeans. Plant
Physiol. 74:749-54

Neale, P. J., Melis, A. 1991. Dynamics
of photosystem II heterogeneity during
photoinhibition: depletion of PS Il from
non-appressed thylakolds dunng strong-
irradiance exposure of Chlamydomonas
reinhardtii. Biochim. Biophvs. Acta
1056:195-203

Neubauer, C., Yamamoto, H. Y. 199].
The Mehler-peroxidase reaction gener-
ates the ApH that is required for zeaxan-
thin-related fluorescence quenching.
Plant Phyvsiol. Suppl. 96:119

. Noctor. G, Rees, D.. Young, A., Hor-

ton. P. 1991, The relationship between
zeaxanthin, energy-dependent quench-
ing of chlorophyll fluorescence, and
trans-thylakoid pH gradient in isolated

113.

114,

I13.

1 16.

117.

[18.

119,

120.

123,

124,

125.

chloroplasts. Biochim. Biophys. Acta
1057:320-30

Oberhuber, W., Bauer, H. 1991. Photo-
inhibition of photosynthesis under nat-
ural conditions in ivy (Hedera helix L.)
growing in an understory of deciduous
trees. Planta, 185:545-53

Ogren, E. 1988. Phatoinhibition of pho-
tosynthesis in willow leaves under field
conditions. Planta 175:229-36

Ohad, I., Adir, N., Koike, H., Kyle,
D. J., Inoue, Y. 1990. Mechanism of
photoinhibition in vivo. A reversible
light-induced conformational change of
reaction center II is related to an irre-
versible modification of the D, protein.
J. Biol. Chem. 265:1972-79
Ondrusek, M. E., Bidigare, R. R.,
Sweet, S§. T., Defreitas, D. A., Brooks.
J. M. 1991. Distribution of phytoplank-
ton pigments in the north Pacific ocean
in relation to physical and optical vari-
ability. Deep-Sea Res. Part A. Ocean-
ogr. Res. Pap. 38:243-66

Oquist, G., Huner, N. P. A. 1990.
Effects of cold acclimation on the sus-
ceptibility of photosynthesis to photoin-
nibition. See Ref. 18, Vol. II, pp. 471-
78

Osmond, C. B. 1981. Photorespiration
and photoinhibition. Some implications
for the energetics of photosynthesis.
Biochim. Biophys. Acta 639:77-98 -
Ottander, C., Oquist, G. 1991. Recov-
ery of photosynthesis in winter-stressed
Scots pine. Plant Cell Environ. 14:345-
49

Paerl, H. W., Tucker, J., Bland, P. T.
1983. Carotenoid enhancement and its
role in maintaining blue-green algal (M-
crocystis aeruginosa) surface blooms.
Limnol. Oceanogr. 28:847-57

. Pell, E. J., Steffen, K. L.. Pell, E. J.,

Steffen, K. L., eds. 1991. Active Ox-
vgen/Oxidative  Stress and  Plant
Metabolism. Rockville: Am. Soc. Plant
Physiol., Vol. 6

. Pfiindel, E., Dilley, R. A., Gilmore, A.,

Yamamoto, H. Y. 1991. Delocalized
AuH™ drnives the violaxanthin — zeax-
anthin conversion much more effectively
than localized ApuH™ having the equiv-
alent capacity for ATP formation. Plant
Physiol. Suppl. 96:16

Powles, S. B. 1984. Photoinhibition of
photosynthesis induced by visible light.
Annu, Rev. Plant Physiol. 35:15-44
Powles. S. B., Bjérkman. O. 1981. Leaf
movement in the shade species QOxalis
oregana. 1. Role in protection against
injury by intense light. Carnegie Inst.
Wash. Yearb. 80:63-66

Radmer, R. J., Kok, B. 1976. Photore-



126.

127.

128.

129.

130.

131.

132.

133.

134,

136.

LIGHT STRESS AND PHOTOPROTECTION

duction of O, primes and replaces CO,
assimilation. Plant Physiol. 58:336-40
Rees, D., Horton, P. 1990. The mech-
amisms of changes in photosystem 1]
efficiency in spinach thylakoids. Bio-
chim. Biophys. Acta 1016:219-27
Rees, D, Noctor, G.. Horton. P. 1990,
The effect of high-energy-state excita-
tion quenching on maximum and dark
level chlorophyll fluorescence yield.
Photosvnth. Res. 25:199-21]

Rees, D., Young, A., Noctor, G., Brit-
ton, G.. Horton. P. 1989. Enhancement
of the ApH-dependent dissipation of
excitation energy in spmach chloro-
plasts by light-activation: correlation
with the synthesis of zeaxanthin. FERS
Lett. 256:85-90

Samuelsson, G., Lonneborg, A.. Gus-
tafsson, P_, Oquist, G. 1987. The sus-
ceptibility of photosynthesis to photoin-
hibition and the capacity of recovery in
high and low light grown cyanobacteria,
Anacystis nidulans. Plant Physiol. 83:
43811

Samuelsson, G.. Lonneborg, A,
Rosengvist, E., Gustaffsson, P.. Oquist,
G. 1985. Photoinhibition and reactiva-
tion of photosynthesis in the cyanobac-
leria Anacystis nidulans. Plant Physiol.

-

79:992-95 )
Schmidt-Stohn, G. 1977, Anderungen
der Plastidenpigmente bei Sphagnum
magellanicum Brid. in Abhdngigkeit
von Standort, Verfarbungsgrad und Al-
ter. Z. Pflanzenphyvsiol, 81:289-303
Schéner, S., Foyer, C., Lelandais. M.,
Krause, G. H. 1990. Increase in activi-
ties of scavengers for active OXygen in
spinach related to cold acclimation in
excess light. See Ref. 18, Vol. IIL. pp.
483-86

Schéner, S., Krause, G. H. 1990. Pro-
lective systems against active oxygen
species in spinach: response to cold
acclimation in  excess light. Planta
180:383-89

Schreiber, U., Neubauer, C. 1987. The
polyphasic rise of chlorophyll fluores-
cence upon onset of strong continuous
tlumination: I1. Partial control by the
photosystem II donor side and possible
ways of interpretation. Z. Naturforsch.
42¢:1255-64

. Schreiber, U.. Reising, H., Neubauer.

C. 1991. Contrasting pH-optima of
hight-driven O-- and H,Os-reduction in
spinach chloropiasts as measured via
chlorophyll fluorescence quenching, Z.
Naturforsch, 16¢:635-—3

Siefermann, D., Yamamoto, H. Y.
1976. Light-induced de-epoxidation in
lettuce chioroplasts, VI. De-epoxidation

137.

138.

139,

140.

141.

143,

144,

145.

146,

147

148,

149,

625

In grana and stroma lamellae. Pian:
Physiol, 57:939-40

Siefermann-Harms, D. 1977 The xan-
thophyll cycle in higher plants. In Lipids
and Lipid Polymers in Higher Plants,
ed. M. Tevini, H. K. Lichtenthaler, pp.
218-30. Berlin: Springer
Siefermann-Harms, D. 1987 The light
harvesting and protective functions of
carotenoids in photosynthetic mem-
branes. Physiol. Plant. 69:561—68
Somersalo, S., Krause, G. H.. 1989,
Photoinhibition at chilling temperature.
Fluorescence characteristics of unhard-
ened and cold-acclimated spinach
leaves. Plania 177:409-16

Somersalo, S., Krause, G. H. 1990 Re-
versible photoinhibition of unhardened
and cold-acclimated spinach leaves at
chilling temperatures. Planta 180:181-
87

Somersalo, S., Krause. G. H. 1990.
Photoinhibition in spinach leaves at low
temperature in the field. See Ref. 18,
Vol. II, pp. 479-82

. Somersalo, S., Krause. G H. 1990.

Photoinhibition at chilling temperatures
and effects of freezing stress on cold
acclimated spinach leaves in the field. A
fluorescence study. Physiol. Plant, 79;
617-22 | '
Styring, S., Virgin, I.. Ehrenberg] A ., -
Andersson, B. 1990. Strong light photo-
inhibition of electrontransport in photo-
system II. Impairment of the function of
the first quinone acceptor, Q. Biochim.
Biophvs. Acta 1015:269-78

Sundby, C., Andersson, B. 1985. Tem-
perature-induced reversible migration
along the thylakoid membrane of photo-
system II regulates its association with
the LHC-II. FEBS Lert. 191:24-28
Sundby, C., Melis, A.. Mienpii, P.,
Andersson, B. 1986. Temperature-de-
pendent changes in the antenna size of
photosystem II. Reversible conversion
of photosystem II_ to photosystem .
Biochim. Biophvs. Acta 851:475-83
Thayer. S. S., Bjorkman, O. 1990 Leaf
Xanthophyll content and composition in
sun and shade determined by HPLC.
Photosynth. Res. 23:331-43

Theg, S. M., Filar, L. J., Dilley, R. A.
1986. Photoinactivation of chloroplasts
already inhibited on the oxidizing side of
Photosystem II. Biochim. Biophvs. Acta
849:104-11

Vonshak. A.. Guv,. R Poplawsky. R..
Ohud. [. 1988, Photoinhibition and i3
Tecovery in two strains of the cyanobac-
terium Spirulina platensis. Plant Cell
Phyvsiol. 29:721-26

Weis, E., Berry, J. A. 1987, Quantum



626

150.

I51.

152,

DEMMIG-ADAMS & ADAMS

efficiency of photosystem II in relation
to “energy’-dependent quenching of
chlorophyll fluorescence. Biochim. Bio-
phvs. Acta 894:198-208

Wettern, M., Ohad, [. 1984. Light-
induced turnover of thylakoid polypep-
tides in Chlamydomonas reinhardi. Isr.
J. Bot. 33:253-63

Winter, K., Koniger, M. 1989. Di-
thiothreitol, an inhibitor of violaxanthin
de-epoxidation, increases the suscepti-
bility of leaves of Nerium oleander L. to
photoinhibition of photosynthesis. Plan-
ta 180:24-31

Wise, R. R., Naylor, A. W. ]987.
Chilling-enhanced photooxidation. The
peroxidative destruction of lipids during

1533

154.

135.

chilling injury to photosynthesis and ul-
trastructure. Planr Physiol. 83:272-77
Wise, R. R., Naylor, A. W. 1987.
Chilling-enhanced photooxidation. Evi-
dence for the role of singlet oxygen and
superoxide in the breakdown of pig-
ments and endogenous antioxidants.
Plant Phvsiol. 83:278-82

Yamamoto, H. Y. 1979. Biochemistry
of the violaxanthin cycle in higher
plants. Pure Appl. Chem. 51:639-48
Yamamoto, H. Y., Kamite, L. 1972.
The effects of dithiothreitol on viclaxan-
thin de-epoxidation and absorbance
changes in the 500-nm region. Biochim.
Biophys. Acta 267:538-43



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28

