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The Xanthophyll Cycle, Protein Turnover, and the High Light
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Changes in photosynthesis rate and photochemical characteris-
tics in response to high irradiance, followed by recovery at low
irradiance, were determined in four groups of sun-acclimated
leaves of spinach (Spinacia oleracea L.). These four groups were
untreated control leaves, leaves treated with either an inhibitor of
energy dissipation associated with the xanthophyll cycle (dithio-
threitol, DTT) or an inhibitor of chloroplast-encoded protein syn-
thesis (chloramphenicol, CAP), as well as leaves treated with a
combination of DTT + CAP. In these sun leaves, treatment with
either CAP or DTT alone did not result in an inhibition of the
recovery from high-light-induced decreases in photochemical ef-
ficiency. Only the treatment with a combination of CAP + DTT
caused a strong and irreversible depression of photochemical ef-
ficiency. We suggest that in the presence of DTT (and in the absence
of xanthophyll cycle-associated energy dissipation), protein turn-
over may be involved in the recovery process. We further suggest
that the reversible depression of photochemical efficiency in CAP-
treated sun leaves reflects xanthophyll cycle-associated energy
dissipation. In the leaves treated with CAP + DTT a slowly devel-
oping decrease in the maximal yield of chlorophyll fluorescence in
high light may indicate an alternative, xanthophyll cycle-independ-
ent dissipation process in the photochemical system. Moreover,
CAP treatments did not cause any changes in the deepoxidation
state of the xanthophyll cycle. However, CAP-treated leaves, but
not those treated with CAP + DTT, exhibited some decrease in the
pool size of the xanthophyll cycle during the exposure to high light.

Sun leaves possess a greater tolerance to high irradiance
than shade leaves (Osmond, 1981; Powles, 1984; Demmig
and Bjorkman, 1987; Oquist et al., 1992). This is in part
related to an increased capacity of sun leaves to utilize
absorbed light in photosynthesis (Bjorkman, 1981). More
recently, it has been proposed that sun leaves possess addi-
tional mechanisms of averting adverse effects of high irradi-
ance (see Ohad et al., 1990; Krause and Weis, 1991; Melis,
1991; Demmig-Adams and Adams, 1992b). Leaves grown in
full sunlight have been shown to dissipate large amounts of
excitation energy that cannot be used in photosynthesis via
an energy dissipation process directly within the photochem-
ical system (Bjorkman and Schafer, 1989). This is the pH-
dependent energy dissipation process described originally by

! This work was supported by the United States Department of
Agriculture, Competitive Research Grants Office, award number 90—
37130-5422, and a Faculty Development Award from the University
of Colorado to W.W.A.

* Corresponding author; fax 1-303-492-8699.

1413

Briantais et al. (1979; see also Krause and Weis, 1991). This
energy dissipation process has been suggested to involve the
xanthophyll cycle that consists of the interconvertible xan-
thophylls viclaxanthin, antheraxanthin, and zeaxanthin (for
reviews see Demmig-Adams, 1990; Demmig-Adams and Ad-
ams, 1992b). Zeaxanthin (and antheraxanthin; Gilmore and
Yamamoto, 1993) have been implicated in photoprotective
dissipation of excess excitation energy directly in the Chl
pigment bed (Demmig-Adams and Adams, 1992b). Sun
leaves possess much larger pools of the xanthophyll cycle
pigments (Demmig-Adams et al., 1989; Thayer and Bjork-
man, 1990; Demmig-Adams and Adams, 1992a) and a
greater capacity for zeaxanthin formation as well as for
energy dissipation in the Chl pigment bed than shade leaves
(Demmig-Adams and Adams, 1993; Adams and Demmig-
Adams, 1994).

It has also been suggested that a rapid turnover of proteins
(particularly the D1 protein of the PSII core) may be involved
in maintaining a functional photochemical system under high
irradiance (Greer et al., 1986; Ohad et al., 1990; Greer et al.,
1991; Melis, 1991; Barber and Andersson, 1992). Evidence
for this stems largely from studies using CAP, an inhibitor of
chloroplast-encoded protein synthesis. However, in the ma-
jority of these studies leaves or algae were exposed to a PFD
several times greater than the growth PFD.

The purpose of our study was to assess the relative impor-
tance of xanthophyll cycle-associated energy dissipation ver-
sus protein turnover in preventing adverse effects of full
sunlight on the photochemical system of sun-acclimated
leaves. To accomplish this we determined the efficiency of
photosynthetic energy conversion of sun leaves during and
subsequent to exposure to full sunlight in untreated leaves
and leaves treated with DTT, the inhibitor of xanthophyll
cycle-associated energy dissipation process, with CAP, the
inhibitor of chloroplast-encoded protein synthesis, or with a
combination of both DTT and CAP.

MATERIALS AND METHODS

Spinach (Spinacia oleracea L. cv Giant Nobel) was grown
in a naturally lit greenhouse in Colorado in March 1990 and

Abbreviations: CAP, chloramphenicol; F, actual Chl fluorescence
emission during illumination with PAR; F, and Fy, minimal yield (at
open PSII reaction centers) and maximal yield (at closed centers) of
Chl fluorescence; F,” and F’, minimal and maximal yield of Chl
fluorescence during illumination with PAR; F,/F, intrinsic efficiency
of PSII photochemistry; PFD, photon flux density.
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May 1992 with peak irradiance levels of 1500 umol photons
m~? s7'. Temperatures were approximately 19.5°C (night)
and 22 to 26.5°C (day) in March and 26 to 30°C (day) in
May. Daytime RH was approximately 30%.

Treatments with inhibitors followed the protocol described
by Demmig-Adams et al. (1990). Leaves were excised and
placed in vials containing water or solutions of DTT, CAP,
or CAP + DTT and kept at a PFD of 40 umol photons m™>
87! for 90 min. The CAP concentration used for all experi-
ments shown here was 230 umol L™ CAP. The volume of
solution taken up by the leaves over a 90-min period corre-
sponded to 42 to 47% of the leaf water content resulting in
final concentrations in the leaf bulk water of 97 to 108 umol
L™! CAP. To establish that the presence of CAP in leaves had
no direct effect on photosynthesis prior to the high-light
treatments, rates of O, evolution were determined at 52 and
1850 pmol photons m~2 s~ before and immediately after the
90-min exposure to 40 umol photons m™? s} (see below and
Table I). Subsequent to the uptake periods, leaf discs of 10
cm? were transferred to an O; electrode where the high-light
treatment (at 1850 umol photons m™ s and subsequent
recovery (at 52 pmol photons m™> s7') took place in an
atmosphere of 5% CO, and 21% O, (balance N,).

Measurements of photosynthesis (as O, exchange in a gas-
phase leaf disc electrode; Hansatech, King’s Lynn, UK) and
Chl fluorescence (with an ambient temperature pulse mod-
ulation fluorometer; Walz, Effeltrich, Germany) (Schreiber et
al., 1986) were performed simultaneously prior to and
throughout the exposures to the high PFD followed by the
low PFD (Adams et al., 1990; Demmig-Adams et al., 1990).
Fluorescence measurements were made at 10 and 60 min
during the.exposure to high PFD and at 15, 45, and 105 min
during the recovery at 52 umol photons m™ s™*. Slopes of
O; evolution were obtained at 8 to 10 and 58 to 60 min
during the high-light treatment and at 13 to 17, 43 to 47,
and 103 to 107 min during the recovery period.

Pigment collection and analyses were performed as out-
lined by Adams and Demmig-Adams (1992). Small discs
(0.25 cm?) were collected after 60 min at the high PFD, frozen
immediately in liquid N, and analyzed by HPLC (Thayer
and Bjorkman, 1990; Gilmore and Yamamoto, 1991; Adams
and Demmig-Adams, 1992). These samples were obtained
from treatments that corresponded to the treatments de-
scribed above.

RESULTS
Determination of Appropriate Concentrations of CAP

We were interested in the effects of CAP that result from
high-light treatments and are presumably due to the inhibi-
tion of chloroplast-encoded protein synthesis. However, it
has been suggested that CAP can also directly inhibit pho-
tosynthesis at higher concentrations (Okado et al., 1991). To
determine appropriate concentrations of CAP we established
a concentration dependence of CAP effects on photosyn-
thesis in leaves. At bulk leaf water concentrations of CAP of
140 pmol L™ and above, an increasing direct inhibition of
the rate of photosynthetic O, evolution was indeed observed
(compared with control leaves), even in leaves that had not

Plant Physiol. Vol. 103, 1993

been exposed to high PFDs (not shown). In contrast, no direct
effects on photosynthesis (at either limiting or saturating PFD
for brief periods) were observed after an uptake period of 90
min in low light at CAP concentrations in the bulk leaf water
below 140 pmol L™'. We used CAP concentrations of 98 to
108 umol L' in the bulk leaf water for our experiments.
Table I shows that there were no consistent differences in
the efficiency of overall photosynthetic energy conversion or
in the photochemical efficiency of PSIl between control
leaves and leaves that had taken up CAP, DTT, or CAP +
DTT prior to any extended treatments at high PFDs.

Effect of CAP, DTT, or a Combination of Both on the
Recovery of Photosynthesis Subsequent to an Exposure to
High Irradiance

A 1-h exposure of untreated sun leaves of spinach to a
PFD equivalent to full sunlight resulted in a small transient
decrease in the rate of photosynthesis at a low PFD, or the
photon efficiency of photosynthesis, determined subsequent
to the high-light treatment (Fig. 1). The photon efficiency of
photosynthesis recovered almost completely over a period of
105 min at low PFD in these control leaves. Treatment of
leaves with either CAP or DTT prior to the exposure to high
PFD resulted in a more pronounced decrease in the rate of
photosynthesis subsequent to the treatment at high PFD.
There was substantial recovery of the photosynthesis rate in
both cases over the same 105-min period at low PFD. In
leaves treated with a combination of CAP and DTT, a greater
depression of the rate of photosynthesis or the photon effi-
ciency of photosynthesis was observed subsequent to the
high-irradiance treatment and, in contrast to all other treat-
ments, the leaves treated with both CAP and DTT did not
exhibit any recovery over a period of 105 min at low PFD
following the treatment at high PFD. The rates of recovery
of the photon efficiency of photosynthesis are shown in
Figure 2 in triplicate for the four treatments. Whereas the
rates of recovery were similarly high in control leaves, leaves
treated with DTT, and those treated with CAP, only the
treatments with both inhibitors resulted in a complete inhi-
bition of recovery over this time period.

Table I. Photon efficiency of photosynthetic O, evolution (¢;) and
PSli photochemical efficiency (F.JF.) after a 90-min uptake period at
40 umol photons m=2 s7" in untreated (control) and treated (with
CAP, DTT, or CAP + DTT) spinach leaves

Values are means from three independent experiments (+ sp).
All measurements were made at 25°C and in an atmosphere con-
taining 5% CO,. ¢ was calculated from the rate of O, evolution at
52 umol photons m™2 s™" incident light, which is in the linear range
of the O, evolution/PFD relationship

Pi FofFm

mol O, evolved mol™
photons incident

Control 0.067 = 0.003 0.804 = 0.017
CAP 0.069 = 0.007 0.786 = 0.010
DTT 0.073 = 0.001 0.786 + 0.004

CAP + DTT 0.073 % 0.009 0.776 = 0.007
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Figure 1. Recovery of the photon efficiency of photosynthetic
oxygen evolution at 52 umol photons m™2 s™' subsequent to a 60-
min treatment at 1850 umol photons m™2 s™' in control leaves (Co)
and leaves treated with DTT, CAP, or a combination of CAP and
DTT. The photon efficiency is the rate of O, evolution at 52 umol
photons m™2 s7" divided by this PFD. All values are expressed as a
percent of those values (Table I} prior to the exposure to the high
PFD. All measurements and exposures were made at 25°C in an
atmosphere containing 5% CO,. One typical set of experiments is
shown here. Similar results were obtained in two comparable sets
of experiments (not shown; but see Fig. 2).
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Figure 2. Rapidity of the recovery of the photon efficiency of
photosynthetic oxygen evolution at 52 umol photons m=2 s~ sub-
sequent to exposure to 1850 umol photons m~% s~ in control leaves
(Co) and leaves treated with DTT, CAP, or a combination of CAP
and DTT. These values are the means (sp indicated by error bars)
of three independent experiments. Recovery was calculated as
change in the rate of O, evolution between 15 and 45 min at low
PFD (see Fig. 1) expressed per h and as percent of the rate
determined prior to the exposure to the high PFD. All measure-
ments and exposures were made at 25°C in an atmosphere con-
taining 5% CO,.

Effect of CAP + DTT on the Photosynthesis Rate at
Various PFDs Determined Subsequent to an Exposure to
High Irradiance

PFD response curves of photosynthesis were determined
for leaves treated with CAP + DTT and subjected to a 1-h
treatment at high irradiance followed by a 105-min exposure
to a low PFD. The rate of photosynthesis was much more
strongly depressed at low PFDs, with an inhibition at low
PFD of almost 70% compared with only approximately 20%
at high PFD, immediately subsequent to the exposure to high
PFD (Fig. 3). As illustrated also in Figures 1 and 2, there was
no recovery of the rate of photosynthesis at the low PFD
over a 105-min period, but there was recovery of the small
depression of the rate of photosynthesis at high PFD (Fig. 3).
Thus, there was no difference in the light-saturated rate of
photosynthesis before and after the entire (high light plus
105-min recovery) treatment; in contrast, there was a pro-
nounced difference in the light-limited rate of photosyn-
thesis. This indicates that treatment with CAP + DTT ad-
versely affected the ability of the leaf to convert light into
photochemistry at low PFDs but did not prevent high rates
of photosynthesis at high PFDs.
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Figure 3. PFD response of photosynthetic O evolution (A} in leaves
treated with CAP + DTT before and immediately after 60 min at
1850 umol photons m™2s™" (HL) as well as after 105 min of recovery
at 52 gmol photons m~%s™' (HL 4+ recovery). Response curves were
established rapidly in a treatment corresponding to that in Figure
1. B, The rates of O, evolution at the various PFDs after HL and HL
+ recovery were expressed as a percent of the respective rates
prior to HL (set to 100%), and the percent inhibition is shown as
100 minus each calculated percentage. Al measurements and ex-
posures were made at 25°C in an atmosphere containing 5% CO,.
One typical experiment is shown here. In other comparable sets of
experiments (see Fig. 1), similar differences in the percent inhibition
of O, evolution at 52 umol photons m™2 s™' versus high PFD were
abserved.
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Effect of CAP, DTT, or a Combination of Both on the
Recovery of PSIl Photochemical Efficiency Subsequent to
an Exposure to High Irradiance

The four different treatments had effects on the photo-
chemical efficiency of PSII, determined as the ratio F,/Fn
(Fig. 4), that were similar to the effects on the efficiency of
the overall photosynthesis process. Although all leaves
showed a decrease in photochemical efficiency immediately
subsequent to the high-light treatment, untreated leaves, as
well as those treated with DTT or with CAP alone, all showed
substantial recovery of F,/F.. The only treatment that was
characterized by a sustained strong depression of F,/F., and
thus a failure to show any recovery, was that with a combi-
nation of CAP + DTT.

Figure 5 shows the corresponding changes in the yield of
minimal fluorescence immediately subsequent to the high-
light period and over the 105-min recovery at low PFD. In
both the control leaves and those treated with CAP, a strong
decrease in F, was observed immediately subsequent to the
high-light treatment. This decrease in F, is indicative of
energy dissipation in the Chl pigment bed (for reviews, see
Bjorkman, 1987; Krause, 1988; Demmig-Adams, 1990),
which thus does not seem to be affected by CAP (see also
below). As expected (Bilger and Bjorkman, 1990; Demmig-
Adams et al., 1990), DTT, the inhibitor of xanthophyll cycle-
associated energy dissipation, prevented this decrease in F,,
both when given alone or in combination with CAP.

Figure 5 illustrates that the untreated leaves as well as
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Figure 4. Recovery of PSII photochemical efficiency (determined
as the fluorescence ratio F,/F.) at 52 pmol photons m=2 s™' subse-
quent to a 60-min treatment at 1850 umol photons m™ s™'. These
measurements were performed on the same leaf disc and simulta-
neous to those described in Figure 1. The values of F, and F,,, used
to calculate F,/Fn were obtained after 3 min under far-red illumi-
nation at the time points indicated. All exposures were at 25°C in
an atmosphere containing 5% CO,. We obtained a value of 100%
from each leaf prior to exposure to high light. One typical set of
experiments is shown here. Similar results were obtained in two
comparable sets (not shown).
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Figure 5. Recovery of f, at 52 umol photons m™ s™' subsequent to
a 60-min treatment at 1850 umol photons m™ s~'. F, was deter-
mined as the lowest yield of Chl fluorescence in the absence of
PAR but with far-red illumination. These measurements were per-
formed on the same leaf disc and simultaneous to those described
in Figures 1 and 4. All exposures were at 25°C in an atmosphere
containing 5% CQ,. We obtained a value of 100% from each leaf
prior to exposure to high light. One typical set of experiments is
shown here. Similar results were obtained in two comparable sets
{not shown).

those treated with DTT or CAP alone exhibited similar levels
of F, after the recovery period, whereas the level of F, clearly
increased much beyond that in the other treatments in the
leaves treated with the combination of CAP + DTT. Such
increases in F, have been associated with some form of
“damage” to PSII or perhaps a functional disconnection of
PSII and its light-collecting pigment system (Demmig and
Bjorkman, 1987; for reviews, see Krause, 1988; Demmig-
Adams, 1990). The only treatment that caused strong and
irreversible changes of this nature is the treatment in which
both xanthophyll cycle-associated energy dissipation and
protein turnover were inhibited, resulting in a strong and
irreversible depression in PSII photochemical efficiency and
the photon efficiency of photosynthesis.

Table Il shows changes in the yield of F," (see van Kooten
and Snel, 1990, for fluorescence nomenclature), expressed
as changes in nonphotochemical fluorescence quenching
(Fu/Fx" — 1) (Bilger and Bjérkman, 1990; Demmig-Adams,
1990), during and subsequent to the high-light treatment.
After 10 min at the high PFD a strong decrease in F’, or an
increase in nonphotochemical quenching, was observed in
the control and the CAP-treated leaves, whereas only a small
increase in nonphotochemical quenching was apparent in the
DTT-treated (or the DTT + CAP-treated) leaves. Such a rapid
and DTT-sensitive decrease in Fy', as well as F,” (Fig. 5), is
indicative of xanthophyll cycle-associated energy dissipation
(Bilger and Bjorkman, 1990; Demmig-Adams et al., 1990).

It should be noted that extended exposure to the high PFD
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Table lIl. Nonphotochemical fluorescence quenching and PSI reduction state in untreated (control)
and treated (with CAP, DTT, or CAP + DTT) spinach leaves at various times during a 60-min exposure
to 1850 mol photons m™2 s™' (HL), followed by a 105-min exposure to 52 mol photons m™2 s™' (LL)

All measurements were made at 25°C and in an atmosphere containing 5% CO.. Nonphotochem-
ical fluorescence quenching is expressed as Fn/F,’ — 1. The PSll reduction state is estimated from
Chl fluorescence as (F — Fo')/(Fn" — F,’), where F,’ is the minimal fluorescence yield (at open PSlI
reaction centers) and F is the actual fluorescence emission during illumination with PAR

FofFm' — 1 PSII Reduction State
10" HL 60" HL 105’ LL 10" HL 60" HL

Control 1.96 2.09 0.01 0.46 0.40
CAP 2.12 2.34 0.25 0.39 0.36
DTT 0.44 0.80 0.00 0.75 0.52
CAP + DTT 0.43 1.20 0.65 0.74 0.49

led to a slow, further decrease in F,’, between 10 and 60
min at the high PFD, and a corresponding increase in the
parameter Fr/Fn’ — 1 in the leaves treated with CAP, DTT,
or with CAP + DTT, but not in the controls (Table II).
Subsequent to the 105-min recovery period at low PFD, F.’
had fully recovered in both control and DTT-treated leaves.
However, there was a residual depression of F.,’ in the leaves
treated with CAP and particularly those treated with CAP +
DTT. The fact that there was some difference between the
control leaves and the CAP-treated leaves with respect to
sustained depressions in F.,” suggests that chloroplast protein
synthesis prevents such effects in control leaves under our
treatment conditions. We cannot conclude, however, that this
must also occur under natural conditions at peak irradiance,
since the treatment PFD (1850 umol photons m™ s™') ex-
ceeded the peak growth PFD (1500 pmol photons m™ s77)
somewhat and since CAP may also exacerbate oxidative
damage (see Okado et al., 1991).

Table II also shows the reduction state of PSII after 10 and
60 min at the high PFD. After 10 min, at which time xantho-

phyll cycle-associated energy dissipation was presumably
fully developed in the control and CAP-treated leaves, these
two treatments exhibited reduction states of about 40%,
which remained at these levels throughout the 60-min treat-
ment at high PFD. In contrast, the treatments with DTT or
DTT + CAP, which prevent xanthophyll cycle-associated
energy dissipation, resulted in much higher reduction states
of about 75% initially (after 10 min). However, these reduc-
tion states decreased to levels of about 50% after 60 min of
exposure to the high PFD. Such a slow, further decrease in
the PSII reduction state, as well as the slow decrease in F/,
would be consistent with the development of an additional,
xanthophyll cycle-independent process that dissipates excess
energy in PSIL

Effect of CAP, DTT, or a Combination of Both on the
Carotenoid Composition of Sun Leaves under
High Irradiance

Table III shows that the 90-min uptake period at low PFD
had a negligible effect on the levels of zeaxanthin and an-

Table Ill. Composition of the xanthophyll cycle in spinach leaves prior to (after LL) and following
exposure to (HL) 1850 umol photons m™2 ™" at 25°C for 60 min in an atmosphere containing 5% CO;
Leaves were either untreated (control) or treated with CAP, DTT, or CAP + DTT. For the CAP
treatments, values are given in LL before and after the 90-min uptake period. Each value represents
a mean of two separate samples taken from the same leaf. V, Violaxanthin; A, antheraxanthin; Z, ‘

zeaxanthin
z A v ZIV+A+2) A+ZDJV+A+2Z)
mmol mol™ Chla+ b
Control
After LL 1.5 4.4 88.2 0.016 0.063
HL 61.1 11.1 16.9 0.686 0.810
CAP
Before LL 2.3 7.6 95.1 0.021 0.094
After LL 1.3 5.5 99.2 0.012 0.064
HL 58.6 6.0 15.9 0.728 0.803
DTT
After LL 1.2 1.5 92.3 0.013 0.028
HL 2.4 4.6 85.1 0.026 0.076
CAP + DTT
Before LL 3.6 7.4 100 0.032 0.099
After LL 2.1 1.9 98.0 0.021 0.039
HL 2.1 5.4 94.5 0.021 0.074
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theraxanthin in the case of CAP treatments and caused some
decrease in the levels of these two xanthophylls in the case
of treatments with DTT + CAP. As had also been reported
previously (Bilger and Bjorkman, 1990; Demmig-Adams et
al., 1990), DTT inhibited the high-light-induced formation of
zeaxanthin (Table III). In contrast to the effect of DTT in
isolated chloroplasts (Gilmore and Yamamoto, 1992), anther-
axanthin formation was also largely inhibited to the extent
that the levels of zeaxanthin + antheraxanthin were similarly
low after 60 min at the high PFD in leaves treated with DTT
or DTT + CAP as those in control or CAP-treated leaves
prior to the high-light exposure. There was neither inhibition
of violaxanthin deepoxidation nor an increase in zeaxanthin
+ antheraxanthin content in CAP-treated leaves after 60 min
at high PFD compared with the high levels found in the
control leaves exposed to high PFD.

Table IV shows the levels of all carotenoids and Chls 2 and
b before and after the 1-h treatment at the high PFD. We did
not identify any consistent differences in the changes of the
levels of lutein, neoxanthin, §-carotene, or Chl 4 and b among
the various treatments subjected to high-light exposure. In
contrast, a high-light-induced decrease of 24% in the size of
the xanthophyll cycle pool was observed in the CAP-treated
leaves compared with only small changes in this parameter
in all other treatments, including that with CAP + DTT.

DISCUSSION

There are numerous reports that CAP or other inhibitors
of chloroplast-encoded protein synthesis have a strong inhib-
itory effect on the recovery from “photoinhibition,” i.e. high-

Demmig-Adams and Adams
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light-induced depressions in photochemical efficiency (for
reviews, see Krause, 1988; Ohad et al., 1990; Demmig-Adams
and Adams, 1992). There is some difference of opinion as to
whether these results reflect the importance of continuous
protein turnover or an actual damage/repair cycle for the
maintenance of a functional photochemical system. In the
majority of these studies leaves or algae were exposed to
PFDs several times greater than their growth PFD. We were
interested in determining the effect of CAP on sun leaves
during an exposure to PFDs equivalent to full sunlight, i.e. a
level of light stress to which they are acclimated.

Our results with sun leaves differ from the previous reports
in that CAP alone does not cause irreversible depressions in
photochemical efficiency over a 60-min exposure to high
irradiance. However, subsequent to the same exposure, a
much greater level of depression and a complete lack of
recovery was observed when these leaves were treated with
a combination of CAP + DTT. DTT inhibited deepoxidation
of the xanthophyll cycle as well as the xanthophyll cycle-
associated energy dissipation process in the pigment bed. In
addition, treatment with DTT alone did not result in irrevers-
ible depressions of photochemical efficiency in these sun
leaves. Therefore, our results indicate that inhibition of either
CAP- or DTT-sensitive processes alone does not prevent a
relatively rapid return to a high photochemical efficiency in
sun leaves subsequent to an exposure to high irradiance.

In other words, these sun leaves did indeed show a re-
sponse to CAP similar to that of shade leaves (Greer et al.,
1986), provided that DTT-sensitive processes (e.g. xantho-
phyll cycle-associated energy dissipation) were not allowed
to occur. We speculate that the difference in the size of the

Table IV. Pigment content of untreated (control) and treated (with CAP, DTT, or CAP + DTT) spinach
leaves prior to (after LL) and after (HL) a 60-min exposure to 1850 umol photons m™2 s~ at 25°C in an

atmosphere containing 5% CO;

For the treatments with CAP and CAP + DTT, values are given in LL before and after the 90-min
uptake period. Each value represents a mean of two separate samples taken from the same leaf. The
percent change was calculated from the change between prior to (after LL) and after (HL) the high-
light exposure in each case. V, Viclaxanthin; A, antheraxanthin; Z, zeaxanthin; 8-C, B-carotene; L,
lutein; N, neoxanthin; ZCar, the sum of all carotenoids

V+A+Z B8-C L N ZCar Chla+b Chla/b
mmol mol~' Chla+ b pmol m™2
Control
After LL 94.1 78.3 139 39.4 350 318 2.37
HL 89.1 76.2 138 40.4 344 278 2.27
Percent change -5.3 —-2.7 -0.7 +3.0 -1.7 -12.6 —4.2
CAP
Before LL 105 79.9 136 38.2 359 244 2.39
After LL 106 84.1 135 36.8 363 260 2.42
HL 80.5 75.0 130 37.6 323 228 2.34
Percent change —24.1 -10.8 -3.7 +2.0 -11.0 -123 =33
DTT
After LL 95.0 78.0 134 38.4 345 279 2.36
HL 92.1 75.4 128 38.8 334 248 2.30
Percent change -3.0 =33 —4.5 +1.0 -3.2 =111 -2.5
CAP + DTT
Before LL IR 80.8 137 41.7 371 240 2.29
After LL 102 80.6 131 38.3 352 255 2.25
HL 102 73.4 126 39.1 341 239 2.24
Percent change 0 —-8.9 -3.8 +2.1 -3.1 -6.3 —-0.4
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xanthophyll cycle pool between sun and shade leaves is an
important factor for their difference in the response to CAP.
We also conclude that a greater capacity for xanthophyll
cycle-associated energy dissipation is likely to be an impor-
tant factor for the greater tolerance of sun leaves to high
irradiance. A similar conclusion was drawn by Oquist et al.
(1992). It is interesting to note that the fact that the sun
leaves had high rates of photosynthesis did not prevent the
strong irreversible depressions in photochemical efficiency in
the presence of a combination of CAP + DTT.

The responses described in this study also indicate that
depressions of the photon efficiency of photosynthesis can
have different underlying mechanisms. We speculate that the
reversible decrease in photochemical efficiency in CAP-
treated leaves is related to xanthophyll cycle-associated en-
ergy dissipation and that the recovery in DTT-treated leaves
may be associated with protein turnover. If the recovery in
DTT-treated leaves is indeed due to protein turnover, one
would have to conclude that this protein turnover is very
rapid, considerably more rapid than in shade leaves of bean,
for example (Greer et al., 1986). This conclusion has also
been drawn by Oquist et al. (1992) from a comparison of
leaves grown at different PFDs.

Interestingly, the rather drastic changes in the efficiency of
converting photons into photochemistry in leaves treated
with both CAP + DTT had only a very minor or no effect on
the high rates of photosynthesis at saturating PFDs (Fig. 3).
This could be the result of a process that (also) dissipates a
certain percentage of excitation energy at the level of the
photochemical reactions. A xanthophyll cycle-independent
energy dissipation process apparently develops during high
PFD and persists upon return to low PFD in leaves treated
with CAP + DTT. This conclusion is based on the slow
decreases in F,," and changes in the reduction state in leaves
treated with CAP + DTT (Table II). This may be the same
phenomenon that has been addressed as “energy dissipation
by photoinhibited PSII reaction centers” (see Cleland et al.,
1986; Somersalo and Krause, 1990; Krause and Weis, 1991;
Ottander and Oquist, 1991), and may occur not only when
xanthophyll cycle-associated energy dissipation is inhibited
but perhaps also when the capacity of this latter process is
exceeded. Such a modification of PSII may also involve
changes that are responsible for the sustained large increase
in F, in CAP + DTT-treated leaves (Fig. 5; see also Osmond
et al., 1993). In conclusion, our results may suggest that in
the absence of xanthophyll cycle-associated energy dissipa-
tion an alternative process develops that is characterized by
slowly developing (xanthophyll cycle-independent) energy
dissipation and, possibly, a functional dissociation between
PSII reaction centers and antennae (as indicated by the
increase in F,) that is irreversible in the presence of CAP, and
thus presumably the absence of protein synthesis. This mod-
ification strongly depresses the photon efficiency of photo-
synthesis but does not interfere with a high photosynthetic
activity under saturating PFDs.

Finally, the effect of CAP, but not CAP + DTT, in causing
a decrease in the pool size of the xanthophyll cycle may be
interpreted in several ways. It is possible that a chloroplast-
encoded protein with an extremely rapid turnover is involved
in maintaining a large xanthophyll cycle pool under high

irradiance when large amounts of zeaxanthin and anthera-
xanthin are formed and become involved in energy dissipa-
tion. One may assume that zeaxanthin and antheraxanthin
become degraded in high light since they are involved in
energy dissipation and are continuously replaced. This would
explain the observation of a decrease in the xanthophyll cycle
pool in CAP-treated leaves when zeaxanthin and anthera-
xanthin are allowed to be formed but not when their forma-
tion is inhibited by DTT. Alternatively, the presence of CAP
could give rise to active oxygen species, as suggested by
Okado et al. (1991), that may also lead to a degradation of
xanthophylls. Such oxygen species might possibly become
reduced and inactivated by DTT. Irrespective of the under-
lying cause, any effects of CAP on the xanthophyll cycle pool
must be considered in longer-term treatments with CAP.
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