Continuous Turnover of Carotenes and Chlorophyll a in
Mature Leaves of Arabidopsis Revealed by *CO,
Pulse-Chase Labeling!CA]

Kim Gabriele Beisel, Siegfried Jahnke, Diana Hofmann, Stephan Koppchen,
Ulrich Schurr, and Shizue Matsubara*

ICG-3: Phytosphdre (K.G.B., S.J., U.S., S.M.), ZCH, BIOSPEC (D.H.), and ICG-4: Agrosphére (S.K.),
Forschungszentrum Jiilich, 52425 Juelich, Germany

Carotenoid turnover was investigated in mature leaves of Arabidopsis (Arabidopsis thaliana) by * CO2 pulse-chase labeling
under control -light (CL; 130 umol photons m 2 s~ ') and hlgh light (HL; 1,000 umol photons m 2 s~ !) conditions. Following
a 30-min *CO, administration, photosynthetically fixed *C was quickly incorporated in B-carotene (8-C) and chlorophyll a
(Chl 4) in all samples during a chase of up to 10 h. In contrast, '*C was not detected in Chl b and xanthophylls, even when
steady-state amounts of the xanthophyll-cycle pigments and lutein increased markedly, presumably by de novo synthesis,
in CL-grown plants under HL. Different light conditions during the chase did not affect the '*C fractions incorporated in 8-C
and Chl a, whereas long-term HL acclimation significantly enhanced 'C labeling of Chl a but not 8-C. Consequently, the
maximal "C signal ratio between B-C and Chl 2 was much lower in HL-grown plants (1:10) than i in CL -grown plants (1:4). In
lut5 mutants, containing a-carotene (a-C) together with reduced amounts of B-C, remarkably hlgh *C labeling was found for
a-C while the labeling efficiency of Chl a was similar to that of wild-type plants. The maximum "*C ratios between carotenes
and Chl a2 were 1:2 for a-C:Chl a and 1:5 for B-C:Chl a in CL-grown [ut5 plants, suggesting high turnover of a-C. The data
demonstrate continuous synthesis and degradation of carotenes and Chl a in photosynthesizing leaves and indicate distinct
acclimatory responses of their turnover to changing irradiance. In addition, the results are discussed in the context of

photosystem II repair cycle and D1 protein turnover.

Carotenoids are classified as accessory pigments in
photosynthesis because they augment light harvesting
in the blue spectral region by transferring the absorbed
light energy to chlorophyll (Chl). However, the uni-
versal occurrence of carotenoids in photosynthetic
cells, from bacteria to higher plants, indicates their
essential roles, rather than mere accessory roles, in
photosynthesis. Under excess light, carotenoids pro-
vide protection against photooxidative damage by
facilitating dissipation of excitation energy from sin-
glet- or triplet-state Chl and scavenging highly reac-
tive singlet oxygen, which is generated through
interaction between triplet excited Chl and oxygen
(Demmig-Adams, 1990; Miiller et al., 2001). These
photoprotective functions make carotenoids indis-
pensable for oxygenic photosynthesis, as demon-
strated by lethal effects of inhibitors of carotenoid
biosynthesis in plants (Bramley, 1993). Regulation of
light harvesting and photoprotection by carotenoids
requires their close proximity as well as the proper
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orientation to Chl molecules in pigment-protein com-
plexes of PSI and PSII. Furthermore, a small fraction of
non-protein-bound carotenoids serves as antioxidants
in the lipid phase of photosynthetic membranes
(Havaux and Niyogi, 1999; Havaux et al., 2004) and
influences the structure and fluidity of the lipid bilayer
(Gruszecki and Strzatka, 2005). Despite these and
other lines of defense, the PSII reaction center poly-
peptide D1, and to a lesser extent also D2, undergo
frequent photooxidative damage and repair in the
light (Melis, 1999; Baena-Gonzalez and Aro, 2002).
When the repair process cannot keep up with the rate
of photodamage, the overall quantum yield of PSII
declines.

Carotenoids are derived from isoprenoid precursors
in plastids (for reviews on carotenoid biosynthesis
in plants, see Lichtenthaler, 1999; Hirschberg, 2001;
DellaPenna and Pogson, 2006; Giuliano et al., 2008;
Tanaka et al., 2008; Cazzonelli and Pogson, 2010).
Following the formation of linear C,, lycopene, the
pathway splits into two branches of major cyclic
carotenoids: the B8,8-branch gives rise to B-carotene
(B-C) having two B-rings, whereas the B,e-branch
leads to formation of a-carotene («-C) having one
B-ring and one e-ring. Hydroxylation of 8-C and a-C
produces the xanthophylls zeaxanthin (Z) and lutein
(L), respectively. In the 8,8-branch, epoxidation of the
B-rings of Z results in successive synthesis of anther-
axanthin (A) and violaxanthin (V); subsequently, V can

2188 Plant Physiology®, April 2010, Vol. 152, pp. 2188-2199, www.plantphysiol.org © 2010 American Society of Plant Biologists



be converted to neoxanthin (N), the last carotenoid
product of the B8,8-branch. Except for some species
(Garcia-Plazaola et al., 2007), L does not undergo
B-ring epoxidation and the B,e-branch thus stops
with L, the most abundant carotenoid in leaves.

Each of these carotenoids occupies specific binding
sites in the photosynthetic apparatus to fulfill distinct
roles. In both PSI and PSII, carotenes (a-C and B-C) are
generally bound in core complexes, which also harbor
Chl a molecules, while the majority of xanthophylls (L,
Z, A, V, and N) are bound in light-harvesting antenna
complexes together with Chl 4 and Chl b molecules
(Bassi et al., 1993; Lee and Thornber, 1995). Accumu-
lation of B-C in core complexes is a common feature of
diverse photosynthetic organisms, whereas the occur-
rence of a-C in addition to B-C is restricted to certain
taxa. For higher plants, «-C has been found in leaves of
some, but not all, shade-tolerant species (Thayer and
Bjorkman, 1990; Demmig-Adams and Adams, 1992;
Demmig-Adams, 1998; Matsubara et al., 2009). Based
on this photoacclimatory behavior, it has been pro-
posed that a-C may function as a light-harvesting
pigment while 8-C may contribute to photoprotection
(Krause et al., 2001), presumably by scavenging singlet
oxygen and mediating a cyclic electron transfer
around PSII (Tracewell et al., 2001; Telfer, 2005).

Pronounced light-dependent changes are also ob-
served for xanthophyll composition in light-harvest-
ing antenna complexes. In a short term (minutes to
hours), operation of the xanthophyll cycle, involving
Z, A, and V, modulates levels of Z in a light-dependent
manner. It is widely accepted that Z is able to enhance
the dissipation of excess light energy from singlet
excited Chl while V is not (Demmig-Adams, 1990;
Miiller et al., 2001). Long-term acclimation (days) to
strong irradiance typically results in an increased pool
size of the xanthophyll-cycle pigments (V + A + Z) and
downsizing of PSII antenna, as indicated by a greater
Chl a-to-Chl b ratio (Demmig-Adams and Adams,
1992; Demmig-Adams, 1998; Matsubara et al., 2009).
Based on the observed changes in steady-state
amounts of xanthophylls and carotenes following ir-
radiance shifts, alterations in the balance between
biosynthesis and degradation, or turnover, have been
implicated as a mechanism for long-term adjustment
of carotenoid levels in leaves (Forster et al., 2009).
However, just how much biosynthesis and degrada-
tion of different carotenoids occurs in photosynthesiz-
ing green leaves is an open question to date.

In order to gain insight into carotenoid turnover of
mature leaves, we conducted '*CO, pulse-chase label-
ing experiments with Arabidopsis (Arabidopsis thali-
ana) plants. Carotenoid turnover has been studied in
algae in the past by applying [*C]bicarbonate (Blass
et al., 1959; Grumbach et al., 1978); for example, no
more than 1% to 2% of the photosynthetically incor-
porated '*C was allocated to the lipophilic fraction
containing Chl and carotenoid in Chlorella pyrenoidosa
after a 2-h pulse application (Grumbach et al., 1978).
Even lower labeling efficiency is expected for photo-
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synthetic pigments in nongrowing green leaves, in
which pigment turnover takes place almost exclu-
sively as part of the maintenance and acclimation of
photosynthetic membranes. To overcome this intrinsic
but anticipated difficulty, a *CO, application setup
was established for efficient and reproducible *CO,
incorporation in detached leaves of Arabidopsis dur-
ing a short (30-min) pulse period. Moreover, a method
of pigment separation was developed for *C detection
in concentrated leaf pigment extracts using a radio-
HPLC system. Because carotenoid composition exhibits
marked sun-shade responses in leaves (Demmig-
Adams and Adams, 1992; Demmig-Adams, 1998;
Matsubara et al., 2009), *CO, labeling patterns were
studied in three different sets of Arabidopsis plants:
(1) plants grown under 130 umol photons m > s™*
(control light [CL]) and exposed to CL during a chase
period of up to 10 h (CL plants); (2) plants acclimated
to 1,000 umol photons m s ! (high light [HL]) for 2
weeks and exposed to HL during the chase period (HL
plants); and (3) plants grown under CL but exposed to
HL during the chase period (CL—HL plants). These
treatments simulated short-term (CL— HL) and long-
term (CL or HL) responses to irradiance. Finally, as
C was found to be rapidly incorporated in 8-C and
Chl a molecules in leaves of wild-type plants, in which
B-C represents the only carotene species, '*C labeling
experiments were also conducted with leaves of [utb
mutants containing both «-C and B-C (Fiore et al,,
2006; Kim and DellaPenna, 2006) to compare turnover
of the two carotenes.

RESULTS

Maximal PSII Efficiency and Carotenoid Composition in
Leaves of Wild-Type Plants

Measurements of Chl a fluorescence were per-
formed in leaves of wild-type Arabidopsis under CL,
HL, or CL—HL conditions (Fig. 1). The maximal PSII
efficiency (F,/F,,) remained high in the CL plants
when light conditions were not changed, whereas
the CL—HL plants showed a significant decrease of
F,/F, after the transfer to HL at 0 h; the F /F
values of the CL—HL plants decreased rapidly in
the first 30 min, then slowly but continuously to values
of less than 0.7 after 10 h. The initial rapid decrease
accounted for nearly 50% of the PSII impairment
measured at 10 h. The HL plants exhibited much less
reduction of F,/F, during the HL treatment.

Carotenoid compositions were also analyzed (Fig. 2)
during the F,/F, measurements (Fig. 1) and are
expressed relative to Chl a (mmol mol ! Chl a). The
Chl a content per unit of leaf area did not alter
significantly in different treatments throughout the
10-h experiments (data not shown). In the CL plants, V
was the major xanthophyll-cycle pigment that was
present besides L, N, and 8-C; no Z and only a trace of
A could be detected (Fig. 2, A-C). The levels of all
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Figure 1. F/F,, in leaves of Arabidopsis wild-type plants during differ-
ent light treatments. Plants acclimated and subjected to 130 umol
photons m 2 s~" (CL; black circles), plants acclimated and subjected to
1,000 wmol photons m~2 s™' (HL; white triangles), and plants accli-
mated to CL and transferred to HL at 0 h (CL— HL; white circles) were
used. All data are means = st (n = 6). Error bars are shown when they

are larger than the symbols.

carotenoid pigments remained unchanged in the CL
plants, which also showed no change in F,/F,, (Fig. 1).

In the CL—HL plants, pigment composition
changed considerably during the exposure to HL. In
parallel to the rapid decrease of F,/F, in the first 30
min (Fig. 1), A + Z were quickly formed at the expense
of V via operation of the xanthophyll cycle (Fig. 2D).
However, about half of the V pool (approximately 20

presumably representing the V molecules that are not
accessible to deepoxidase enzymes (Férber et al., 1997).
Notably, the levels of A + Z continued to rise, resulting
in an increase of the xanthophyll-cycle compounds V +
A + Z by a factor of 2.5 after 10 h (Fig. 2D). Also, L
increased in the CL—HL plants by approximately
25% by the end of the experiment (Fig. 2F), whereas
the contents of N and 8-C stayed constant (Fig. 2E) at
the levels of the CL plants (Fig. 2B).

The HL plants had a V + A + Z pool three times
greater than that of the CL plants, and no obvious
change in V + A + Z was observed during the HL
treatment (Fig. 2G). Substantial amounts of A + Z were
found initially, but no further deepoxidation occurred
during the experiment and V remained the major
xanthophyll-cycle pigment in the HL plants. As seen
in the CL and CL — HL plants, no change in N or 8-C
was measured (Fig. 2H). The L content increased
slightly in the first few hours but then returned to
the initial level in the second half of the treatment
(Fig. 2I).

“C-Labeled Pigments in Leaves of Wild-Type Plants

The increase of V + A + Z and L in the CL—HL
plants (Fig. 2, D and F), which started after the max-
imal light-induced deepoxidation in the xanthophyll
cycle, suggests enhanced de novo synthesis of these
xanthophylls in response to excess light. In order to
examine the synthesis and degradation of carotenoid
pigments in mature leaves of Arabidopsis, pulse -chase
labeling experiments were conducted with *CO,. Af-
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exposed to either CL or HL in ambient air for different
durations (chase). The incorporation of *C in photo-
synthetic pigments was determined by radio-HPLC
analysis, and the radioactivity of each pigment was
expressed relative to the Chl a content.

Chl a and B-C showed high radioactivity in all
samples (Fig. 3, A and B, respectively), but little label
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Figure 3. A and B, Changes in incorporated "*C radioactivity in Chl a
(A) and B-C (B) in leaves of wild-type plants under CL, HL, and CL —HL
conditions. C, Ratio between '*C radioactivities of the two pigments
(B-C/Chl a). Detached leaves were subjected to 14CO2 administration
under CL for 30 min (pulse period) and subsequently exposed to either
CL or HL for up to 10 h (chase period, starting at 0 h). The 'C
radioactivities of Chl a (A) and B-C (B) were normalized to the Chl a
content measured in the same samples (Bq ug ™' Chl a). Asterisks above
the symbols indicate significant differences between the CL and HL
plants at each time point; no significant difference was found between
data of the CL and CL— HL plants. Plus signs above the symbols show
significant differences between the time points within each treatment
(i.e. after 3-, 6-, or 10-h chase compared with 0.5 h). ** P < 0.01,
*and * P < 0.05. All data are means = st (n = 3-5).
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was found in Chl b or the xanthophylls (see Fig. 7
below). Interestingly, the *C radiolabel of Chl a and
B-C was very similar in the CL and CL—HL plants,
suggesting that light conditions during the chase pe-
riod did not affect the '*C levels of these pigments. In
the HL plants, significantly higher radioactivity was
detected for Chl a (150%-190% of the CL plants after
6 h), while somewhat less "*C was found in -C (50%—
80% of the CL plants). As a result, the Y€ ratio B-C/
Chl 2 was much lower in the HL plants (maximum 0.1)
than in the CL or CL - HL plants (maximum 0.25; Fig.
3C). The *C distribution between Chl a and B-C thus
seemed to depend on long-term light acclimation
states of the leaves.

The high '*C radiolabeling of Chl a and 8-C just after
the pulse suggests a rapid flux of fixed *C into Chl and
carotenoid biosynthesis in mature leaves. The differ-
ences in '“C labeling between the HL and CL plants
arose mostly during the 30-min pulse. Afterward, the
temporal profiles of *C radioactivity were similar in
the CL and HL plants, except for the last time point at
10 h, when radioactivity started to decrease in both Chl
a and B-C in the HL plants. In the CL and CL—HL
plants, "*C radio signal continued to increase (Chl a) or
remained nearly unchanged (8-C; Fig. 3, A and B). The
labeling intensity of 8-C quickly reached a plateau in
all samples already after 0.5 h of chase (Fig. 3B).

Maximal PSII Efficiency and Carotenoid Composition in
Leaves of lut5 Mutants

The steady-state level of carotene changed little in
leaves in the short term (Fig. 2E), whereas radio-HPLC
data revealed the dynamic nature of 8-C homeostasis
in photosynthesizing leaves (Fig. 3B). This finding
prompted us to examine the incorporation of *C in
photosynthetic pigments of the lut5 mutants, which, as
a result of a mutation to a heme-containing B-ring
hydroxylase gene (Fiore et al., 2006; Kim and Della-
Penna, 2006), accumulate a large amount of a-C along
with a reduced amount of B-C in leaves. If the roles of
the two carotenes in photosynthesis are not identical,
as has been proposed by Krause et al. (2001), they may
undergo different turnover during illumination. The
Iut5 mutants were grown under CL and exposed to HL
as in the CL —HL experiment of the wild-type plants.
Similar to the situation in the wild type, F,/F  de-
creased rapidly in the first 30 min of HL, followed by a
slow decrease until 10 h (Fig. 4). The initial reduction
of F,/F_ was faster in the [ut5 mutants compared with
the wild-type plants (compare with Kim et al., 2009).

The lut5 mutants are characterized by marked ac-
cumulation of a-C concomitant with reduced amounts
of all other carotenoid pigments (Fiore et al., 2006; Kim
and DellaPenna, 2006). Leaves of the CL-grown lut5
mutants contained approximately 70% V + A + Z, 40%
B-C, 50% N, and 80% L with respect to the levels in the
CL-grown wild-type plants (compare Figs. 2 and 5).
The a-C level found in the [ut5 mutants (Fig. 5B) was
similar to that of B8-C in the wild-type plants (Fig. 2E).
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Figure 4. F/F,, in leaves of lut5 mutants during HL exposure. Plants
grown in CL were transferred to HL at 0 h, as in the CL— HL treatment
of the wild-type plants in Figure 1. All data are means * st (n = 6). For
comparison, the data of the wild-type CL—HL plants are also shown
(dotted line).

The V + A + Z pool of [ut5 leaves increased continu-
ously from 0.5 to 10 h under HL (Fig. 5A), as observed
in leaves of the CL—HL plants of the wild type, but
the increase was less pronounced in the [ut5 mutants
than in the wild-type plants (by a factor of 2 versus 2.5
in the wild type; Fig. 5A). Concomitantly, a slightly
larger increase in L was found in lut5 (+30% versus
+25% in the wild type; Fig. 5C) during the 10-h HL
treatment. As was the case for B-C in the wild-type
plants (Fig. 2E), neither of the two carotenes in [ut5
showed a significant change in the steady-state level
during the experiment (Fig. 5B).

“C-Labeled Pigments in Leaves of lut5 Mutants

A ™CO, labeling experiment was conducted for the
lut5 mutants using the same pulse-chase protocol as
for the CL—HL plants of the wild type (Fig. 3). As
seen in the wild-type plants, rapid and strong incor-
poration of *C was found in lut5 for Chl a (Fig. 6A)
and carotenes (Fig. 6B), while radioactivity was hardly
detectable for Chl b and xanthophylls (data not
shown). Although the 'C radioactivity of Chl a just
after the 30-min pulse (i.e. at 0 h) was somewhat lower
in [ut5 than in the wild type, the values reached the
wild-type level between 0.5 and 3 h of chase (compare
Figs. 3A and 6A).

The ™C incorporation in B-C was approximately
35% lower in the [ut5 mutants compared with the wild
type (compare Figs. 3B and 6B). Nevertheless, taking
into account that the B-C content was reduced by 60%
in lut5 (Fig. 5B), relatively more *C was incorporated
in B-C molecules in [ut5 than in wild-type leaves.
Strikingly high '*C labeling was found for a-C, which
is present only in the lut5 mutants (Fig. 6B). The 4c
radioactivity was up to 60% higher for «-C in [ut5 than
for B-C in the wild type (compare Figs. 3B and 6B), in
spite of their similar steady-state levels (both approx-
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imately 100 mmol mol~! Chl a). When a-C and B-C
were added together, the radioactivity of carotenes in
the [ut5 mutants (Fig. 6B) was more than twice as high
as that of B-C in the wild-type plants (Fig. 3B), even
though the total amount of carotenes was increased by
no more than 40% in [ut5 (Fig. 5B). The 14C distribution
between the two carotenes in [ut5 (Fig. 6B) was nearly
proportional to their relative steady-state amounts
(Fig. 5B).

The '*C labeling of a-C and B-C in lut5 leaves (Fig.
6B) exhibited similar time-course patterns as observed
for B-C in wild-type leaves (Fig. 3B). Unlike in the wild
type, however, the radioactivity of carotenes started to
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Figure 5. Changes in carotenoid contents of lut5 leaves during HL
exposure. Plants grown in CL were transferred to HL at O h, as in the
CL— HL treatment of the wild-type plants in Figure 2, D to F. Carot-
enoid contents are given relative to the Chl a contents (mmol mol ™" Chl
a). Chl contents per unit of leaf area did not change during the
experiment for both Chl a and Chl b (data not shown), with an average
ratio of Chl ato Chl bof 4.17 = 0.05. Data are means = st (n = 3). Error
bars are shown when they are larger than the symbols.
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Figure 6. A and B, Changes in incorporated "*C radioactivity in Chl a
(A) and a-C and B-C (B) in leaves of [ut5 mutants under CL—HL
conditions. C, Ratios between '*C radioactivity of carotenes and Chl a
(B-C/Chl a or a-C/Chl a). The experimental protocol was as described
for the CL— HL treatment of wild-type plants (compare with Fig. 3). The
C radioactivities of Chl a or a-C and B-C were normalized to the Chl a
contents measured in the same samples (Bq ug ™' Chl a). Plus signs
above the symbols indicate significant differences between the time
points within each treatment (i.e. after 3-, 6-, or 10-h chase compared
with 0.5 h). ¥ P< 0.01, ¥ P < 0.05. All data are means = st (n = 3).

decrease in [ut5 with increasing duration of the HL
exposure. The wild-type level of *C incorporation in
Chl a (Fig. 6A), together with much greater incorpo-
ration in carotenes (Fig. 6B), resulted in remarkably
high relative radioactivity of carotenes with respect to
that of Chl a in [ut5 leaves (Fig. 6C). Notably, the ratio
between the “C radioactivities of a-C and Chl a
approached 0.5 after 30 min of chase. On the other
hand, the relative radioactivity of B-C to that of Chl a
was similar in the /ut5 mutants and the wild-type
plants (compare Figs. 3C and 6C). Hence, for a given
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amount of C incorporation in Chl a molecules, a
greater amount of '*C was incorporated in carotenes in
the [ut5 mutants compared with the wild-type plants
grown under the same CL condition.

DISCUSSION

Continuous Turnover of Chl a and B-C in
Photosynthesizing Green Leaves

The "C pulse-chase labeling experiments revealed
the dynamic nature of photosynthetic pigment main-
tenance in mature leaves of Arabidopsis. After the
30-min pulse in CL, Chl 4 and B-C showed rapid
incorporation of '*C from photosynthetic CO, fixation
(Fig. 3, A and B). Both Chl 2 and B-C are bound in the
core complex of PSII (Bassi et al., 1993; Loll et al., 2005),
the reaction center of which is susceptible to photoin-
activation. The D1 protein of the PSII reaction center
undergoes a continuous repair cycle in all light inten-
sities (Tyystjarvi and Aro, 1996) involving PSII disas-
sembly, D1 degradation, insertion of a newly
synthesized D1 into the existing PSII, and PSII reas-
sembly (Baena-Gonzalez and Aro, 2002). Previous
studies have shown that translation elongation of
mRNA and membrane insertion of new D1 protein
depend on the availability of assembly partners
(Zhang et al., 1999) and ligation of Chl 2 (Kim et al.,
1994, He and Vermaas, 1998) and B-C (Trebst
and Depka, 1997). The rapid and concomitant 'C
labeling of Chl a and 8-C found in this study (Fig. 3, A
and B) demonstrates a continuous flux of newly fixed
carbon into Chl 2 and B-C in photosynthesizing leaves,
which most likely is important for the PSII repair cycle.
The 'C labeling of Chl a and B-C, but not Chl b and
xanthophylls bound in light-harvesting antenna com-
plexes (Bassi et al., 1993), is in line with the report by
Feierabend and Dehne (1996) for green leaves of rye
(Secale cereale) seedlings, in which a 4-h incubation
with 6-[*H]aminolevulinic acid under illumination
resulted in Chl labeling in PSII core complexes but
not in light-harvesting antennae and PSI. Chl b is
synthesized from Chl a (or chlorophyllide a) by chlo-
rophyllide a oxygenase (Tanaka and Tanaka, 2005).
When the availability of Chl b exceeds the amount
needed for import and stabilization of light-harvesting
antenna proteins, surplus Chl b molecules seem to
trigger chlorophyllide a oxygenase protein degrada-
tion (Yamasato et al., 2005) and thereby suppress
Chl b biosynthesis. The little '*C incorporation in
Chl b concomitant with strong Chl a labeling found
in our experiments may indicate such suppression of
Chl b synthesis in Arabidopsis leaves under CL and
HL conditions.

Notably, up to 10 h in HL did not affect the 4c signal
of Chl a and B-C in the CL—HL plants (Fig. 3),
suggesting that this short-term exposure to HL did not
alter the turnover of these pigments. Consistent with
this notion, previous studies documented no change in
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D1 protein turnover in leaves of Brassica napus and
Arabidopsis when irradiance was suddenly increased
from growth light to higher light intensities (Sundby
et al.,, 1993; Russell et al., 1995). Accumulation of
photoinactivated PSII due to enhanced photodamage,
without corresponding up-regulation of repair, could
explain the impaired F,/F, measured in the CL—HL
plants in this study (Fig. 1). In fact, the rate coefficient
of PSII repair can decrease under excess light (Lee
et al., 2001; He and Chow, 2003), presumably because
oxidative conditions inhibit the translation of D1
(Nishiyama et al., 2001).

A different picture emerged for the HL plants. The
F,/F,, decrease in the HL plants was much less pro-
nounced than in the CL—HL plants during the same
HL treatment (Fig. 1). Strong 4c labeling of Chl a
recorded in the HL plants throughout the chase period
(Fig. 3A), together with the signal decline at 10 h,
suggest higher Chl a turnover in these plants com-
pared with the CL plants. High-light-induced up-
regulation of PSII repair, especially at the step of D1
cleavage by FtsH and Deg proteases (Kato and
Sakamoto, 2009), represents one of the vital photo-
acclimatory responses in leaves (Tyystjdrvi et al., 1992;
Aro et al., 1994). Furthermore, the ratio of Chl a to Chl b
(see legend to Fig. 2) indicated downsizing of PSII
antennae in the HL plants, another predominant
acclimatory response in thylakoid membranes under
strong light (Anderson et al., 1988). Smaller PSII an-
tennae, and thus the presence of a relatively greater
fraction of Chl 2 molecules in the core complexes, may
partly account for the higher C signal of Chl a
(normalized to the Chl a content) in the HL plants.
Yet, the difference in labeling intensities of Chl a
between the CL and HL plants (Fig. 3A) seems too
large to be attributed solely to such normalization effects.

The continuous increase of **C in Chl a up to 6 or 10
h in leaves of the HL or CL plants, respectively (Fig.
3A), points to an ongoing flux of fixed *C into Chl
biosynthesis, or recycling of chlorophyllide and/or
phytol moieties from hydrolyzed, '*C-labeled Chl a mol-
ecules (Vavilin and Vermaas, 2007). In contrast, the
radio signal of B-C reached a peak in all samples after
0.5 h of chase and, what is more, the values were
always a little lower in the HL plants than in the CL
plants (Fig. 3B). The "*C ratio B-C:Chl a was no more
than 1:10 in the HL plants, or less than half the values
of the CL and CL— HL plants (Fig. 3C). These results
may imply that the HL plants had higher rates of D1
and Chl a turnover, but a lower rate of 8-C turnover,
than the CL plants. Given the proposed photopro-
tective functions of B-C in the PSII reaction center
(Tracewell et al., 2001; Telfer, 2005), the apparent
down-regulation of B-C turnover in the HL plants
raises several questions. Does acclimation to strong
irradiance lead to less frequent loss of B-C? Do B-C
molecules fulfill the same functions in leaves ac-
climated to contrasting irradiance? The photoaccli-
matory behavior of B-C turnover in leaves merits
further investigation.
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The Sources of the Increases in V + A + Z and L in HL

Light-induced deepoxidation in the xanthophyll
cycle provides Z molecules for the dissipation of
excess light energy (Demmig-Adams, 1990) and pro-
tection of membrane lipids against photooxidation
(Havaux and Niyogi, 1999; Havaux et al., 2004). A
large xanthophyll-cycle pool size, which allows rapid
formation of many Z molecules upon light exposure, is
a common pigment feature of sunlit leaves (Demmig-
Adams and Adams, 1992; Demmig-Adams, 1998;
Matsubara et al., 2009). The Arabidopsis plants in
this study also exhibited a marked increase of V + A +
Z during the 2-week acclimation to the HL condition
(Fig. 2, A and G). In the short term, HL exposure
induced deepoxidation of V to A and Z in the CL—~HL
plants in the first 30 min, then an increase in V+ A + Z
to reach 80% of the HL plant level after 10 h (Fig. 2D).
This increase in V + A + Z was accompanied by an
increase in L by 30 mmol mol~' Chl a (Fig. 2F). The
involvement of L in energy dissipation has been dem-
onstrated in leaves of higher plant species having the L
epoxide cycle (Matsubara et al., 2008) as well as
transgenic and mutant plants of Arabidopsis accumu-
lating extra L molecules at the expense of V (Pogson
and Rissler, 2000) or in the absence of Z and A (Li et al.,
2009). De novo synthesis of both V + A + Zand L was a
feature of light acclimation in avocado (Persea ameri-
cana) leaves, and unlike the xanthophyll cycles, rela-
tionships with carotenoid precursors were not
stoichiometric (Forster et al., 2009). In our study, the
total increase in V + A + Z and L in the CL— HL plants
during the 10-h HL treatment was 90 mmol mol ' Chl
a, which suggests the synthesis of these pigments
following the maximal deepoxidation in the xantho-
phyll cycle.

Contrary to our expectation, however, the radio-
HPLC analysis did not provide evidence for *C in-
corporation in xanthophylls in the CL—HL plants
throughout the 10-h chase. Although we cannot rule
out the possibility that minor radioactivities of xan-
thophylls were masked by the interfering compounds
in our radio-HPLC analysis (Fig. 7), it is unlikely that
such weak "C incorporation gave rise to the observed
increase in V + A + Z and L. Two scenarios could
explain the apparent lack of xanthophyll labeling in
our experiments. First, HL-induced de novo synthesis
of xanthophylls may have started after the '*C-labeled
precursor pool had been used up and replaced by
nonlabeled precursors formed during the chase period
under normal air. The fact that the radioactivity of
carotenes reached the maximal intensity 0.5 h after the
“C pulse labeling (Figs. 3B and 6B) suggests that
newly fixed carbon is quickly metabolized and enters
the carotenoid biosynthetic pathway in chloroplasts of
photosynthesizing leaves. An important implication of
this scenario is that short-term high-light exposure
enhances de novo synthesis of these xanthophylls
without affecting B-C turnover (Fig. 3B), which sug-
gests compartmentalization of xanthophyll and caro-
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Figure 7. Radio-HPLC analysis of photosynthetic pigments. A, A
chromatogram (detection at 440 nm) of pigments extracted from a
leaf of wild-type Arabidopsis grown in CL and exposed to HL for 3 h.
Peak 1, V; peak 2, N; peak 3, A; peak 4, L; peak 5, Z; peak 6, Chl b; peak
7, Chl a; peak 8, B-C. AU, Arbitrary units. B, Simultaneous radiogram of
4C-labeled compounds. Dotted lines indicate the expected positions
of pigment peaks in the radiogram, with a 20-s offset compared with the
corresponding peaks in the chromatogram due to the sequential
detection by the UV-visible light and radio detectors. Radioactivity
was hardly detectable at peak positions 2, 5, and 6. C and D,
Saponification eliminated Chl peaks 6 and 7 in the chromatogram (C)
as well as the prominent peak 7 in the corresponding radiogram (D). E
and F, Lack of xanthophyll pigments at peaks 1 to 4 concomitant with
pronounced accumulation of Z at peak 5 in /ut2/npq2 mutants (E) did
not eliminate wild-type levels of radiolabeling at less than 40 min (F). G
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tene biosynthesis. Notably, a recent study in Arabi-
dopsis has shown that an irradiance increase from 150
to 1,000 umol photons m ™~ *s ™! rapidly induces (within
10-60 min) transcriptional up-regulation of a gene en-
coding nonheme diiron B-ring hydroxylase (Cuttriss
et al., 2007), which catalyzes the hydroxylation of B-C
to Z (Kim et al., 2009). Pulse-chase labeling with *CO,
not before but during the HL-induced accumulation of
V + A+ Zand L could test if de novo biosynthesis of
these xanthophylls is enhanced after transfer to strong
light.

gAdclitionally, one could postulate the existence of
xanthophyll precursor pools that are not directly
linked with photosynthetic CO, fixation. A potential
candidate for such a pool is carotene molecules in PSII
core complexes. It has been proposed for Chlamydo-
monas reinhardtii that hydroxylation of 8-C, which is
released from the PSII reaction center during D1
turnover, may contribute to Z formation under strong
light, along with deepoxidation of V to Z in the
xanthophyll cycle (Depka et al, 1998). Since B-C
molecules are bound not only in the reaction center
but also in peripheral regions of the core antenna
complexes CP47 and CP43 (Loll et al., 2005), it is
possible that some of these 8-C molecules in the PSII
core complexes dissociate from apoproteins during
disassembly and become available for hydroxylation.
According to this hypothesis, preexisting, nonlabeled
carotene molecules in PSII core complexes may have
served as a precursor pool for the additional xantho-
phylls in our experiments. Although possible, this
cannot be the only mechanism of the HL-induced
xanthophyll accumulation in leaves of Arabidopsis.
While the accumulation of L was slightly enhanced in
lut5 leaves containing a-C (Fig. 5, B and C), which is
the precursor of L, it also happened in the wild-type
plants having no a-C (Fig. 2, E and F). If we attribute
the HL-induced increase of V + A + Z in the CL—~HL
plants (approximately 60 mmol mol ™' Chl a by 10 h;
Fig. 2D) solely to B-C from the PSII repair cycle, it
follows that nearly 60% of the steady-state amount of
B-C (Fig. 2E) must have been hydroxylated during the
10-h HL exposure. Assuming a PSIL:PSI ratio of 1.5 to
1.7 (Fan et al., 2007) and 11 B-C and 100 Chl 2 mole-
cules for monomeric PSII (with two trimeric major
light-harvesting antenna complexes) and 26 8-C and
160 Chl 2 molecules for PSI (Bassi et al., 1993; Ballottari
et al.,, 2004; Liu et al.,, 2004; Loll et al., 2005), the
observed V + A + Z increase would correspond to, for
instance, one photoinactivation-repair cycle of the
entire PSII population and thereby hydroxylation of
all the nonlabeled (and nonbleached) B-C from PSII,
including nine 8-C molecules in CP47 and CP43. If the
two B-C molecules in the PSII reaction center are the

and H, Appearance of peak 9 (a-C) at the expense of peak 8 (8-C) in
lut5 mutants (G) was accompanied by the appearance of a new peak in
the radiogram at the expected position of a-C together with a smaller
peak of B-C (H).
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only substrates for hydroxylase during D1 turnover,
five photoinactivation-repair cycles of the entire PSII
population would be needed. Although such high
rates of D1 turnover may happen in leaves under
strong irradiance (Chow et al., 2002), we then would
expect to see some rad10act1v1ty appearing at Z during
the 10-h chase due to hydroxylation of *C-labeled 8-C
molecules. This was not the case.

Whatever the mechanism(s) and precursor pool(s)
for HL-induced formation of additional xanthophylls,
an important question arises as to the fate of carotenes
in PSII under nonstressful conditions, as in the CL
plants. Note that PSII photoinactivation and D1 turn-
over (Tyystjdrvi and Aro, 1996; Lee et al., 2001) as well
as Chl and carotene biosynthesis (Fig. 3) continuously
take place in the light, while steady-state levels of
these molecules do not change in the short term (Fig. 2,
B, E, and H). If carotenes in photoinactivated PSII are
neither bleached (Tracewell et al., 2001; Telfer 2005)
nor hydroxylated during the repair cycle (Depka et al.,
1998) under nonstressful irradiance, they may be de-
graded by carotenoid cleavage dioxygenase enzymes
(CCD; Auldridge et al., 2006b). It has been shown that
the expression level of certain CCDs can influence the
carotenoid turnover rate in seeds, fruits, flower petals,
and roots (Auldridge et al.,, 2006a, 2006b; Ohmiya
et al., 2006; Garcia-Limones et al., 2008). For chloro-
plasts of green leaves, on the other hand, not much is
known about the occurrence and pathway of carote-
noid catabolism, with the exception of abscisic acid
biosynthesis (Milborrow, 2001). Plants lacking CCDs
could offer an interesting system to examine carote-
noid degradation in chloroplasts and leaves.

Different Turnover of «-C and B-C

The lack of the [ut5 gene product, a heme-containing
cytochrome P450 monooxygenase that -catalyzes
B-ring hydroxylation of a-C, results in the accumula-
tion of a-C in PSII and PSI as well as reduced levels of
all other carotenoids in leaves of Arabidopsis (Fiore
et al.,, 2006; Kim and DellaPenna, 2006). Physiologi-
cally, leaves of the lut5 mutants have a smaller capacity
of light-induced thermal energy dissipation compared
with the wild-type plants (Dall’Osto et al., 2007; Kim
et al., 2009) and show more rapid decrease of F,/F
when exposed to strong light. While these changes do
not cause severe photoinhibition and photodamage
under moderately high light (750 or 1,000 wmol pho-
tons m ; Dall’Osto et al., 2007; Kim et al., 2009),
leaves of the lut5 mutants bleach after transfer to
higher irradiance (1,800 umol photons m~? s Kim
et al., 2009).

In this study, the F,/F, decrease following the
transfer from CL to HL (from 130-1,000 wmol photons
m ™% s™') was not so pronounced in lut5 leaves, al-
though it happened faster than in the wild type (F1g
4). Under this “tolerable” HL condition, the “CO,
pulse chase labeling experiment revealed strlklngly
high 'C incorporation in carotenes of Iut5 leaves.
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Enhanced radioactivity of carotenes (especially a-C)
was observed initially when the leaves were still under
CL (Fig. 6B), indicating high carotene turnover even
under nonstressful environments. Importantly, as the
labeling of Chl a was comparable in the two genotypes
(compare Figs. 3A and 6A), the lut5 mutation seems to
specifically increase carotene turnover but not Chl a
turnover. Judging by the lack of '*C incorporation in L
and Z, high carotene turnover in Jut5 did not appar-
ently result in enhanced hydroxylation of *C-labeled
a-C and B-C to L and Z, respectively. It can be
hypothesized that a-C is more prone to degradation
by photooxidation (Tracewell et al., 2001; Telfer, 2005)
or enzymatic cleavage (Auldridge et al., 2006) than
B-C. High degradation and turnover rates of caro-
tenes, in addition to the smaller capacity of photo-
protective light energy dissipation (Dall’Osto et al.,
2007; Kim et al., 2009), may contribute to the high-light
sensitivity of the [ut5 mutants.

Natural accumulation of a-C is found mainly in
leaves under shaded or deeply shaded environments
(Thayer and Bjorkman, 1990; Demmig-Adams and
Adams, 1992; Demmig-Adams, 1998; Matsubara
et al., 2009). A recent large pigment survey of tropical
forest species, commonly containing «-C in leaves,
indicated a selection pressure that generally sup-
presses a-C accumulation in sun-exposed conditions
(Matsubara et al., 2009). Since the balance between the
two carotenes shifts from «a-C to B-C with increas-
ing growth irradiance (Thayer and Bjérkman, 1990;
Matsubara et al., 2009), it has been proposed that 8-C
may contribute to efficient photoprotection whereas
a-C may function as light-harvesting pigment (Krause
et al., 2001). Our results from the [ut5 mutants, which
demonstrate different turnover of a-C and B-C during
the PSII repair cycle, are consistent with this notion
and underscore the interface between PSII photopro-
tection/photoinactivation and the regulation of carot-
enoid biosynthesis during photoacclimation.

CONCLUSION

The '“CO, pulse-chase labeling experiments re-
vealed “hidden” phenotypes of pigment turnover
(Chl a, a-C, and B-C) in mature, photosynthesizing
leaves of Arabidopsis. Despite their constant steady-
state levels, these pigments undergo continuous turn-
over even under nonstressful light conditions. Turnover
rates of Chl a and carotenes seem to be influenced by
photoacclimation states of leaves and by the carotene
species. On the other hand, de novo synthesis of
xanthophylls (V + A + Z and L) could not be demon—
strated by the pulse-chase protocol used for “CO,
labeling, even though steady-state amounts of these
pigments substantially increased in response to high-
light stress during the chase, which very likely in-
volves xanthophyll biosynthesis. Most importantly,
our results emphasize the need to consider carot-
enoid biosynthesis in the course of photoprotection

Plant Physiol. Vol. 152, 2010



in relation to pigment dynamics during the D1 repair
cycle following PSII photoinactivation. Together, these
findings invite further investigation into the regula-
tory mechanisms of synthesis and degradation of
photosynthetic pigments, which are essential for the
maintenance and acclimation of photosynthetic mem-
branes in leaves.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) Columbia-0 wild type and [ut2/npg2 and
lut5 mutants (mutant seeds kindly provided by Roberto Bassi, University of
Verona) were grown in soil (ED 73 Einheitserde; Balster Einheitserdewerk) in a
growth cabinet with a 12-h/12-h day/night photoperiod under a constant
relative air humidity of 50% and at 22°C/18°C (day/night) air temperature.
Photosynthetically active photon flux density of approximately 130 wmol
photons m 25! (CL) was provided by a combination of FLUORA and warm
white fluorescent tubes (Osram). At the beginning and at the end of the day
period, the light intensity in the growth cabinet was gradually increased or
decreased over 1 h to simulate sunrise and sunset. After germination and 3
weeks of cultivation under the above CL condition, some plants were
transferred to HL condition (1,000 umol photons m 2 s~") provided by Master
HPI-T Plus lamps (Philips) without changing the photoperiod and the relative
air humidity but at a constant air temperature of 19°C. These plants were
acclimated to the HL condition for about 2 weeks before experiments. Mature
leaves (up to four leaves per plant) of 5- to 7-week-old plants were used for all
experiments.

Light Treatments and Chl a Fluorescence Measurements

A set of plants grown under the CL condition was exposed to HL (CL—HL
plants) in the growth chamber, starting after the sunrise period. For compar-
ison, another set of the CL-grown plants were kept under the CL condition
(CL plants). All HL-grown plants were subjected to the HL condition (HL
plants). After different durations of the CL—HL, CL, or HL treatment, mature
leaves were detached from the plants, placed on a moist tissue, and dark
adapted for 15 min using leaf clips. F,/F, (fluorescence nomenclature
according to van Kooten and Snel, 1990) was determined by measuring Chl
a fluorescence in the dark-adapted leaves with a Handy PEA (Hansatech).

Analysis of Photosynthetic Pigments

For pigment analysis, leaf discs (1.13 cm?) were taken directly from
attached leaves during the light treatments without dark adaptation. The
discs were frozen in liquid nitrogen and stored at —20°C for up to 2 weeks
until acetone extraction. Pigment extraction and the HPLC analysis were
performed according to the method described by Matsubara et al. (2005) using
an Allsphere ODS-1 C18 column (5 um, 250 X 4.6 mm; Alltech) and a
corresponding guard column (5 um, 7.5 X 4.6 mm; Alltech). Pigments were
detected by a Waters PAD-996 UV /visible light detector (Waters), and peak
areas were integrated at 440 nm with Waters Empower software. Contents of
different carotenoids were expressed relative to the Chl 2 amount (mmol
mol ! Chl a) for each sample.

Isotope Labeling with *CO,

Labeling with *CO, was performed in a gas-circuit system including a
valve for opening or closing the system, a reaction vessel, a gas pump (1.3 L
min ! flow rate), a dew-point trap (kept at 5°C-10°C), and a leaf chamber (12
cm®); the total volume of the system was approximately 20 cm®. Aqueous
sodium ["C]Jcarbonate solution (7.4 MBq; GE Healthcare) was injected into 20
uL of perchloric acid (70%) and heated to 90°C in the sealed reaction vessel,
ensuring fast liberation of '*CO,. After 25 min of application, remaining *CO,
in the system was absorbed by soda lime granules (Carbosorb; BDH Labo-
ratory Supplies) for 5 min before opening the leaf chamber.

Four detached leaves were placed side by side in the sealed leaf chamber
and supplied with water through the petioles from cavities of the chamber
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bottom. After the 1-h “sunrise” period (see above), “CO, administration
started under the CL condition at 19°C. Immediately after '*CO, labeling, the
leaves were floated on water in a petri dish with the adaxial side facing
ambient air and, during this chase period, were subjected to either the CL or
HL in the growth chamber, corresponding to the CL—HL, CL, and HL
treatments of the fluorescence experiment described above. Whole lamina of
CO,-labeled leaves were sampled at different times of the chase and frozen
in liquid nitrogen for radio-HPLC analysis.

Radio-HPLC Analysis of '*C-Labeled Pigments

Pigments were extracted from whole lamina first with 1.2 mL of acetone,
followed by two-phase extraction (ethyl acetate and water) twice according to
the method of Pogson et al. (1996). The extracts were concentrated to a final
volume of 500 uL under a nitrogen gas stream and dim laboratory light. The
concentrated extracts were either immediately analyzed by radio-HPLC or
stored at —20°C for less than 5 h until analysis.

Analytical HPLC was carried out by a PU-1850 HPLC system (Jasco)
equipped with an autosampler (Gynkotek) and a UV/visible light detector
(Jasco), followed by a radio monitor (radioflow detector LB 509) with a solid
yttrium-gadolinium scintillator cell (YG-150-S-4; both from Berthold Technol-
ogies). This setup for sequential detection with a UV /visible light detector and
a radio detector resulted in a constant offset of approximately 20 s (Fig. 7, A
and B).

In order to obtain good signal-to-noise ratios in the radioactivity detection,
100 uL of concentrated leaf extracts was injected into the HPLC system. An
HPLC method using a Prontosil reverse-phase C30 column (3 um, 250 X 4.6
mm; Bischoff) and a corresponding guard column (3 wm, 10 X 4.0 mm;
Bischoff) was established for the radio-HPLC analysis; the amounts of
pigments per injection were too large for separation with the HPLC method
based on the C18 column described above. Elution was carried out at room
temperature and a flow rate of 1.2 mL min ! with methanol:water (87:13 [v/v];
solvent A) and 100% tert-butyl methyl ether (solvent B) according to the
following program: isocratic at 85:15 for 19 min, followed by a linear gradient
to 80:20 in 1 min, then isocratic at 80:20 for 38 min, a linear gradient to 40:60 in
3 min, isocratic at 40:60 for 17 min, and finally a linear gradient back to 85:15 in
3 min. The column was equilibrated for 20 min before each injection.

Peak integration was performed with RadioStar software (Berthold Tech-
nologies) for both UV /visible light chromatograms (440 nm) and radiograms.
Peak areas of the radiogram were normalized to the Chl a content given by the
corresponding 440-nm chromatogram and expressed as Bq ug ™' Chl a.

Identification of Photosynthetic Pigments in
the Radiograms

Chl peaks were confirmed by saponification of acetone extracts (1.2 mL)
with 0.5 g of Ambersep 900 OH (Sigma-Aldrich) on ice for 20 min, as described
by Larsen and Christensen (2005). Saponification efficiently removed Chl a
and Chl b from the extract (Fig. 7C), resulting in disappearance of the Chl a
peak in the radiogram (Fig. 7D). No radio signal was detected for Chl b in any
samples. The saponification procedure did not affect carotenoid contents (data
not shown).

The '*CO, labeling was also conducted for Arabidopsis carotenoid mutants
lut2/npq2 and lut5. In the Iut2/npq2 mutants (Havaux et al., 2004), constitu-
tively containing a large amount of Z but lacking all other xanthophylls (V, A,
N, and L; Fig. 7E), the radiogram revealed interfering lipophilic compounds in
the region where these xanthophylls are expected (Fig. 7F). No radio peak of Z
appeared, despite the strong accumulation of this pigment in the [ut2/npq2
mutants. In the lut5 mutants, which accumulate a-C at the expense of 8-C (Fig.
7G; Fiore et al., 2006, Kim and DellaPenna, 2006), a new peak was observed in
the radiogram at the expected position of a-C together with a smaller peak of
B-C (Fig. 7H).

Statistical Data Analysis

14C labeling data were statistically tested by ¢ test. For the experiments with
the wild-type plants, differences between the CL and HL plants or the CL and
CL—HL plants were tested for statistical significance at each sampling time
point. Additionally, statistical significance was also checked for time-course
variations within each treatment by comparing data after 3, 6, and 10 h of
chase with 0.5 h. The values at 0.5 h were chosen as reference since the *C

2197



Beisel et al.

intensity of carotenes reached the maximal levels at this time point. Time-
course changes in the experiment with the lut5 mutants were also statistically
tested.
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