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Changes in temperature and daylength trigger physiological and seasonal developmental processes that enable evergreen trees
of the boreal forest to withstand severe winter conditions. Climate change is expected to increase the autumn air temperature
in the northern latitudes, while the natural decreasing photoperiod remains unaffected. As shown previously, an increase in
autumn air temperature inhibits CO, assimilation, with a concomitant increased capacity for zeaxanthin-independent dis-
sipation of energy exceeding the photochemical capacity in Pinus banksiana. In this study, we tested our previous model of
antenna quenching and tested a limitation in intersystem electron transport in plants exposed to elevated autumn air
temperatures. Using a factorial design, we dissected the effects of temperature and photoperiod on the function as well as the
stoichiometry of the major components of the photosynthetic electron transport chain in P. banksiana. Natural summer conditions
(16-h photoperiod/22°C) and late autumn conditions (8-h photoperiod/7°C) were compared with a treatment of autumn
photoperiod with increased air temperature (SD/HT: 8-h photoperiod/22°C) and a treatment with summer photoperiod and
autumn temperature (16-h photoperiod/7°C). Exposure to SD/HT resulted in an inhibition of the effective quantum yield
associated with a decreased photosystem II/photosystem I stoichiometry coupled with decreased levels of Rubisco. Our data
indicate that a greater capacity to keep the primary electron donor of photosystem I (P700) oxidized in plants exposed to SD/HT
compared with the summer control may be attributed to a reduced rate of electron transport from the cytochrome b, f complex to
photosystem I. Photoprotection under increased autumn air temperature conditions appears to be consistent with zeaxanthin-
independent antenna quenching through light-harvesting complex II aggregation and a decreased efficiency in energy transfer
from the antenna to the photosystem II core. We suggest that models that predict the effect of climate change on the productivity
of boreal forests must take into account the interactive effects of photoperiod and elevated temperatures.

Cold hardening in conifers is a physiological pro-
cess that includes the cessation of growth and long-
term changes in metabolism. In evergreen trees of the
boreal forest, this process is triggered by short days
and potentiated by low temperature (Weiser, 1970;
Christersson, 1978; Bigras et al., 2001; Li et al., 2002;
Beck et al., 2004; Puhakainen et al., 2004). One of the
major challenges for overwintering evergreen conifers
like Pinus banksiana is balancing the photosynthetic
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electron transport rate with the rate of consumption of
reductant by metabolism (Busch et al., 2007). This is
especially important since evergreen conifers retain a
substantial amount of chlorophyll throughout the
winter and hence continue to absorb light, while at
the same time the short photoperiod-, low tempera-
ture-induced, down-regulated metabolism is not able
to utilize the absorbed energy. Light capture and energy
utilization are regulated in a coordinated manner to
prevent oxidative damage to the photosynthetic appa-
ratus. Energy balance, defined as photostasis (Oquist
and Huner, 2003), is achieved by reorganization of the
photosynthetic machinery, including changes in an-
tenna size and organization, adjustments of protein
and chlorophyll concentrations, and a range of alter-
native energy dissipation pathways (Demmig-Adams
et al, 1996; Asada, 1999; Oquist and Huner, 2003;
Ensminger et al., 2004, 2006, Horton et al.,, 2005;
Sveshnikov et al., 2006; Rumeau et al., 2007).

Under conditions in which more light energy is
absorbed than can be utilized, an increase in nonra-
diative dissipation can be observed as nonphotochem-
ical quenching of chlorophyll fluorescence (NPQ).
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NPQ is linked to the deepoxidation of violaxanthin to
zeaxanthin via the xanthophyll cycle (Demmig-Adams
etal., 1996). It consists of different components that are
distinguished by their characteristics in induction and
relaxation kinetics (Miiller et al., 2001). The major
component of NPQ is qg, which is dependent on the
pH gradient across the thylakoid membrane. It builds
up and relaxes rapidly within seconds to minutes. A
more sustained quenching mode is represented by q;,
which relaxes more slowly and is related to photo-
inhibition of photosynthesis (Miiller et al., 2001).

Not all of the energy absorbed in excess is dissipated
in the antenna. Electrons in excess are also used by
photorespiration (Wingler et al., 2000) or to produce
ATP via cyclic electron flow (Rumeau et al., 2007).
Excitation pressure (Huner et al., 1998) can be reduced
by transferring electrons to oxygen via the water-water
cycle (Asada, 2000) or via chlororespiration through
the plastid terminal oxidase (PTOX; Peltier and Cournac,
2002; Rumeau et al., 2007). Aside from being up-
regulated under stress conditions (Streb et al., 2005;
Quiles, 2006), PTOX is involved in carotenoid biosyn-
thesis (Carol et al., 1999). However, overexpression of
PTOX did not result in an increased resistance to
photoinhibition in Arabidopsis (Arabidopsis thaliana);
therefore, it has been suggested that PTOX cannot be
considered a significant protective safety valve in fully
expanded leaves of Arabidopsis (Rosso et al., 2006).
Intersystem electron transport is dependent on the
diffusion of plastoquinone (PQ) between PSII and the
cytochrome (Cyt) b, f complex (Haehnel, 1984). Plasto-
cyanin (PC) may also regulate electron flux under
conditions in which carbon assimilation is limited
(Schottler et al., 2004). It has been demonstrated that
only a minor fraction of PC, located in the outer regions
of grana, is used to facilitate rapid electron transfer
between the Cyt b, f complex and PSI (Kirchhoff et al.,
2004). This electron transfer can be severely inhibited
by an impairment of PC diffusion due to proteins
protruding into the luminal diffusion space or a reduc-
tion in the volume of the thylakoid lumen (Haehnel,
1984).

The northern latitudes, habitat of tundra and boreal
forests, have experienced a dramatic increase in sur-
face air temperature over the past decades, with in-
creases observed especially in the winter, and this
trend is expected to continue (ACIA, 2005; IPCC, 2007).
Given these changes in the arctic climate, the length of
the growing season is likely to increase by 20 to 30 d by
2080 (ACIA, 2005) and thereby improve the produc-
tivity of northern hemisphere forests (White et al.,
2000; Saxe et al., 2001). However, it was recently shown
that boreal evergreen conifers might not be able to fully
exploit an extended growing season, as a result of
either an earlier onset of spring conditions (Slot et al.,
2005; Ensminger et al., 2008) or prolonged warmer
temperatures during autumn (Busch et al., 2007). Un-
der simulated increased autumn air temperatures in P,
banksiana, carbon assimilation rates were reduced, with
a concomitant increase in NPQ of absorbed energy.
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However, the energy-quenching mechanism was in-
consistent with the well-described zeaxanthin- and
PsbS-dependent dissipation pathways for photopro-
tection (Busch et al., 2007). A model was proposed
whereby antenna quenching was dependent on the
deepoxidation state of the pool of xanthophyll cycle pig-
ments as well as on the protonation of light-harvesting
complex II (LHCII), affecting the degree of LHCII
aggregation (Horton et al.,, 2005; Busch et al., 2007).
To test this model, we assessed the effects of elevated
autumn air temperatures in P. banksiana on photosys-
tem stoichiometry, antenna quenching, xanthophyll
cycle activity, and intersystem electron transport. As
controls, we used two treatments representing, first,
natural summer conditions (LD/HT: 16-h photoperiod/
22°C) and, second, late autumn conditions (SD/LT: 8-h
photoperiod/7°C). To simulate increased autumn air
temperatures, a treatment with autumn photoperiod
and summer temperature (SD/HT: 8-h photoperiod/
22°C) was compared with the two controls. In addition,
a second experimental treatment with summer pho-
toperiod and autumn temperature (LD/LT: 16-h pho-
toperiod/7°C) was used to separate the effects of
photoperiod and temperature.

RESULTS

Effects of Photoperiod and Temperature on
the Polypeptide Composition of the
Photosynthetic Apparatus

Regardless of photoperiod, Lhcbl levels in LD/HT
and SD/HT plants were about 50% lower than in
plants exposed to either LD/LT or SD/LT (Fig. 1A),
which is consistent with previous results (Busch et al.,
2007). The abundance of the PSII reaction center poly-
peptide, PsbA, was highest in the summer control
(LD/HT) and decreased to 20% = 4% of that amount
in the autumn control (SD/LT; Fig. 1B). The amount of
PsbA in P. banksiana exposed to SD/HT conditions was
intermediate to that of the two control treatments
(65% = 9% of LD/HT) and attained the lowest levels in
LD/LT plants (9% = 3%). The reaction center polypep-
tides of PSI (PsaA /B) also reached the highest amounts
in LD/HT plants, and the levels in SD/LT plants were
less than half of that (45% = 9%). In plants exposed to
SD/HT, however, PsaA/B did not decrease, and the
amount was comparable to that in the summer control
(LD/HT; 108% = 7%). As for PsbA, the lowest amounts
of PsaA /B were also detected in LD /LT plants (18% =
2%; Fig. 1C). Cyt f, a protein linking the electron
transport chain between PSII and PSI, and RbcL, the
large subunit of the Calvin cycle protein Rubisco,
followed a similar pattern as PsbA. For Cyt f, the
highest amounts were detected in the summer control
(LD/HT) and decreased to 90% * 17% in the autumn
control (SD/LT; Fig. 1D). In SD/HT plants, the amount
of Cyt f was 85% * 15% of LD/HT plants and the
lowest amount again was detected in LD/LT plants
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Figure 1. The effect of daylength and temperature on A
the expression levels of key proteins of the photosyn-
thetic electron transport chain in needles of P. bank-

siana. The average optical density of the LD/HT
treatment was arbitrarily scaled to 1. Typical bands
from the original western blots, loaded on an equal
protein basis, are shown above the values. Each value
represents the average of n = 8 = st biological
replicates. Two-way ANOVA indicates statistically
significant differences due to daylength, temperature,
or an interactive effect of both factors. @, m, and *
indicate significant differences due to daylength, tem-
perature, and their interactive effect, respectively. One

LHCb1
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(30% = 8%). RbcL in the autumn control (SD/LT;
61% * 6%) was significantly reduced compared with the
summer control (LD/HT; Fig. 1F). In plants exposed to
SD/HT, the amount of RbcL (74% = 7%) was inter-
mediate between the summer and the autumn con-

404

ratio PsbA/PsaAB

0.0
SD/HT  LD/AT  SDILT LD/HT  SD/HT LDAT  SDAT

trols, and the lowest amounts were observed under
LD/LT conditions (51% =* 6%). The amount of PC,
which transfers electrons from the Cyt b, f complex to
PSI, was comparable between the two control treat-
ments, with the autumn control (SD/LT) reaching
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91% = 11% of the summer control (LD/HT; Fig. 1E). In
contrast to the other components of the photosynthetic
apparatus, the amount of PC increased to 115% * 11%
in SD/HT plants compared with the summer control
(LD/HT). The lowest amounts were detected in LD/
LT plants (73% = 14%). PTOX responded to exposure
to the autumn control conditions (SD/LT) by increas-
ing protein content to 276% * 20% relative to the sum-
mer control (LD/HT). Similar increases were detected
for plants exposed to LD/LT conditions (289% =+ 17%).
However, when P. banksiana was treated to SD/HT
conditions, PTOX content (343% = 24%) was stimu-
lated to the greatest extent (Fig. 1G).

Effects of Photoperiod and Temperature on
Photosynthetic Pigments

To test the validity of the quenching mechanism in
the model proposed by Busch et al. (2007), we tested
the activity of the xanthophyll cycle. Figure 2A shows
the deepoxidation status (DEPS) of the xanthophyll
cycle pigments for the four treatments in response to
short-term (2-h) exposure to various light intensities.
All treatments show a saturation of DEPS at light
intensities of 800 umol photons m s ™! or more. Major
differences between the four treatments can be seen
in the dark-adapted state and at light intensities rang-
ing up to 500 pmol photons m > s™". In the summer
control (Fig. 2A, black circles), DEPS was considerably
lower than in the autumn control (Fig. 2A, white
squares). The highest DEPS at all light intensities was
detected in plants exposed to LD/LT conditions (Fig.
2A, white squares), which reflects the fact that most of
the xanthophyll cycle pigments were found in the
form of zeaxanthin. Thus, the results for summer (LD/
HT) and autumn (SD/LT) controls as well as for plants
exposed to LD/LT indicate that P. banksiana exhibits
a normal xanthophyll cycle. Interestingly, DEPS in
plants exposed to SD/HT was substantially lower than
even the summer control (Fig. 2A, black squares),
reaching only about one-third of LD/HT in the dark-
adapted state.

The total size of the xanthophyll cycle pigment pool
exhibited only minimal changes between treatments
and was only dependent on photoperiod, not on
temperature (Fig. 2B). Therefore, decreased levels of
DEPS also indicate decreased total amounts of zea-
xanthin, as the overall amount of xanthophyll cycle
pigments did not increase. In SD/HT- and SD/LT-
exposed plants, the pool size was 13% less than in LD/
HT plants. LD/LT plants, which showed the highest
DEPS, had 23% more xanthophyll cycle pigments than
the summer control and about 40% more than the
short-day treatments (Fig. 2B).

B-Carotene levels were equivalent in the summer
and autumn controls (Fig. 2C). However, under SD/
HT conditions, we observed about 50% higher levels of
B-carotene than in either the summer or autumn
control treatments as well as in plants exposed to
LD/LT conditions.
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Effects of Photoperiod and Temperature on PSII and
PSI Function

PSII Function

Chlorophyll fluorescence was used to probe PSII
function. In accordance with the abundance of PsbA
(Fig. 1B), photochemical efficiency (F /F,) was highest
in the summer control (LD/HT; 0.77 = 0.01). In con-
trast, the autumn control plants were photoinhibited
and showed a severely reduced F /F,, (SD/LT; 0.15 =
0.02), similar to that of plants exposed to LD/LT
conditions (0.08 = 0.01). However, under increased
autumn air temperatures, we observed minimal pho-
toinhibition (SD/HT; 0.70 = 0.02). Clearly, a low-
temperature growth regime had a significant effect
on maximum photochemical efficiency, whereas the
effect of photoperiod appeared to be minimal.

To examine this in more detail, we assessed the
effects of growth regime on the fluorescence induction
curves. In all four treatments, fluorescence yield (F,)
initially increased when the light was turned on and
subsequently decreased to steady-state levels (Fig. 3).
In the autumn control as well as in plants exposed to
LD/LT, changes in the fluorescence yield were mini-
mal and F, reached initial minimal fluorescence (F,)
levels within about 1 min. These results are consistent
with those of F /F,. Consistent with the F /F,, data,
both summer control (LD/HT) and SD/HT plants
exhibited significant increases in F, upon exposure to
actinic light. However, F, was rapidly quenched
within the first minute to levels that were lower than
F,. The extent of this quenching appeared to be greater
in plants exposed to SD/HT conditions than in the
summer control (LD/HT). This effect was reversible
when the light was switched off. After turning off the
actinic light, a very rapid recovery of F, close to F,
levels within minutes was observed in SD/HT plants
but not in any other treatment. This rate of recovery of
F, was enhanced by applying far-red (FR) light (Fig. 3,
inset).

Since there appeared to be a considerable effect of
both growth temperature and photoperiod on fluores-
cence quenching, we examined the effects of growth
regime on the light response curves for fluorescence
quenching parameters, the redox state of PSII, as well
as the effective quantum yield of PSII (Fig. 4). Plants
grown at low temperature exhibited a significantly
lower amount of NPQ than plants grown at high
temperature, irrespective of photoperiod (Fig. 4A). At
light intensities up to 800 umol photons m %5, NPQ
was slightly higher in SD/HT than in LD/HT plants.
Under low to moderate light intensities, NPQ responded
more strongly to an increase in light intensity in
SD/HT than in LD/HT plants (Fig. 4A) and thus
showed a 1.55-fold maximum quantum efficiency for
NPQ (LD/HT, 8.5 + 1.5 X 10> NPQ per umol photons
m s !, SD/HT, 13.2 = 2.4 X 10~%), determined as the
initial slope of the light saturation curve for NPQ. In
plants treated with low temperature, maximum quan-
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Figure 2. The effect of daylength and temperature on the composition
of photosynthetic pigments in needles of P. banksiana. A, DEPS of the
xanthophyll cycle pigments in response to photosynthetically active
radiation (PAR), calculated as (0.5A + Z)/(V + A + Z). Needles were
exposed to the corresponding light intensity for 2 h before harvesting.
B, Total pool size of xanthophyll cycle pigments (V + A + Z) per total
chlorophyll. C, Amount of B-carotene per total chlorophyll. Each data
point represents the average of n = 8 = st biological replicates. @, m,
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tum efficiency of NPQ was reduced by 6- to 9-fold
irrespective of photoperiod (LD/LT, 1.7 = 0.1 X
107 NPQ per pmol photons m~2 s™'; SD/LT, 1.5 +
0.3 X 107”). These trends were confirmed by assessing
antenna quenching measured as q (Fig. 4B).

Excitation pressure (1 — qp), a measure of the re-
duction state of PSII reaction centers, was lowest in
the summer control (LD/HT) and highest in the au-
tumn control (SD/LT) and in plants exposed to LD/LT
(Fig. 4C). Over the whole range of light intensities
tested, SD/HT plants showed a 1 — q; higher than the
summer control but lower than the autumn control.
Thus, although low temperature had the greatest effect
on excitation pressure, combining summer tempera-
tures with a short photoperiod significantly increased
the proportion of closed PSII reaction centers.

Figure 4D depicts the effective quantum yield of
PSII (F,'/F,’'). Summer control (LD/HT) plants
showed the highest yield across all light intensities.
In the autumn control (SD/LT) as well as in LD/LT
plants, F '/F, ' was substantially decreased. However,
changing only the photoperiod from LD/HT to SD/
HT caused a decrease in F,'/F ' to about half of the
summer control value (Fig. 4D).

PSI Function

The extent of FR light-induced absorbance change
was used to estimate PSI function in vivo (Klughammer
and Schreiber, 1991; Ivanov et al.,, 1998). Both the
autumn control (SD/LT) and plants exposed to LD/LT
exhibited a 30% to 50% lower relative amount of
FR-oxidized P700", estimated as absorbance change
around 820 nm (AAg,,/ Agyp), than the summer control
(LD/HT; Fig. 5A). This is consistent with the levels of
PsaA /B detected in these samples (Fig. 1C). However,
under SD/HT conditions, we observed an increase of
67% in the AAg,;/Agy signal compared with summer
LD/HT conditions, which could not be accounted for
by higher levels of PsaA/B (Fig. 1C).

The summer control (LD/HT) showed the shortest
half-time for P700" reduction after the FR light source
was turned off (Fig. 5B). The half-time of the autumn
control (SD/LT) was 61% higher, which is an indica-
tion of lower PSI cyclic electron transport (Maxwell
and Biggins, 1976), compared with the summer control
(LD/HT). Under SD/HT, we observed an increase in
the half-time of P700" reduction by 91% relative to
LD/HT. The slowest P700" reduction was detected in
LD/LT, with an increase of 182% compared with LD/
HT. Clearly, exposure to both low temperature and a
short photoperiod increased the half-time for dark
reduction of P700" relative to summer control plants.

We found a clear temperature dependence in the
pool size of electrons in the intersystem electron trans-

and * indicate significant differences due to daylength, temperature,
and their interactive effect, respectively. One symbol, P < 0.05; two
symbols, P < 0.01.

Plant Physiol. Vol. 147, 2008



Increased Autumn Air Temperature Impairs Electron Transport

y y y y y y T i T Figure 3. Fluorescence transients of P. banksiana
0.8 LDMHT T o 5| SD/HT 1 needles grown under LD/HT, SD/HT, LD/LT, and SD/
) +FR LT conditions. Dark-adapted needles were exposed to
06l 1 § FR i actinic light (AL) of 650 umol photons m~2s~' for 4.5
5 AL off min before the light was turned off and FR light was
2 oal ALoff L& & FRon | tgrnedv on. Tra(.:es are averages of five independent
< FR on 012030 4050 biological replicates. Thg inset .shows the rate of
2 l | fluores.ce'nc.e recovery durmg the first 49 s after turning
B 02r / \ T ALon 1 off actinic light in SD/HT with and without applying
o F, AL on F, / FR light. Note that the fluorescence transients shown
8 0.0 , , ; , ; 1y } : ; : ; : here do not result from saturating flash-induced fluo-
S osl 1 | rescence kinetics, as in Figure 4 (see “Materials and
% o8 LDAT SDLT Methods” for further details).
<]
Z o°r AL off T
FRon AL off
04l l 1 FIR on |
M
I\\.\W
02r J\L on T LL on |
WY Tz s 4 s e o 1 2z 3 4 5
Time [min]

port chain (e” /P700), calculated as the area ratio of
multiple-turnover to single-turnover flash (Fig. 5C).
The intersystem electron pool size in the summer
control (LD/HT) was about twice as large as that of
either the autumn control or plants exposed to LD/LT.
Plants exposed to SD/HT conditions exhibited a pool
size similar to that of the summer control.

Energy Distribution between PSII and PSI

Changes in the PSII and PSI polypeptide content
(Fig. 1, B and C) were also reflected in the 77 K fluo-
rescence emission spectra (Fig. 6A). Shown are the
averages of eight spectra for each treatment for all four
treatments. Average spectra illustrate the emission
obtained between 650 and 800 nm when excited at
436 nm, normalized to the emission of 685 nm. As
expected, fluorescence maxima were detected at 685,
694, and 731 nm in the summer control (LD/HT; Fig.
6A, solid line), the first two representing emissions
from the PSII core and the last from PSI (Krause and
Weis, 1991). Under autumn control conditions (SD/
LT), the amplitude of the long-wavelength fluores-
cence peak increased and the peak maximum was
shifted from 731 to 723 nm. It is obvious from Figure 6A
that the emission ratio of PSII to PSI strongly decreases
in both the autumn control (SD/LT) and LD/LT plants
compared with the summer control (LD/HT), reflect-
ing the ratio in PsbA to PsaA/B polypeptide compo-
sition (Fig. 1H). However, in plants exposed to SD/HT
conditions, the lower ratio of PsbA to PsaA/B poly-
peptides was not reflected in major changes in the ratio
of PSII to PSI fluorescence emission.

In addition, the difference spectra between the au-
tumn and summer controls (SD/LT — LD/HT) indi-
cated a distinct peak at 676 nm (Fig. 6B). A similar
peak at 676 nm was observed in the difference spectra

Plant Physiol. Vol. 147, 2008

between plants exposed to LD/LT and the summer
control (LD/LT — LD/HT). Thus, exposure of P.
banksiana to low temperature appears to cause a blue
shift in the PSI emission at 731 nm (Fig. 6A) and
enhanced fluorescence emission at 676 nm (Fig. 6B).
Although exposure of plants to SD/HT caused a
minimal blue shift in the PSI emission band at 731
nm, this did result in enhanced emission at 676 nm
relative to the summer control, as observed in plants
exposed to low temperature (Fig. 6B).

DISCUSSION

Exposure to SD/HT Conditions Alters the Structure and
Composition of the Photosynthetic Apparatus, Causing
Inhibition of Photosynthetic Electron Transport

P. banksiana is an important species in boreal ever-
green forests. Global climate change measurements
over the past decades indicate that the average surface
air temperature has increased significantly, and this
warming trend is predicted to continue (ACIA, 2005;
IPCC, 2007). It has been suggested that this would lead
to an increase in the growing season and, thus, en-
hance the productivity of the boreal forests. Changes
in temperature and photoperiod are the predominant
environmental signals used by conifers such as P.
banksiana to induce the dormant state in the autumn
and achieve cold hardiness, which is required by
vegetative tissue and reproductive organs to survive
boreal winter conditions. However, warming trends in
the northern latitudes occur with no change in sea-
sonal photoperiods. Recently, we reported that, con-
trary to expectations, increased autumn temperature
combined with a normal, short autumn photoperiod
(SD/HT) inhibits rather than enhances the photosyn-
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Figure 4. The effect of daylength and temperature on chlorophyll fluorescence parameters in response to photosynthetically
active radiation (PAR). A, Light saturation curve for NPQ. B, Light saturation curve for antenna quenching (q). C, Estimated
fraction of closed PSll reaction centers (1 — qp). D, Effective quantum yield of PSII (F,/F,,"). All measurements were performed at
growth temperature (22°C for LD/HT and SD/HT and 7°C for LD/LT and SD/LT) at the end of the night on dark-adapted seedlings.
Each data point represents the average of n = 6 to 8 = st biological replicates.

thetic capacity of P. banksiana, measured as CO, as-
similation (Busch et al., 2007). Here, we show that this
inhibition of photosynthesis in plants exposed to SD/
HT can be accounted for, at least in part, by a signif-
icant impairment of photosynthetic electron transport
due to alterations in the structure and composition of
the photosynthetic apparatus. First, by probing PSII
function by chlorophyll a fluorescence, we observed
that, relative to our summer control (LD/HT), expo-
sure to SD/HT conditions inhibited the effective quan-
tum yield (Fig. 4D), which was associated with increased
excitation pressure, measured as 1 — qp (Fig. 4C).
Second, by probing the redox state of PSI by measur-
ing AAg,/Ag, (Fig. 5A), we observed that plants
exposed to an autumn photoperiod but elevated tem-
peratures (SD/HT) exhibited higher levels of P700"
relative to the summer control (LD/HT). Since this
was associated with lower levels of Rubisco but com-
parable levels of PsaA/B (Fig. 1, B and F), the greater
capacity to keep P700 oxidized in SD/HT compared
with LD/HT plants cannot be due to enhanced pho-
tosynthetic capacity, since CO, assimilation is inhib-
ited (Busch et al., 2007). Although there appears to be a

408

limitation on the acceptor side of PSI based on Rubisco
levels (Fig. 1F) and CO, assimilation rates (Busch et al.,
2007), there must be an even greater limitation on the
donor side of PSI to account for this higher capacity to
keep P700 oxidized in SD/HT versus LD/HT plants.

Where is the site of limitation in photosynthetic
electron transport in plants grown in SD/HT condi-
tions? The site of limitation is not k; (Fig. 7), since the
quenching in the light (Fig. 3) and considerable 1 — q
(Fig. 4C) indicate a buildup of a proton gradient due to
PQ reduction, and there were no significant differ-
ences in either F /F  or intersystem electron pool size
(e /P700; Fig. 5C) in SD/HT plants compared with
summer control plants (LD/HT). Assuming that Cyt
b, f is evenly distributed throughout grana and stroma
(Albertsson, 2001), the diffusion distance for the re-
duced PQ is kept short and therefore is not likely to
pose a major limitation on photosynthetic electron
transport. The NAD(P)H dehydrogenase complex ap-
pears to be absent in pine chloroplasts (Wakasugi et al.,
1994); therefore, it is unlikely that the stroma (k,)
contributes significantly to the PQ reduction. PTOX
accumulation does not alleviate excitation pressure
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Figure 5. The effect of daylength and temperature on in vivo P700
parameters in P. banksiana needles grown under different daylength
and temperature regimes. After a steady-state level of P700™ was
achieved under FR illumination, single-turnover and multiple-turnover
pulses were applied. A, Steady-state oxidation of P700 (AAg,i/Agy0)- B,
Reduction kinetics of P700™ after the FR light was turned off (t/2). C,
Effective intersystem electron pool size (e/P700). All measurements
were performed at the growth temperature. Each data point represents
the average of n = 6 to 8 * sk biological replicates. @, ®, and * indicate
significant differences due to daylength, temperature, and their inter-
active effect, respectively. One symbol, P < 0.05; two symbols, P <
0.01; three symbols, P < 0.001.
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under SD/HT conditions, making it unlikely for k, to
be a major exit route for electrons. The limiting step is
also not between PSI and the assimilation of CO, (ks),
given that high levels of P700" are associated with
lower levels of Rubisco and reduced CO, assimilation
rates (Busch et al., 2007). Because cyclic electron trans-
port (k;) is reduced, we suggest that the probable
limitation in photosynthetic electron transport must be
between Cyt b,f and PSI (k,; Fig. 7). This would be
consistent with the observation that plants exposed to
SD/HT conditions exhibited a greater quenching of F,,
which was rapidly relaxed either in the dark or by the
addition of FR light to activate PSI (Fig. 3). Therefore,
the rate-limiting step in the transfer of electrons from
PSII to PSI would be the limitation in diffusion of PC.
Diffusion of PC could be impaired by (1) a reduction of
the lumen width (e.g. as a result of hyperosmotic
stress; Cruz et al., 2001), (2) protruding proteins in the
luminal diffusion space (Kirchhoff et al., 2004), or (3) a
change in PC concentration or a greater spatial sepa-
ration of PSII and PSI. Golding and Johnson (2003)
proposed a model in which the spatial separation of
PSII and PSI is exacerbated under unfavorable con-
ditions due to a shift of active PSI from the grana
margins to a separate pool in the stroma thylakoids,
which would limit electron transfer between PSII and
PSI. A situation in which the reduction of Cyt b,f by
PQ occurs faster than its reoxidation by PC, likely due
to slow PC migration, has been reported in aging
tobacco (Nicotiana tabacum) leaves (Schottler et al., 2004).

LHCII Trimerization Facilitates Zeaxanthin-Independent
Quenching of Excess Energy

The xanthophyll cycle generally plays a major role
in the photoprotection of plants, and thermal dissipa-
tion of excess energy under high light is facilitated by
zeaxanthin and antheraxanthin in the antenna of PSII
(Adams et al.,, 2004). However, previous work has
shown that the zeaxanthin-dependent pathway is not
the dominant mechanism to dissipate excess energy in
the antenna of SD/HT plants, and a model was
proposed in which antenna quenching occurs by in-
creased LHCII trimerization (Busch et al., 2007). Here,
we provide functional evidence that plants exposed to
SD/HT conditions exhibit enhanced antenna quench-
ing compared with the summer control (LD/HT)
when measured as q, (Fig. 4B). Furthermore, in vitro,
the transition from monomeric to trimeric LHCII is
characterized by an increase in 77 K fluorescence at 675
nm (Klimov, 2003; Wentworth et al., 2004). Our fluo-
rescence difference spectra, obtained by subtracting
the LD/HT trace from the traces of each treatment,
show a peak at this wavelength, indicating an increase
in the proportion of trimeric LHCII (Fig. 4B). This is in
agreement with our previous observations based on
nondenaturing SDS-PAGE, showing an increased ratio
of trimeric to monomeric LHCII (Busch et al., 2007).
We also observed a decrease of the peak at 694 nm
relative to the peak at 685 nm (Fig. 6), which originates
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Figure 6. The effect of daylength and temperature on low-temperature
(77 K) fluorescence emission properties in P. banksiana needles grown
under different daylength and temperature regimes. A, Fluorescence
emission spectra (excited at 436 nm) of the four different treatments.
The spectra were normalized to the peak at 685 nm. Each trace
represents the average of n = 8 independent biological replicates. B,
Corresponding difference spectra SD/HT — LD/HT, LD/LT — LD/HT,
and SD/LT — LD/HT. The chlorophyll concentration of all samples was
5ugmL.

from the PSII core and LHCII, respectively (Vandorssen
et al.,, 1987, Krause and Weis, 1991). These results
indicate that the efficiency of energy transfer from
the antenna to the core is decreased in SD/HT com-
pared with LD/HT and especially in the two low-
temperature treatments. We suggest that, at least in
SD/HT plants, this is due to a decrease in the relative
amount of the minor LHC, as shown previously for
Lhcb5 (Busch et al., 2007), the innermost LHC protein,
connecting LHCII to the PSII core (Bossmann et al.,
1997). We conclude that the trimerization of LHCII
together with the uncoupling from the core may
protect PSII from photodamage under conditions
in which the capacity for CO, assimilation is sup-
pressed.
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Figure 2A shows that plants exposed to SD/HT
have by far the lowest DEPS, yet the xanthophyll cycle
is fully functional in all four treatments. Whereas in
the two low-temperature treatments the xanthophyll
pool is largely deepoxidized even in the dark, the two
high-temperature treatments exhibit this behavior
only under high irradiance. The lower DEPS in SD/
HT compared with LD/HT plants is not due to a larger
total pool size of the xanthophyll cycle pigments, as
can be seen in Figure 2B. Despite the low DEPS,
antenna quenching, which should be mediated by
zeaxanthin present in the antenna system, was highest
in SD/HT (Fig. 4B). Thus, we propose that exposure of
plants to SD/HT induces a higher aggregation state of
LHCII, which constitutively quenches excess energy
through a zeaxanthin-independent mechanism (Busch
et al., 2007). We further propose that this zeaxanthin-
independent quenching is due to an increased qg, (the
fast-relaxing component of NPQ) mediated by an
increase in the pH gradient due to a reduction in
CO, assimilation rates. This increase in qy, is associated
with an increased quantum efficiency for NPQ forma-
tion. Increased q in SD/HT plants is also indicated by
our observation of a very fast relaxation of steady-state
fluorescence back to F, levels after the actinic light was
turned off (Fig. 3).

In addition, under increasing light intensities,
violaxanthin is increasingly converted to zeaxan-
thin, which provides additional photoprotection via
zeaxanthin-dependent NPQ. This mechanism seems to
be essential especially for LD/LT, which has the highest
DEPS across all light intensities as well as the largest
xanthophyll pool, providing constitutive quenching. It
is generally accepted that a higher amount of zeaxanthin,
most efficiently bound to oligomeric LHCII (Johnson
et al., 2007), prevents singlet oxygen formation in the
antenna (Demmig-Adams and Adams, 2002; Adams
et al., 2004). We suggest that under SD/HT conditions,
having a very low DEPS, singlet oxygen produced via
triplet chlorophyll could be quenched by a higher
amount of B-carotene (Fig. 2C), an excellent quencher
of singlet oxygen (Cantrell et al., 2003; Krieger-Liszkay,
2005; Telfer, 2005).

Changes in 77 K fluorescence emission characteris-
tics of the long-wavelength peak were observed, and a
shift of the emission maximum from 731 nm (LD/HT

stroma
e

PSIl L. PQICyt bgf -4 PSI -5 €O, assimilation

g

PTOX

Figure 7. Possible points of regulation for photosynthetic electron
transport. k; to k, indicate rate constants for the flux of electrons. k, is
highlighted by a dashed line, as this is the probable site of limitation in
photosynthetic electron transport. See text for further details.
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and SD/HT) to 723 nm (SD/LT) and 713 nm (LD/LT)
was detected. Although it has been shown that this
could be due to changes in the LHCI composition
(Bossmann et al., 1997; Zhang et al., 1997), this is most
likely not the case here, since we previously found no
significant changes in the relative amount of LHCI
components (Busch et al., 2007). We attribute the blue
shift to a disconnection of LHCI from PSI, as has been
observed previously in iron-deficient Chlamydomonas
(Moseley et al., 2002), in the red algae Rhodella violacea
(Desquilbet et al., 2003), and in lincomycin-treated
maize (Zea mays; Gaspar et al., 2006).

Redox Regulation and Electron Transport under
SD/HT Conditions

Plants employ a multiple-step regulation to balance
the electron flow with the required rate of ATP and
NADPH production under changing environmental
conditions. These include D1 turnover, state transi-
tions, NPQ, xanthophyll cycle, chlororespiration, Mehler
reaction, cyclic electron flow, and reactive oxygen
species production (Scheibe et al., 2005). It has been
shown that endogenous systems that measure day-
length interact with redox regulation (Becker et al.,
2006; Queval et al., 2007). We show, to our knowledge
for the first time, that increased temperature under a
short, autumn photoperiod (SD/HT) results in higher
excitation pressure than in summer control plants
(LD/HT; Fig. 4C; i.e. an overreduction of the PQ pool).
This appears to be due to limitations in intersystem
electron transport and CO, assimilation as a conse-
quence of alterations in the structure and composition
of the photosynthetic apparatus. PTOX should oxidize
an overreduced PQ pool, which should be associated
with lower excitation pressure (Rosso et al., 2006). We
observed a 3-fold increase in the accumulation of
PTOX under SD/HT and low-temperature conditions
compared with the summer control plants (LD/HT;
Fig. 1G). Although the intersystem electron pool size
(e”/P700) was 44% lower in plants exposed to low
temperature (Fig. 5; LD/LT and SD/LT), e /P700 was
similar in SD/HT compared with LD/HT plants (Fig.
5). Furthermore, excitation pressure, measured as
1 — qp was 1.4-fold higher in SD/HT plants and about
3-fold higher in LD/LT and SD/LT plants than in
summer control plants (LD/HT; Fig. 4C). Although
PTOX accumulation is stimulated by stress (Fig. 1G),
the accumulation of PTOX does not alleviate excitation
pressure in P. banksiana. Thus, PTOX does not appear
to act as a safety valve under conditions of environ-
mental stress in P. banksiana, as suggested by Rosso
et al. (2006) for Arabidopsis. Alternatively, the higher
levels of PTOX may support a higher production of
carotenoids by phytoene desaturase in P. banksiana.
Shahbazi et al. (2007) reported that PTOX is involved
in both redox regulation and carotenoid desaturation,
in support of the suggestion of Peltier and Cournac
(2002). Clearly, the functional role of PTOX remains an
enigma.
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CONCLUSION

In summary, we have shown that the inhibition of
CO, assimilation in P. banksiana associated with expo-
sure to elevated temperatures during a short, autumn
photoperiod is a consequence of an inhibition of pho-
tosynthetic electron transport associated with a de-
creased PSII/PSI stoichiometry coupled with decreased
levels of Rubisco. Furthermore, the results presented
are consistent with the model for zeaxanthin-indepen-
dent antenna quenching presented previously (Busch
et al., 2007). A major component of photoprotection
under a short, autumn photoperiod appears to be an-
tenna quenching through zeaxanthin-independent LHCII
aggregation to balance light absorption with a de-
creased capacity for energy utilization through CO,
assimilation. In P. banksiana, elevated temperatures
and a short, autumn photoperiod interact to affect the
structure and function of the photosynthetic appara-
tus, which leads to an inhibition of CO, assimilation.
The results from our experiments using seedlings
grown in controlled environments with a relatively
large difference in air temperature do not allow any
quantitative prediction of how entire boreal forest
stands might be affected by the projected increase of
autumn air temperature of 4°C to 7°C by 2100 (ACIA,
2005; IPCC, 2007). However, the experiment clearly
demonstrates the significance of warm autumn tem-
peratures on the cold-hardening process in conifers
that warrant further investigation (e.g. under manip-
ulated field conditions). A net CO, loss in response to
autumn warming was recently observed in the field in
northern ecosystems, and the underlying mechanisms
and processes have yet to be explained (Piao et al.,
2008). Models that predict the effects of climate change
on conifers of the boreal forests mostly fail to take into
account the interactive effects of increased tempera-
tures and short photoperiod (Heimann and Reichstein,
2008). We suggest that the understanding of such an
interaction is of critical importance for future modeling
of the response of boreal forests of the northern hemi-
sphere to global warming.

MATERIALS AND METHODS
Plant Material and Growth Conditions

One-year-old rooted Pinus banksiana (Jack pine) seedlings were obtained
from a local nursery (Somerville Seedlings) and planted in a mixture of
ProMix (Premier Horticulture) and low-nutrient mineral sand (1:2, v/v). The
plants were kept outside underneath a light shelter for 2 years. In the third
year, the plants were transferred to controlled environments in late summer
2006 (Conviron growth chambers). Eight 3-year-old plants per treatment were
exposed for 4 weeks to either 22°C/18°C (day/night) with a photoperiod of
16 h (LD/HT; representing summer), 22°C/18°C with an 8-h photoperiod
(SD/HT; warm autumn conditions), 7°C/5°C with a 16-h photoperiod (LD/
LT; cold summer conditions), and 7°C/5°C with an 8-h photoperiod (SD/LT;
representing late autumn). The photosynthetic photon flux density was set to
500 wmol photons m™2 s~! for all four treatments. Although these light
intensity and quality values may not accurately reflect field conditions, a
factorial design with temperature and photoperiod as the only two variables
allows for a qualitative analysis of the effect of increased autumn air temper-
ature on evergreen conifers.
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Protein Extraction, SDS-PAGE, and Immunoblotting

For protein extraction, needles were ground to a fine powder in liquid
nitrogen. The proteins were extracted as described in detail previously (Busch
et al.,, 2007). To determine the total concentration of extracted protein, a test
after Lowry et al. (1951) was performed, using the RC DC protein assay kit
from Bio-Rad. Seven micrograms of protein per lane was loaded and separated
electrophoretically at 200 V for 30 min on 10% (w/v) Bis-Tris gels (Nupage;
Invitrogen) using the XCell Midi gel system and a MES/SDS buffer system
(Invitrogen). The proteins were then transferred to a nitrocellulose membrane
(0.2-um pore size; Bio-Rad) and probed with antibodies against Lhcb1, PsbA,
Cyt f, PC, and RbcL (Agrisera) as well as against PSI and PTOX. Goat anti-
rabbit and rabbit anti-chicken IgG conjugated with horseradish peroxidase
(Sigma-Aldrich) were used as secondary antibodies to allow for chemilumi-
nescence detection (ECL detection kit; GE Healthcare) of the proteins bound to
the membrane. The membranes treated this way were exposed to x-ray film
(Super RX; Fujifilm). The optical density of each band on the film was quanti-
fied using the Scion software package (Scion).

Photosynthetic Pigments

Needles of plants of all treatments were detached around noon, when
plants had already been exposed to growth light for 4 h. They were then put on
trays with their bottom covered with wet filter paper and exposed to 100, 200,
400, 800, and 1,500 wmol photons m~2 s After 2 h of exposure to the
respective light intensities, the samples were frozen in liquid nitrogen and
stored at —80°C until further analysis. In addition, one set of samples was
taken in the morning before the light was turned on to get dark-adapted
samples. Needles were ground to a fine powder in liquid nitrogen, and
pigments were extracted for 2 h in the dark on ice in 100% acetone buff-
ered with NaHCO,. The pigment extracts were separated by HPLC as de-
scribed (Busch et al., 2007). The deepoxidation state was calculated as DEPS =
(0.5A + Z)/(V + A + Z), where A is antheraxanthin, V is violaxanthin, and Z is
zeaxanthin.

Chlorophyll Fluorescence Measurements

Chlorophyll a fluorescence was measured with a PAM 2100 chlorophyll
fluorometer (Heinz Walz). F, and F,, (maximum fluorescence) were deter-
mined in the morning at the end of the dark period. F’ (minimal fluorescence
immediately after illumination), F,,’ (maximum fluorescence under actinic
light), and F, (transient fluorescence) were recorded after steady-state fluores-
cence was achieved, usually within a 3-min illumination period. Optimum
quantum efficiency of PSII was calculated as F./F,, = (F, — Fy)/F,, and
the effective quantum yield of PSII in the light was calculated as F,'/F,' =
(F,' — FY/F,’ (Genty et al., 1989). The fraction of PSII reaction centers in
a closed state was estimatedas 1 — qp = 1 — (F,," — F)/(F,’ — F,') (Schreiber
and Bilger, 1987). NPQ was calculated as F, /F,' — 1 (Bilger and Bjorkman,
1990), and antenna quenching was calculated as q, = 1 — F,’ /F, according to
Rees et al. (1990).

To assess the relaxation of F, quenching, the plants were dark adapted for
20 min with a dark leaf clip and subsequently exposed to 650 wmol photons
m~2s7! for 4.5 min. The postillumination relaxation of chlorophyll fluores-
cence was followed at the F;’ level after switching off the actinic light with and
without simultaneously applying FR light.

P700 Measurements

The redox state of P700 was determined in vivo using a PAM-101 modu-
lated chlorophyll fluorometer (Heinz Walz) equipped with an ED-P700DW
detector following the procedure of Schreiber et al. (1988), as described in
detail by Ivanov et al. (1998). FR light (A,,,, = 715 nm, 10 W m "% Schott filter
RG 715) was provided by the 101 FR light source. Multiple-turnover (50 ms)
and single-turnover (half-peak width, 14 us) saturating flashes were applied
with the Walz XMT-103 power unit and the Walz XST-103 control unit. The
redox state of P700 was measured on detached needles as the AAg,,/Ag,, at
growth temperature (22°C or 7°C). The transient reduction of P700™" signal
after application of single- and multiple-turnover flashes of white saturating
light was used to estimate the intersystem electron pool size (Asada etal., 1993;
Ivanov et al., 1998).

412

Low-Temperature Fluorescence Measurements

Low-temperature (77 K) chlorophyll fluorescence emission spectra were
collected using a PTI QM-7/2006 spectrofluorometer (Photon Technology
International) equipped with a double monochromator, R928P red-sensitive
photomultiplier tube (Hamamatsu Photonics) and a liquid nitrogen device.
Thylakoid membranes suspended in a buffer containing 35 mm Tricine (pH
7.8), 0.3 M sorbitol, 7 mM NaCl, and 3.5 mm MgCl, were dark adapted for
30 min and frozen in the presence of 30% glycerol before the measurements.
The chlorophyll concentration was 5 g mL™". Corrected fluorescence emis-
sion spectra were excited at 436 nm and recorded from 650 to 800 nm using a
slit width of 2.5 nm for both excitation and emission. All fluorescence spectra
were additionally corrected by subtracting the medium blank.

Statistics

The effects of daylength and temperature on photosynthetic properties
were statistically analyzed by two-way ANOVA at P < 0.05 using SPSS
version 14.0. All significant differences mentioned in the text and the figures
refer to the two-way ANOVA results.
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