
Summary Photosystems harvest light energy, yet this energy
cannot be efficiently employed for CO2 assimilation at the be-
low-freezing temperatures to which plants are typically ex-
posed during winter in the temperate and boreal zones. To elu-
cidate the mechanisms whereby this energy is dissipated, I
evaluated performance of photosystems in winter needles of
the evergreen tree Taxus cuspidata Sieb. et Zucc. Chloroplasts
were localized adjacent to plasma membranes in needle cells in
summer, whereas they congregated together in the centers of
the cells during winter. When winter needles were acclimated
to a temperature of 20 °C, their chloroplasts gradually dis-
persed to the edges of the cells, as in the summer. Acclima-
tion-dependant relocalization coincided with changes in CO2

uptake. Examination of photosystem II fluorescence kinetics
in winter needles indicated that the quinone electron acceptor
(QA) reduction rate exceeded the QA oxidation rate at low tem-
peratures. The majority of QA remained reduced even when
winter needles were subjected to a temperature of –5 °C at low
irradiance.

Keywords: electron transport, fluorescence, frost, gas ex-
change, photosynthesis.

Introduction

Plants grow in solar irradiances and at temperatures that can
vary widely from season-to-season. As conditions change, the
balance between absorbed light energy and CO2 fixation activ-
ities also changes (Huner et al. 1998). If photosystems pro-
duce reducing equivalents in excess of consumption capacity
via the Calvin cycle, N assimilation or other metabolic func-
tions, generation of reactive oxygen species (ROS) such as 1O2

or O2
– results. If these radicals are not scavenged, they attach to

chloroplast components such as proteins and pigments. Ulti-
mately, if repair cycles in these organelles fail to function effi-
ciently, chloroplasts are damaged, and cells consequently die.

Plants employ several protective mechanisms to prevent
photodamage. Tight control of photosystem antenna size regu-
lates the amount of light energy absorbed by the plant (Ander-
son 1986, Melis 1991). At high irradiances, the synthesis of
light-harvesting chlorophyll a/b–protein complexes is re-
duced, resulting in photosystems with smaller antennae. Addi-
tionally, plants can dissipate excess absorbed light energy by

non-photochemical quenching (NPQ) (Müller and Niyogi
2001). This mechanism dissipates superfluous absorbed light
energy as heat before it reaches the reaction centers.

Plants use several mechanisms to cope with charge separa-
tion in the reaction centers induced by excess light energy. For
instance, electrons produced by water oxidation are trans-
ferred to O2 to form O2

–, which is converted to water by the
superoxide dismutase and ascorbate peroxidase (water–water
cycle) enzymes (Asada 2000). In this way, plants can consume
and dispose of reducing equivalents in the absence of adequate
CO2. Photorespiration serves a similar function when CO2 is
unavailable for photosynthesis (Kozaki and Takeba 1996). To-
gether, these mechanisms enable plants to photosynthesize un-
der diverse environmental conditions.

The effects of freezing temperatures on plant functions dif-
fer greatly from those imposed by low, but non-freezing, tem-
peratures. For example, under freezing conditions, plants must
cope with extracellular ice formation, leading to severe dehy-
dration (Goldstein and Nobel 1994). As a consequence of cold
hardening, lipid composition (Uemura and Steponkus 1994),
membrane structure (Steponkus et al. 1998) and sugar concen-
trations (Hare et al. 1998) change dramatically, and some spe-
cific metabolites including anti-freezing proteins accumulate
(Thomashow 1999). Beside these changes, plants have devel-
oped specific mechanisms to protect their photosystems dur-
ing exposure to freezing temperatures. Freezing may induce
complete stomatal closure, inhibiting gas exchange (Schaberg
et al. 1995, Strand et al. 2002) and causing inactivation of en-
zymes of the Calvin cycle, while light energy continues to be
harvested. Such conditions represent a threat to cell survival,
because the excess energy results in the production of triplet
chlorophyll (3chlorophyll; the accessory chlorophyll close to
P680) (Telfer et al. 1994) and radical oxygen species (Asada
2000). However, leaves of evergreen plants do not photobleach
when exposed to subfreezing temperatures in winter, indicat-
ing that their photosystems have protective mechanisms to dis-
sipate excess absorbed light energy.

Extensive studies on how evergreen plants survive low tem-
peratures have revealed that, in winter, both chloroplast struc-
ture and intracellular localization change (Martin and Öquist
1979). Electron paramagnetic resonance (EPR) spin-labeling
studies revealed altered thylakoid membrane fluidity in
frost-tolerant Scots pine needles during winter (Vogg et al.
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1998a). In addition, photosystem II efficiency as measured by
the ratio of variable to maximum chlorophyll fluorescence
yield (Fv/Fm) is low, and xanthophyll pigments remain
de-epoxidized during winter, suggesting that excess absorbed
light is dissipated as heat (Gilmore and Ball 2000). Ottander et
al. (1995) reported substantially reduced reaction center pro-
tein D1 in Scots pine needles under these conditions. Exposure
to a severe frost reduced photosynthetic performance, chloro-
phyll content and chlorophyll–protein complexes (Vogg et al.
1998b). These changes may limit photoinhibition caused by
exposure to high irradiances at freezing temperatures. Dissipa-
tion of excitation energy in reaction centers has also been re-
ported; for example, Ivanov et al. (2002) demonstrated that a
lowered redox potential of a secondary quinone acceptor of
PSII (QB) in winter needles resulted in increased amounts of
reduced quinone electron acceptor of PSII (QA), enhancing
P680+ QA

– charge recombination.
Despite the extensive body of data generated with evergreen

plants, the energy dissipation mechanism(s) operating at tem-
peratures too low for photosynthetic CO2 assimilation to occur
has yet to be elucidated. To investigate low-temperature en-
ergy dissipation in Taxus cuspidata Sieb. et Zucc. winter nee-
dles, I examined chloroplast structure and intracellular local-
ization, gas exchange, and QA reduction and oxidation rates
under defined irradiances and temperatures. I found that, dur-
ing winter, chloroplasts aggregated at the cell center, and that
the majority of QA remained in a reduced form when needles
were exposed to low irradiances. The mechanisms governing
excess energy dissipation in T. cuspidata winter needles are
discussed.

Materials and methods

Plant materials and acclimation conditions

All experiments were conducted on 8-m-tall Taxus cuspidata
trees growing on the Hokkaido University campus. Winter
samples were collected in January and February, and summer
samples were collected from March to July. Sampling and
measurements were made on days when air temperatures were
below freezing for winter samples and on days without precip-
itation for summer samples. North-exposed branches were
sampled for these experiments. For the acclimation experi-
ments, each branch was cut to 40 cm in length in water, and the
cut end was kept immersed in water during incubation at 20 °C
at an irradiance of 100 µmol m–2 s–1.

Confocal microscopy

Second-year needles from acclimated and non-acclimated
branches were excised and directly mounted on microscope
slides in water. Fluorescence images were recorded with an
MRC 1024 confocal system (Bio-rad Laboratories, Hercules,
CA) and an Axioplan fluorescence microscope equipped with
an LD Plan-ACHROMAT 32× objective (Carl Zeiss, Jena,
Germany). An argon laser (25 mW) was the excitation source
at 488 nm, and chlorophyll fluorescence was recorded at

680 nm. The resulting images were processed with Adobe
Photoshop 4.0 software (Adobe, San Jose, CA).

Electron microscopy

Second-year needles collected in summer and winter were
fixed in 2.5% glutaraldehyde, 1% paraformaldehyde and
0.1 M sucrose in 50 mM PIPES buffer, post-fixed in 1% OsO4

and 0.1 M sucrose in 50 mM PIPES buffer, dehydrated in an
ethanol series, and embedded in an epon resin mixture (TAAB
Epon 812, TAAB Laboratories Equipment Ltd., Berkshire,
U.K.). Ultra-thin sections were mounted on 100-mesh size
grids. Specimens were stained for 20 min with 2% (w/v) aque-
ous uranyl acetate and briefly with lead citrate, and viewed
with the aid of a JEOL 1200EX transmission electron micro-
scope (JEOL Ltd., Tokyo, Japan) operating at 100 kV.

Chlorophyll fluorescence

Maximal PSII photochemical efficiency (Fv/Fm) and fluores-
cence transient kinetics from minimum fluorescence (Fo) to
Fm and vice versa were measured with a PAM 2000 fluoro-
meter (H. Waltz, Effeltrich, Germany). All fluorescence ex-
periments were made on individual needles. After acclimation
at 20 °C under a photosynthetic photon flux (PPF) of 100 µmol
m–2 s–1, second-year needles were dark-adapted for 15 min
and Fv/Fm measured at 20 °C. For the fluorescence transient
kinetics studies, branches about 40 cm in length were har-
vested and immediately stored in the dark at –15, –10, –5, 0, 5
or 10 °C for at least 30 min in a purpose-built programmable
freezer. This dark treatment resulted in complete oxidation of
QA. Fluorescence was then measured at controlled tempera-
tures. The lowest possible measuring beam irradiance was
used to prevent reduction of QA and an increase in Fo at freez-
ing temperatures in the absence of actinic light.

Gas exchange

Rates of CO2 exchange were measured with a portable, com-
puterized, open-system infrared gas analyzer (LI-6400 IRGA,
Li-Cor, Lincoln, NE). Branches were cut to lengths of about
40 cm under water, and the cut surface was kept immersed in
water. Immediately after harvesting, gas exchange was mea-
sured on second-year needles of the detached branches at
20 °C. Needles were placed across the short dimension of a 2 ×
3 cm leaf cuvette, exposed to LED light at 100 µmol m–2 s–1

and to 0.036% CO2. The entire branch was maintained at 20 °C
during the measurements.

Results

Ultrastructure and localization of chloroplasts

It is well known that chloroplasts relocate intracellularly in re-
sponse to changes in irradiance (Kagawa and Wada 2002).
This relocation serves to control light energy absorption and is
therefore an important mechanism for guarding against photo-
inhibition. With this in mind, I compared the structure and lo-
calization of chloroplasts in summer and winter needles of
T. cuspidata (Figure 1A). In summer needles, there was a large
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vacuole at the center of the bundle sheath cells, and the chloro-
plasts were located close to the plasma membranes. Grana
structures were well developed, indicating that summer chlo-
roplasts have regular shapes and are located in the cells. Com-
pared with the summer needles, chloroplasts in winter needles
exhibited altered morphologies. In particular, most of the chlo-
roplasts were swollen and congregated in the cell center. Their
envelopes were sinuous and closely associated with those of
neighboring chloroplasts, and they were for the most part shel-
tered from the cytoplasmic space. These characteristic chloro-
plast structural features and localization patterns were ob-
served in all winter needle cells sampled. No other notable dif-
ferences between the structures of chloroplasts in winter and
summer needles were noted. The confocal microscopy studies
(Figure 1B) confirmed the chloroplast localization patterns in
the summer and winter needles.

To evaluate the temperature-dependence of intracellular
chloroplast localization, branches of a Taxus cuspidata tree
growing outside were harvested in winter and incubated at
20 °C with an irradiance of 100 µmol m–2 s–1 for between 1
and 24 h, and chloroplast localization was visualized by confo-
cal microscopy. Figure 2 shows representative images ob-
tained from this analysis. Before acclimation, chloroplasts ag-
gregated at the cell centers, a configuration that did not change
significantly during the first hour of acclimation. Chloroplasts

began to disperse after 2 h of acclimation, with some relocat-
ing near the plasma membranes after 4 h of acclimation. Al-
most all of the chloroplasts had migrated to positions near the
plasma membranes (similar to summer needles) after 24 h of
acclimation, indicating that temperature regulates intracellular
chloroplast localization, and that chloroplasts of cold-adapted
leaves can relocate within 1 day of acclimation at 20 °C.

Changes in PSII photochemical efficiency during
dehardening at 20 °C

To determine the maximum quantum yield of PSII photo-
chemistry, determined as Fv/Fm ratios, branches were accli-
mated at 20 °C with an irradiance of 100 µmol m–2 s–1 for de-
fined time intervals, and Fv/Fm ratios were measured after a
5-min dark treatment (Table 1). The Fv/Fm ratio was 0.22 be-
fore acclimation and gradually increased over time, reaching
0.8 after 12 h of acclimation. The Fv/Fm profile during accli-
mation did not differ between samples measured in darkness
or light (data not shown), suggesting that the observed in-
crease in Fv/Fm was solely dependent on temperature.

Changes in electron transport and gas exchange activities
during dehardening at 20 °C

Electron flow rates within PSII were measured fluoromet-
rically during acclimation of winter needles of T. cuspidata to
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Figure 1. Structure and intracellular
localization of chloroplasts. (A) Elec-
tron micrographs of chloroplasts in
summer (left) and winter (right) nee-
dles. (B) Confocal images of fluoresc-
ing chloroplasts from summer (left)
and winter (right) needles. Bars =
2 µm for electron micrographs, and
20 µm for confocal images.
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a temperature of 20 °C (Figure 3). The PSII electron flow rates
in winter needles were about 50% lower than in needles of
equivalent plants grown in a greenhouse, indicating that PSII
activity is conserved in winter needles. However, after 1 or 2 h
of acclimation at 20 °C, electron transport rates in winter nee-
dles were nearly comparable with those achieved in needles of
greenhouse-grown plants. Photosynthetic electron transfer ac-
tivity in winter may differ among various boreal regions be-
cause of fluctuating winter temperatures. My results indicate
that winter needles of trees grown in Hokkaido maintain con-
siderable electron transfer activity during winter.

The CO2 fixing activity in acclimating Taxus cuspidata win-
ter needles was measured with a Li-Cor LI-6400 infrared gas
analysis system (Figure 4). During the first 2 h of acclimation
at 20 °C, little CO2 exchange activity was detected in winter

needles. Rates of CO2 absorption increased gradually between
2 and 12 h of acclimation, and then reached a plateau. The ac-
climation profile for CO2 absorption rate differed significantly
from the acclimation profile for PSII electron flow rate. In par-
ticular, during early acclimation there was considerable elec-
tron flow around PSII, but CO2 uptake rate was low, which
raises the question as to which molecule finally accepts elec-
trons during early acclimation when CO2 assimilation is well
below full capacity. Although the answer is not yet clear, I
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Figure 2. Confocal images of flu-
orescing chloroplasts during mod-
erate temperature acclimation.
Branches from a tree growing out-
side were cut in winter and accli-
mated to 20 °C and an irradiance
of 100 µmol m–2 s–1 for 0, 1, 2, 3,
4, 5, 6, 7, 8, 16 or 24 h. For com-
parison, a confocal image of fluo-
rescing chloroplasts from summer
needles is also shown. Bars =
20 µm.

Table 1. Photochemical efficiency of winter needles after moderate
temperature acclimation. Branches from a tree growing outside were
cut in winter and acclimated to 20 °C and an irradiance of 100 µmol
m–2 s–1 for 0 or 30 min, or 1, 1.5, 2 or 3 h. Chlorophyll fluorescence
was measured after 5 min of dark incubation. The values represent the
mean and standard deviations of three experiments. Abbreviations: Fv

= variable fluorescence; and Fm = maximum fluorescence.

Time (h) Fv/Fm

0.0 0.202 ± 0.025
0.5 0.270 ± 0.069
1.0 0.356 ± 0.072
1.5 0.452 ± 0.108
2.0 0.550 ± 0.094
3.0 0.571 ± 0.089

Figure 3. Electron transfer rates of photosystem II during moderate
temperature acclimation. Branches from a tree growing outside were
cut in winter and acclimated to 20 °C and an irradiance of 100 µmol
m–2 s–1 for 1, 2 or 3 h. After acclimation, electron transfer rates were
measured at various irradiances. For comparison, the ETRs of needles
from a tree growing in a greenhouse are also shown. Abbreviations: G
= needles grown in a greenhouse; and ETR = electron transfer rate.
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speculate that electrons from PSII are consumed by the wa-
ter–water cycle or via chlororespiration, or by both processes.

Kinetics of the fluorescence transient

The acclimation experiments demonstrated conservation of
electron transport activity in winter needles. However, these
experiments were conducted at 20 °C, therefore photosyn-
thetic performance of these samples should differ from that of
plants in the field. Figure 5 illustrates the fluctuation in air
temperature typically encountered in the Sapporo area during
winter. Maximum and minimum air temperatures in winter are
5 and –15 °C, respectively, therefore fluorescence induction
experiments were performed on winter needles exposed to a
similar range of air temperatures. Chlorophyll fluorescence in-
duction curves were then generated and the rates of increasing
and decreasing fluorescence in the samples determined. The
results of these experiments are summarized in Tables 2 and 3,
respectively. When the needles were illuminated with actinic
light (340 µmol photons m–2 s–1), there was a rapid increase in
chlorophyll fluorescence. On termination of actinic illumina-
tion, chlorophyll fluorescence decreased because of QA oxida-
tion . Although the temperatures tested did not significantly af-
fect the rates of increasing chlorophyll fluorescence, the rates
of declining chlorophyll fluorescence were dependent on tem-
perature. Chlorophyll fluorescence decreased rapidly at tem-
peratures of 5 or 10 °C, whereas it remained consistently high
at lower temperatures. These results indicate that the rate of QA

reduction was nearly 100-fold greater than the rate of QA oxi-
dation at low temperatures. These findings suggest that QA

may be completely reduced under freezing conditions. The ox-
idation of QA was completely inhibited by DCMU treatment
(data not shown), suggesting that, at low temperature, QB oxi-
dized QA.

To determine QA redox states at various temperatures,
branches were pre-incubated at –5, –10 or –15 °C in the dark
for at least 15 min and the needles exposed to various irradian-

ces and their fluorescence kinetics determined (Figure 6). Ex-
posure of needles from branches pre-incubated at –5 °C in the
dark to 15 µmol photons m-2 s-1 of actinic light caused chloro-
phyll fluorescence to increase because of QA reduction in these
samples. A pulse of saturating light to these needles induced
full QA reduction and increased maximum fluorescence yield
of a pre-illuminated sample (Fm′). These results indicate that
about 50% of QA was in the reduced form in needles exposed
to an irradiance of 15 µmol m–2 s–1 of actinic light. In needles
exposed to an irradiance of 340 µmol m–2 s–1, a pulse of satu-
rating light had no effect on chlorophyll fluorescence, suggest-
ing that QA was completely reduced at an irradiance of
340 µmol m–2 s–1. When experiments were carried out at
–15 °C, a pulse of saturating light had no effect on chlorophyll
fluorescence of needles maintained in relatively low actinic
light (15 µmol m–2 s–1). Considering the ranges of temperature
and irradiance encountered in the field, these results indicate
that QA may be fully reduced in winter needles.
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Figure 4. Changes in CO2 exchange rates during acclimation to mod-
erate temperature. Branches from a tree growing outside were cut in
winter and acclimated to 20 °C at an irradiance of 200 µmol m–2 s–1.
Measurements were performed at 350 ppm CO2. Figure 5. Maximum and minimum air temperatures recorded at the

Sapporo Station of the Meteorological Agency.

Table 2. Rate of increasing chlorophyll fluorescence after initial ac-
tinic light exposure. The time (s) to reach fluorescence of Fo + 1/4Fv

(1/4), Fo + 1/2 Fv (1/2) and Fo +3/4 Fv (3/4) were calculated from
fluorescence induction curves. Abbreviations: Fo = minimum fluores-
cence; and Fm = maximum fluorescence.

Temperature (°C) Fluorescence levels

1/4 1/2 3/4

–15 0.013 0.044 0.119
–10 0.014 0.038 0.103
–5 0.014 0.035 0.087
0 0.009 0.041 0.088
5 0.012 0.032 0.085

10 0.009 0.027 0.076
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Discussion

The aggregated chloroplast configuration observed in Taxus
cuspidata winter needles has been reported in other plants
(Martin and Oquist 1979), suggesting that it is a common
cold-weather survival mechanism for evergreen plants. Al-
though the physiological role of this aggregation remains un-
clear, it may serve to minimize photooxidation by limiting
light energy absorption.

No CO2 absorption was detected in winter needles in which
the chloroplasts congregated at the cell center. However, dur-
ing temperature acclimation of winter needles, chloroplast re-
location coincided with resumption of CO2 absorption. This
correlation does not furnish adequate proof that chloroplast re-
location regulates photosynthetic activity, because the possi-
bility that chloroplast aggregation acts as an acclimation
mechanism for coping with dehydration cannot be excluded.
Further studies are therefore required to elucidate the physio-
logical role(s) of chloroplast aggregation.

Light energy absorbed by photosynthetic pigments can be
dissipated as heat by NPQ, which plays an important role in
protecting photosystems from damage due to high light expo-
sure. For example, xanthophyll typically exists in a

de-epoxidized state and actively contributes to NPQ during
winter (Adams et al. 1994). However, because QA reduction
was observed in winter needles under freezing temperatures,
we assume that NPQ cannot dissipate all of the absorbed light
energy. Evergreen plants must also dissipate excessive energy
at their reaction centers. Ivanov et al. (2002) conducted
thermoluminescence experiments in Scots pine and proposed
that radiation-less dissipation of excess light occurs within re-
action centers via P680+ QA

– recombination. In my experi-
ments, the QA reduction rate was 100-fold higher than the oxi-
dation rate, and the majority of QA remained in a reduced form
at freezing temperatures even under low irradiances. From a
qualitative viewpoint, charge recombination between P680+

and QA
– might not dissipate all of the excitation energy at the

reaction centers. If this were the case, some QA should remain
in an oxidized state at high irradiances. However, at freezing
temperatures, QA existed in a reduced form even at low irradi-
ances. One possible mechanism to dissipate this excess energy
is charge recombination between P680+ and pheophytin
(Phe–). In this case, the reduced form of QA would stimulate
charge recombination between P680+ and Phe–. However, oth-
ers have proposed that charge recombination between P680+

and Phe– results in 3P680 (Krieger-Liszkay and Rutherford
1998, Rutherford and Krieger-Liszkay 2001) or 3chlorophyll
(Noguchi 2002) formation, which then react with O2 to form
1O2. This activity generates radical oxygen species, which
damage the photosystem. This model was proposed as a pri-
mary mechanism leading to PSII photoinhibition (Barber and
Andersson 1992, Vass et al. 1992, Oxborough and Baker
2000), although there is no direct evidence supporting it. Con-
sidering that the PSII repair cycle would not function properly
at freezing temperatures and that winter needles generally do
not undergo photodamage, photosystems in these plants must
also be protected against 3chlorophyll-induced photodamage.
Oxygen concentrations in winter needle chloroplasts may be
relatively low as a result of repressed photosynthetic activity.
Furthermore, the light-harvesting chlorophyll a/b–protein
complex also reportedly acts as a barrier to molecular oxygen
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Table 3. Rates of decreasing chlorophyll fluorescence following ter-
mination of actinic light exposure. The time (s) to reach fluorescence
levels of Fo + 3/4 Fv (3/4), Fo + 1/2 Fv (1/2) and Fo +1/4 Fv (1/4)
were calculated from fluorescence induction curves.

Temperature (°C) Fluorescence levels

3/4 1/2 1/4

-15 4.7 18.7 –
-10 2.2 5.5 12.2
-5 0.3 0.6 4.4
0 0.3 0.8 1.2
5 0.2 0.5 0.7
10 0.2 0.3 0.4

Figure 6. Effects of temperature and
irradiance on chlorophyll fluores-
cence. Branches from a tree growing
outside were cut in winter and incu-
bated at various temperatures in the
dark for at least 15 min, which is suf-
ficient for oxidation of the quinone
electron acceptor. After dark incuba-
tion, the needles were exposed to a
measuring beam and an actinic light
at a range of intensities. Pulses of sat-
urating light were given at 30-s inter-
vals.
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(Siefermann-Harms and Angerhofer 1998, Anderson 2001),
which cannot therefore easily access reaction centers. Addi-
tionally, carotenoids located close to the reaction centers could
quench 3chlorophyll. Alternatively, 3chlorophyll could be de-
activated to a ground state before the exciting energy is trans-
ferred to oxygen. Therefore, several avenues exist by which
3chlorophyll activity might be safely quenched in winter nee-
dles.

It should be noted that environmental temperatures oscillate
dynamically during winter. Daytime air temperatures in winter
fluctuate between 5 and –15 °C. At temperatures less than
–15 °C, QA reduction by QB was almost completely inhibited,
thus the negative charge on Phe might react with P680+. How-
ever, I observed considerable electron transfer between QA and
QB at temperatures above –5 °C. These electrons could not be
consumed by CO2 fixation, because gas exchange activity was
not observed in winter needles. Although the electron flow
rate in winter needles was repressed at low temperatures, the
reducing equivalent must be oxidized by some mechanism
other than the Calvin cycle. This as yet to be identified process
may be critical in enabling photosystem acclimation to freez-
ing temperatures. Although at present unsupported by experi-
mental evidence, chlororespiration (Carol and Kuntz 2001)
provides one possible explanation.
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