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Summary

Quercus ilex L. subsp. ballota (Desf.) Samp., a Mediterranean
evergreen species growing in a continental Mediterranean cli-
mate, did not experience water stress and showed greater sen-
sitivity to winter stress than to summer stress over a 12-month
period. Net CO, assimilation rates and photosystem II (PSII)
efficiency decreased markedly during the cold months and re-
covered completely in spring. Lutein, neoxanthin and B-caro-
tene to chlorophyll (Chl) molar ratios all showed the same
trend throughout the year, increasing from September to
March. This increase was a result of increases in carotenoid
concentrations, because Chl concentration per unit leaf area
remained stable, and was higher at the end than at the begin-
ning of the first growing season. Lutein-epoxide was a minor
component of the total lutein pool. Thermal energy dissipation
and non-photochemical quenching (NPQ) were associated
with the de-epoxidated forms of the xanthophyll cycle pig-
ments in the warm months. Photosynthetic rates decreased
slightly at midday in summer. These changes were accompa-
nied by decreases in maximum potential PSII efficiency
(which recovered during the night), actual and intrinsic PSII
efficiencies, photochemical quenching and increases in NPQ.
Overall, our data indicate down-regulation of photosynthesis
during the summer. The diurnal de-epoxidation of violaxan-
thin to antheraxanthin and zeaxanthin occurred throughout the
year, except in January. Antioxidant enzymatic activity in-
creased in the winter months, especially during the coldest
months, highlighting its key role in photoprotection against
photo-oxidation. Structural and functional modifications pro-
tected PSII from permanent damage and allowed 1-year-old
leaves to photosynthesize at high rates when temperatures in-
creased in spring.

Keywords: antioxidant enzymatic activity, chlorophyll fluores-
cence, photosynthetic pigments, summer stress, winter stress.

Introduction

The carbon balance of evergreen species is often negative in
extreme winter climates, and a combination of high tempera-
tures and water stress in summer can also limit photosynthesis
(Larcher 1969). In general, species are adapted to the tempera-
ture regime of their native environment. Adaptations to im-
prove photosynthetic rates at low temperatures, however, gen-
erally worsen the response to high temperatures, and vice
versa. Evergreen species from habitats characterized by large
temperature variations during the growing season do not nec-
essarily have a broad temperature optimum for photosynthe-
sis, although they may have a high, genetically determined po-
tential for photosynthetic acclimation to temperature (Berry
and Bjorkman 1980). This characteristic, coupled with a lon-
ger leaf life span, offsets their generally lower photosynthetic
rates compared with winter-deciduous species. Stressful envi-
ronments may limit the evolution of species with high photo-
synthetic capacities that cannot be efficiently used and are
therefore a wasted investment (Chabot and Hicks 1982).
Some evergreen oaks are exposed to low temperatures in
winter and high temperatures in summer. In winter, low tem-
peratures reduce enzyme activity, including the activities of
photosynthetic enzymes, and thus the amount of light required
to saturate photosynthesis in winter is reduced (Berry and
Bjorkman 1980). At midday in summer, stomatal closure re-
duces stomatal conductance and CO, fixation, and more light
is absorbed than is necessary for the photochemical reactions
of photosynthesis (Tenhunen et al. 1981). Both high and low
temperatures impose stress on the photosynthetic apparatus
and may lead to photoinhibition (Demmig-Adams and Adams
1992, 1996b, Adams and Demmig-Adams 1994). When the
photosynthetic rate decreases, the absorbed light energy not
used in photosynthesis must be dissipated to avoid chloroplast
damage caused by reactive oxygen species (Huner et al. 1993).
There are several processes that protect the photosynthetic ap-
paratus. A decrease in PSII efficiency during the light energy
conversion process reduces the production of reactive oxygen
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species (Demmig-Adams and Adams 1992, 1996b, Adams et
al. 2004). The decrease in PSII efficiency and an increase in
NPQ have been related to the accumulation of de-epoxidated
forms of the xanthophyll cycle pigments, i.e., antheraxanthin
and zeaxanthin, which participate in thermal dissipation of en-
ergy not used in photosynthesis (Adams and Demmig-Adams
1994). Furthermore, there is direct detoxification of reactive
oxygen species by antioxidants and antioxidant enzymes, such
as superoxide dismutase, ascorbate peroxidase, glutathione re-
ductase and guaiacol peroxidase, which together decompose
O3 and H,O, (Foyer et al. 1994).

Quercus ilex L. is an Arcto-Tertiary species that survived the
glaciations (Pignatti 1978). The species has a large bioclimatic
range and a high plasticity in response to climate, with signifi-
cant adaptability to thermal stress and to the high variability in
precipitation, which is characteristic of the Mediterranean cli-
mate (Gratani 1996). Thus, Q. ilex is widely distributed in the
semiarid, subhumid, humid and perhumid areas of the Iberian
Peninsula (sensu Thornthwaite 1948), including the cold
mountains of the Mediterranean and sub-Mediterranean re-
gions. In the semiarid bioclimate, Q. ilex grows under conti-
nental conditions (cold to very cold winters) on infertile and
poorly developed soils. However, Q. ilex grows best in a sub-
humid bioclimate, spreading from cold to mild regions. In the
cold regions of the humid bioclimate, Q. ilex shares habitats
with the deciduous oaks, Quercus faginea Lam. and Quercus
pyrenaica Willd. In the perhumid bioclimate, although the de-
ciduous oaks predominate, Q. ilex grows near the peaks of the
mountains where the geopedological conditions are unsuitable
for the growth of deciduous oaks.

In the Iberian Peninsula, two subspecies of Q. ilex have been
described (Franco 1990). Quercus ilex subsp. ilex is distrib-
uted in littoral areas where the winter is relatively warm,
whereas Quercus ilex subsp. ballota (Desf.) Samp. occupies
continental areas with colder winters than those prevailing in
littoral areas (Franco 1990). Quercus ilex subsp. ilex and
Q. ilex subsp. ballota differ in their physiological characteris-
tics, including vulnerability to water-stress-induced embolism
(Corcuera et al. 2004).

The climate of the forest under study is transitional between
that of the Mediterranean forest (evergreen oaks) and the
nemoro-Mediterranean forest (deciduous oaks), a transitional
forest between nemoral (temperate) and Mediterranean forest
(Allué-Andrade 1990). In theory, the cold winters should favor
deciduous oaks. However, the extremely thin soil over lime-
stone outcrops, with a limited capacity to retain water, favors
the predominance of species more tolerant to drought, such as
the evergreen Quercus ilex L. subsp. ballota, which retains its
leaves for 3 years (Corcuera et al. 2002). Despite the wide dis-
tribution of Q. ilex, Mitrakos (1980) proposed that summer
water stress and the low temperatures of the coldest month of
the year limit expansion of this species. However, it is not
known to what extent photosynthetic activity is maintained
during periods of summer drought and winter cold, and
whether leaves that have been subjected to both summer stress
and winter stress are able to photosynthesize when tempera-

tures increase in spring. Previous studies have examined the
impact of winter and summer stress on the photosynthetic ap-
paratus of Q. ilex subsp. ilex under warm Mediterranean con-
ditions (Gratani 1996, Faria et al. 1998, Gratani et al. 1998,
Garcia-Plazaola et al. 1999, Ogaya and Pefiuelas 2003). The
impact of summer stress on the photosynthetic apparatus of
Quercus suber L. has also been reported (Faria et al. 1996).

Our objective was to characterize the seasonal variation in
photosynthesis- and photoprotection-related parameters in
leaves of Q. ilex subsp. ballota trees growing under continental
conditions in a woodland habitat located in the upper altitu-
dinal extreme for this species. For this purpose, we measured
PSII efficiency, composition of photosynthetic pigments and
enzymatic antioxidant activity during the first year of life
(2000-2001) of the leaves.

Materials and methods

Study site and plant material

The work was carried out in a coppice dominated by Q. ilex
subsp. ballota in the Sierra de Santa Cruz-Cubel, Zaragoza,
NE Spain (1°39" W, 41°07°N, 1177 m a.s.1.). The phytoclimate
of the study area corresponds to a transition from Mediterra-
nean to nemoro-Mediterranean forest (deciduous oaks) with a
tendency to sclerophylly (evergreen oaks) and a clear conti-
nental influence (Allué-Andrade 1990). The study site is lo-
cated on poor soils developed over Tertiary limestone outcrops
and is severly degraded by human activities.

The study site supports a coppice dominated by Q. ilex
subsp. ballota, located at the upper altitudinal extreme (about
1200 m a.s.l.) for this species in the Iberian Peninsula. Tem-
perature data were available from a meteorological station at
Cubel-Casas Altas about 2 km from the coppice (1°38" W,
41°06" N, 1108 m a.s.l.). Mean annual temperature is 11.3 °C.
Mean temperature in winter, spring, summer and autumn is
4.5, 11.6,20.2 and 9.0 °C, respectively. Mean annual precipi-
tation is 474 mm, with peaks in spring and fall. In the study
area, the drought period in summer lasts from the end of June
to early September. The study year (2000—2001) was drier and
had minimal and maximal mean temperatures higher than the
average (P < 0.001, Student’s r-test, n = 20 years, data not
shown). Extreme months in terms of maximal and minimal
temperatures were August 2000 and February 2001, respec-
tively (Figure 1). During the studied period, minimum temper-
ature ranged from —5.6 °C in February 2000 to 18 °C in August
2000 (Figure 1A), whereas maximum temperature ranged
from 4.5 °C in February 2000 to 36.5 °C in August 2000 (Fig-
ure 1B). February was the coldest month, with 13 days of frost.

New, fully developed leaves were sampled in July 2000
(leaves emerged in April 2000), followed by several samplings
during fall, winter and spring (to verify the impacts of temper-
ature on the photosynthetic apparatus and its potential recov-
ery), and finally 12-month-old leaves were sampled in May
2001.
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Figure 1. (A) Minimum and (B) maximum temperature from July
2000 to June 2001 near the study site in the Sierra de Santa
Cruz-Cubel. Arrows represent sampling dates (July 13, September
20, October 19, November 24, January 9, February 1, March 20 and
May 24).

Chlorophyll fluorescence, gas exchange and water potential
measurements

Seven sampling dates were chosen throughout the year 2000
(July 13, October 19 and November 24) and 2001 (January 9,
February 1, March 20 and May 24).

Chlorophyll (Chl) fluorescence was measured in situ before
sunrise and at 0800 and 1200 h (solar time) with a PAM 2000
modulated portable fluorometer (Heinz Walz, Effeltrich, Ger-
many). Measurements were taken on attached, sun-exposed
leaves of the current year’s growth. We used the experimental
protocol for analysis of Chl fluorescence quenching described
by Morales et al. (2000). Before sunrise, five leaves were cho-
sen and covered with aluminum foil. Leaves were subjected to
darkness by covering them with a black cloth for a few seconds
during measurements of F, (minimal Chl fluorescence yield in
the dark), F,,, (maximal Chl fluorescence yield in the dark) and
F,’ (minimal Chl fluorescence yield during energization) (the
period under the black cloth was too short to increase leaf tem-

perature measurably). The same leaves were subsequently
measured for Chl fluorescence. We measured F, by switching
on the modulated light at 0.6 kHz. We measured F,, and F,’
(maximal Chl fluorescence yield during energization) at
20 kHz with a 1-s pulse of 6000 umol m~ s~' of white light.
We measured F, and F,” during irradiation with far red light,
to completely oxidize the PSII acceptor side. The actual
(Dpsrr) and intrinsic (Pe,.) PSII efficiencies were estimated
as (F,' — Fy/F, and (F,//F, ), respectively, where F is Chl
fluorescence yield at steady-state photosynthesis and F,” =
F,' — F,. Photochemical quenching (qP) was estimated as
(Fw' — FY/IF,’. Non-photochemical quenching was estimated
as (Fp—Fy')— 1.

Net photosynthetic rate (A; pmol CO, m~2 s7), stomatal
conductance to water vapor (gs; mmol m2 s, photosyn-
thetically active radiation (PAR; umol m~2 s') and leaf tem-
perature (T; °C) were measured with a gas exchange analyzer
(CIRAS-1, PP-Systems, Herts, U.K.). Measurements were
taken in situ, under natural conditions, at 0800, 1000 and
1200 h (solar time). Five south-facing sun-exposed leaves
from the outer part of the crown were chosen from each of the
three trees sampled (three replicates and five subsamples per
replicate).

Five shoots from the outer part of the crown of five trees
were cut with pruning shears and wrapped in plastic film; pre-
dawn water potential was measured immediately with a
Scholander pressure chamber.

Analyses of photosynthetic pigments and antioxidant
enzymes

Samples for analyses of chlorophylls and carotenoids and for
assays of antioxidant enzyme activities were taken from sun-
exposed, fully developed leaves of the current year’s growth
throughout the year 2000 (July 13, September 20, October 19
and November 24) and 2001 (January 9, February 1, March 20
and May 24).

Discs (0.5 cm? each) were cut with a cork borer at predawn
and at 1000 and 1200 h (solar time), wrapped in aluminum
foil, frozen in liquid nitrogen and stored (still wrapped in foil)
at —80 °C. Nine different leaves were sampled on each date
(three replications per time of the day). At midday, samples
were taken from the same leaves in which modulated Chl fluo-
rescence was measured. Pigments (one disc per sample) were
extracted in a mortar with 100% acetone and a pinch of sodium
ascorbate. Extracts were filtered through a 5-um filter to re-
move insoluble residues and excess ascorbate and made up to
the desired volume by the addition of acetone. There was
about 1-2 cm? of tissue for every 5 ml of acetone (Abadfa and
Abadia 1993). Extracts were analyzed either immediately or
after storage at —80 °C for no more than 24 h. Pigment extracts
were thawed on ice, filtered through a 0.45-pm filter and ana-
lyzed by high performance liquid chromatography (HPLC)
(Larbi et al. 2004). No pigment degradation was observed.

Sampling for antioxidant enzyme analysis was made at mid-
day (1200 h, solar time). Whole leaves (three samples) were
taken from three trees, wrapped in aluminum foil, frozen in
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liquid nitrogen and (still wrapped in foil) stored at—80 °C. An-
tioxidant enzymes were extracted by homogenizing 500 mg of
leaf fresh mass (without the central vein) at 5 °C in 10 ml of
100 mM phosphate buffer (pH 7.0) containing 0.1 mM ethyl-
enediaminetetraacetic acid and 100 mg of polyvinylpyrroli-
done in foliar fractions of 500 mg. The homogenized mixture
was filtered through four gauze layers and centrifuged at
38,000 g for 10 min, after which the supernatant was removed
and assayed for antioxidant enzyme activities. Superoxide
dismutase (SOD; EC 1.15.1.1) activity was measured as de-
scribed in Becana et al. (1986), where a unit of SOD activity is
defined as the amount of enzyme that produces a 50% inhibi-
tion in the Nitro Blue Tetrazolium (NBT) reduction. Total
SOD activity was determined; measurements were performed
in the absence of KCN and H,0, because MnSOD is resistant
to KCN and H,0,, FeSOD is resistant to KCN, but sensitive to
H,0, and CuZnSOD is sensitive to both compounds (Asada et
al. 1975). Ascorbate peroxidase (APX; EC 1.11.1.11) activity
was quantified according to Nakano and Asada (1981) with
some modifications. The reaction medium (2 ml) was 80 mM
phosphate buffer (pH 7.0) containing 1.0 mM ascorbate and
0.5 mM H,0,. Ascorbate oxidation was measured as the de-
crease in absorbance at 290 nm for 3 min and 30 s after adding
200 pl of extract. Glutathione reductase (GR; EC 1.6.4.2) ac-
tivity was measured as in Schaedle and Bassham (1977) with
some modifications. The reaction medium (2 ml) was 50 mM
Tris-HC1 buffer (pH 7.5) containing 0.15 mM NADPH,
0.5 mM oxidized glutathione (GSSG) and 3 mM MgCl,. The
NADPH oxidation was measured at 340 nm for 4 min after
adding 400 pl of extract. Guaiacol peroxidase (GPX; EC
1.11.1.7) activity was measured according to Piitter (1974)
with some modifications. The reaction medium (2 ml) was
100 mM phosphate buffer (pH 7.0) containing 0.1 mM EDTA,
20 mM guaiacol and 10 mM H,0,. Guaiacol oxidation was
measured at 436 nm for 3 min and 15 s after adding 400 pl of
extract.

Results

Seasonal changes in gas exchange, temperature, light and
water potential

Seasonal changes in net CO, assimilation rates (A) (Fig-
ure 2A) and stomatal conductance to water vapor (g,) (Fig-
ure 2B) showed similar patterns. Both A and g, reached maxi-
mal values in spring (up to 12 umol CO, m~2 s~' and about
220 mmol m~*s~", respectively), secondary maxima in fall (up
to 9 umol CO, m~%s~' and about 125 mmol m~2s™', respec-
tively) and minimal values in winter (0 or < 0 umol CO, m~?
s~' and 0—30 mmol m~>s~!, respectively). Leaf temperatures
(T) (Figure 2C) were well correlated with A and g values, ex-
cept in November 2000 and May 2001. November leaf temper-
atures were as low as in winter, whereas the A and g, values
were significantly higher than in winter. In May 2001, g, was
lower than in March 2001, showing a marked diurnal decrease.
The A values were higher in May 2001 than in March 2001 in
the early morning but decreased at midmorning and midday,
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Figure 2. Seasonal changes in (A) net photosynthesis (A), (B)
stomatal conductance to water vapor (g), (C) leaf temperature (7),
(D) photosynthetic photon flux (PPF) and (E) predawn water poten-
tial (Wpa) in Quercus ilex subsp. ballota. Sampling dates are those in-
dicated by the arrows in Figure 1, except on September 20.
Measurements were taken at 0800 (A), 1000 (@) and 1200 h (O) solar
time. Data are means + SE.

probably because of the high temperature and the high leaf-
to-air vapor pressure deficit. Photosynthetic photon flux (PPF)
(Figure 2D) at the leaf level ranged from 1400 to 2000 umol
m~2 s~ in winter and summer, respectively. Predawn water
potential (‘W) (Figure 2E) was greater than —1.0 MPa during
the entire study period, and it was therefore concluded that the
sampled trees experienced no water stress although the study

year (2000—2001) was drier than average.

Seasonal changes in chlorophyll fluorescence

Maximum potential PSII efficiency (Figure 3A), estimated as
F\/F, ©psy (Figure 3B) and ®,,. (Figure 3C) PSII efficiency,
and the degree of closure of PSII reaction centers, estimated by
gP (Figure 3D) followed similar trends. In most cases, all of
these parameters exhibited minimal values in the winter (i.e.,
from November 2000 to February 2001) and maximal values
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in the warm months in fall (October) and spring. Healthy
plants adapted to darkness have F,/F,, ratios ranging from 0.75
to 0.85 (Bjorkman and Demmig 1987); we used the lowest
value of this range as a recovery threshold from temperature
stress (straight line, Figure 3A). In July 2000, F,/F,, values of
about 0.8 were reached in the early morning, whereas at
mid-morning and midday a marked decrease was observed
(0.65). The F,/F,, ratios decreased to about 0.55 in the coldest
months of the year; however, these values recovered to above
0.75 in spring, the highest values being observed at midday
(Figure 3A). The ®pgy; values were lowest (values of about 0.1)
in the cold months and at midday in summer and recovered in
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Figure 3. Seasonal changes in (A) maximum potential (F\/F,), (B)
actual (Ppgyp) and (C) intrinsic (P, ) PSII efficiency, (D) photochem-
ical quenching (qP) and (E) non-photochemical quenching (NPQ) in
Quercus ilex subsp. ballota. Sampling dates are those indicated by the
arrows in Figure 1, except on September 20. Measurements were
taken at predawn (A), 1000 (@) and 1200 h (O) solar time. Data are
means + SE. The horizontal straight line in Panel A indicates the low-
est value of the F,/F, ratios found in healthy plants adapted to dark-
ness (values ranging from 0.75 to 0.85; Bjérkman and Demmig 1987),
which we used as the recovery threshold from temperature stress.

spring and October with values ranging from 0.2 to 0.35 (Fig-
ure 3B). The ®,,. values were highest in spring and October
(0.4-0.5) and reached their lowest values in summer and win-
ter (0.24-0.29), with the most marked differences occurring at
midday (Figure 3C). The qP values were highest in October
and spring (0.6-0.7) and lowest in the coldest months
(0.2-0.3) (Figure 3D). Non-photochemical quenching at mid-
day was fairly stable (values of about 2.0), except in July 2000
and May 2001 when values increased to about 3 (Figure 3E);
values tended to be lower in the early morning during the win-
ter—spring period.

Photosynthetic pigment composition and antioxidant enzyme
activity

The time course of the seasonal changes in leaf photosynthetic
pigment composition was investigated throughout a year. Pig-
ment concentrations on a leaf area basis followed a similar pat-
tern to those on a Chl basis (data not shown). Lutein (Fig-
ure 4A), neoxanthin (Figure 4B) and [-carotene (Figure 4C)
concentrations had similar time courses, with gradual in-
creases from September 2000 to March 2001 and a decrease in
May 2001; in most cases, concentrations increased from pre-
dawn to midday (Figures 4A—C) especially from November
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Figure 4. Seasonal changes in (A) lutein, (B) neoxanthin and (C)
B-carotene to chlorophyll (Chl) molar ratios (mmol pigment mol ™!
Chl) in Quercus ilex subsp. ballota. Sampling dates are those indi-
cated by the arrows in Figure 1. Pigments were extracted from leaves
collected at predawn (A), 1000 (@) and 1200 h (O) solar time. Data
are means * SE.
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Figure 5. Seasonal changes in (A) violaxanthin (V') + antheraxanthin
(A) + zeaxanthin (Z) to Chl molar ratios (mmol pigment mol~" Chl),
and (B) (A+Z)/(V + A +Z)ratios in the leaves of Quercus ilex subsp.
ballota. Sampling dates are those indicated by the arrows in Figure 1.
Pigments were extracted from leaves collected at predawn (A), 1000
(@) and 1200 h (O) solar time. Data are means + SE.

2000 to March 2001. The violaxanthin (V) + antheraxanthin
(A) + zeaxanthin (Z) to Chl ratios showed a similar time
course; there was a tendency to increase throughout the year,
with a decrease in May (Figure SA). Throughout the year, the
proportion of de-epoxidated xanthophylls within the VAZ cy-
cle (A +2)/(V + A + Z)) was lower before dawn than in the
early morning and at midday, except in January when it re-
mained fairly constant throughout the day (Figure 5B).
Lutein-epoxide accounted for a small proportion of the total
lutein pool (data not shown). Chlorophyll a concentrations in-
creased and showed maximal values in May 2001 (Figure 6A),
whereas Chl b concentrations were much more stable through-
out the year (Figure 6B). As a consequence, the Chl a/Chl b ra-
tio increased and reached maximum values in May 2001 (Fig-
ure 6C).

The activities of SOD (Figure 7A) and guaiacol peroxidase
(GPX) (Figure 7D) were positively correlated (r’=0.74, P <
0.05). Their activities seemed to increase throughout the year,
with the highest activities observed during the winter and in
May 2001. Glutathione reductase (GR; Figure 7B) activity in-
creased in summer and winter and at the end of May 2001; GR
showed positive correlations with SOD and GPX only from
November 2000 to May 2001. Ascorbate peroxidase (APX)
(Figure 7C) activity did not respond to winter stress. The activ-
ities of SOD and APX showed an inverse correlation, although
this was not significant (r*=0.64, P =0.08).

Discussion

Net CO, assimilation rate, g; and PSII efficiency decreased
markedly during the cold months in Q. ilex subsp. ballota, but
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Figure 6. Seasonal changes in (A) Chl a and (B) Chl b concentrations
and (C) Chl a/Chl b ratios in Quercus ilex subsp. ballota. Sampling
dates are those indicated by the arrows in Figure 1. Pigments were
taken at predawn (A), 1000 (@) and 1200 h (O) solar time. Data are
means + SE.

recovered completely in spring. After cold episodes, CO, as-
similation recovery has been reported in Quercus ilex subsp.
ilex (Gratani 1996, Gratani et al. 1998), conifers (Westin et al.
1995, Lamontagne et al. 2000) and herbaceous species (Huner
et al. 1993). We found no marked differences in A, g, and PSII
efficiency between the new, fully developed leaves (July 2000)
and the 1-year-old leaves (May 2001). Fleck et al. (1998) re-
ported similar stomatal conductance and photosynthetic rates
in new and old Q. ilex subsp. ilex leaves in summer. We ob-
tained evidence that Q. ilex subsp. ballota, a Mediterranean
evergreen species, avoids damage to the photosynthetic appa-
ratus during periods of low temperature (below and close to
0 °C) and relatively high irradiance (about 1400 pmol m~>s~")
that prevail in winter at the study site.

Values of @pgyy in Q. ilex subsp. ballota leaves never reached
zero in winter (they were about 0.10), indicating that there was
always some electron transport through PSII, even at the low-
est temperatures and in bright sunlight. Electron transport
through PSII under such conditions may reach 52—-64 pmol
electrons m~> s~ taking into account an incident light avail-
ability of 1300—-1600 umol m~2 s~', a leaf absorptance of
about 80% (Morales et al. 2002), about 50% of the light
diverted to PSI, and a ®pgy; of 0.1. However, under these condi-
tions, A fell to zero (or below), indicating that dark respiration
exceeded CO, fixation in these leaves. There are several possi-
ble pathways, in addition to CO, fixation, that can maintain
some PSII electron transport including photorespiration, the
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Figure 7. Seasonal changes in activities of the antioxidant enzymes
(on a fresh mass basis) (A) superoxide dismutase (SOD), (B) gluta-
thione reductase (GR), (C) ascorbate peroxidase (APX) and (D)
guaiacol peroxidase (GPX) in Quercus ilex subsp. ballota. Sampling
dates are those indicated by the arrows in Figure 1. Data are means +
SE.

water—water cycle and PSII charge recombination.

When PSII electron transport rate remains high relative to A,
a great proportion of light energy is in excess and hence elec-
trons may generate reactive oxygen species, in particular,
superoxide radicals (O3). Superoxide dismutase catalyzes the
decomposition of O;. We found that SOD activity was high in
January and February 2001. Increases in SOD activity at low
temperatures have been observed in other species (Schoner
and Krause 1990, Polle and Rennenberg 1991). The GR activ-
ity also increased in the cold months, as reported by Schoner
and Krause (1990). Plants with high SOD activity, and with si-
multaneous increases in GR and APX activities, have an in-
creased ability to endure oxidative stress at low temperature
(Kingston-Smith and Foyer 2000). However, we observed no
increase in APX activity in winter, which agrees with data re-
ported by Schoner and Krause (1990). The APX enzyme cata-
lyzed the reduction of H,0, formed by SOD to H,0O, and GR
catalyzed the reduction of glutathione used in ascorbate regen-
eration. Nevertheless, because there was a high and positive
correlation between the activities of SOD and GPX, we hy-

pothesize that any H,O, that was not reduced by APX could be
reduced by GPX. Although the activities of all these enzymes
would decrease in vivo in response to low temperatures, leaves
with higher amounts of antioxidant enzyme activities would
be more tolerant of stress on days with low positive tempera-
tures (10—-15 °C many days; see Figure 1A). In addition, no
photo-oxidative stress was observed in the leaves, in accor-
dance with the maintenance of stable Chl concentrations.

In winter, predawn maximum potential PSII efficiency, as
estimated by F,/F,, reached values lower than those previ-
ously reported for Q. ilex subsp. ilex (Ogaya and Pefuelas
2003) and other evergreen species (Groom et al. 1991, Huner
et al. 1993). Traditionally, low F,/F,, values after cold nights
have been ascribed to sustained NPQ, associated with the pres-
ence of antheraxanthin and zeaxanthin at predawn (Adams et
al. 1995a). Also, low winter F,/F,, values have recently been
ascribed to changes in the chlorophyll pigment bed associated
with the presence of antheraxanthin and zeaxanthin in the PSII
antenna, which cause long-term PSII down-regulation (Gil-
more and Ball 2000). On the one hand, low F,/F, values such
as we observed could be ascribed in part to these findings, be-
cause predawn (A +Z)/(V + A + Z) ranged from 0.3 to 0.5. On
the other hand, low F,/F, values could be related to a partially
reduced PSII acceptor side at predawn, possibly because of the
low mobility of plastoquinone in the thylakoid membrane at
low temperature during illumination (authors’ unpublished
data). Thus, these minimal F,/F,, values did not recover during
the day in winter, but they recovered when the temperature in-
creased in spring. Similar results have been reported in coni-
fers (Westin et al. 1995). The predawn maximum potential
PSII efficiency in winter was even lower than that observed at
midday in summer in full sunlight, suggesting greater sensitiv-
ity to winter stress than to summer stress (a combination
of high irradiances and temperatures, and low air relative
humidities) in this Mediterranean species. This is in agreement
with a previous study by Ogaya and Pefiuelas (2003).

In the warmest month (July 2000), predawn F\,/F,, values
were typical of an unstressed healthy plant. Photosynthetic
rates and g, decreased slightly at midday in summer in Q. ilex
subsp. ballota. These changes were accompanied by decreases
in F,/F,, (which recovered during the night), ®ps; and @, qP,
and increases in NPQ. Photosynthesis also decreased (Fleck et
al. 1998, Ogaya and Pefiuelas 2003) and NPQ increased (Fleck
etal. 1998) in summer in Q. ilex subsp. ilex. These data suggest
the down-regulation of photosynthesis in Q. ilex subsp. ilex
during the summer, as observed in several studies (Faria et al.
1998, Fleck et al. 1998, Ogaya and Peiiuelas 2003). The lim-
ited impact of the summer on Q. ilex subsp. ballota photo-
synthetic apparatus might be associated with a lack of water
stress.

Photosynthetic pigment composition of Q. ilex subsp.
ballota leaves changed with leaf age. Lutein, neoxanthin and
[3-carotene to Chl molar ratios showed the same trend through-
out the year, increasing from September 2000 to February—
March 2001. This increase was caused by increased caro-
tenoid concentrations, because Chl concentration per area re-
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mained fairly stable, and was even higher at the end than at the
beginning of the first growing season. Also, there were
changes from predawn to midday. For instance, at predawn
and midday in February—March (where differences between
predawn and midday were high), Chl concentration was about
580 and 530 pmol m™> respectively, whereas V + A + Z
carotenoid concentrations were 80 and 140 mmol mol~" Chl
(i.e., at midday and sunrise, respectively). These data indicate
that most of the change was due to a change in carotenoid con-
centration and that the decrease in Chl concentration from pre-
dawn to midday was minor. Lutein was the main leaf carotene,
accounting for 35-44% of the total carotenoids, followed by
B-carotene (31-34%) and neoxanthine (6—11%). Similar
carotenoid concentrations, on a leaf area basis, have been re-
ported in Q. ilex subsp. ilex (Llorens et al. 2002) and Quercus
subpyrenaica E. H. del Villar (Abadia et al. 1996). The
xanthophyll cycle (V + A + Z) accounted for 10-27% of the
total carotenoids; its concentration was similar to that ob-
served in Q. ilex subsp. ilex (Faria et al. 1998). Carotenoids,
apart from their role as secondary light-absorbing pigments
(Malking and Niyogy 2000), prevent photo-oxidation of the
photosynthetic apparatus by reducing the Chl triplet state, pre-
venting the formation of singlet oxygen (‘O,), or acting di-
rectly on its removal (Young et al. 1997). The high carote-
noid/Chl ratios in winter may help leaves avoid photo-oxida-
tion processes. The Chl a/Chl b ratio at the end of the first
growing season was higher than at the beginning, perhaps the
result of a reduction in the size of the PSII antenna, which
could be considered an adaptation that reduces light absorp-
tion (especially in the cold months). In summer, similar ratios
have been reported in both subspecies (Faria et al. 1998, Mo-
rales et al. 2002). Quercus ilex subsp. ilex maintains high Chl
concentrations throughout most of the year (Gratani et al
1998), with a decrease in Chl concentration from July to Sep-
tember (Faria et al. 1998).

Diurnal de-epoxidation of V to A + Z occurred throughout
the year, except in January. We found no correlation between
NPQ and (A + Z)/(V + A + Z) ratios during the year (+*=0.08,
P = 0.33). However, the relationship between NPQ and (A +
Z)/(V + A + Z) seemed to differ between the warmest and
coldest months. For instance in July 2000, thermal energy dis-
sipation (up to about 75% of the incident ligh, estimated as 1 —
®.,.; Demmig-Adams et al. 1996) and NPQ (up to about 3.2)
were associated with the de-epoxidated forms (A + Z) of the V
+ A + Z cycle (up to 70%). Although many authors have re-
ported close relationships between NPQ and A + Z (Adams et
al. 1994, Demmig-Adams and Adams 19964, Verhoeven et al.
1997, Fleck et al. 1998), others have not (e.g., Q. suber in Jan-
uary; Garcia-Plazaola et al. 1997). It is possible that NPQ in
winter is higher than the values reported. The absence of a cor-
relation between NPQ and (A + Z)/(V + A + Z) ratios in winter
could be associated with F, at low temperatures being par-
tially quenched as a result of the long-term PSII down-regula-
tion proposed by Gilmore and Ball (2000). This would result
in an underestimation of NPQ, which should be named “appar-
ent NPQ.” This phenomenon has been described previously
(Adams et al. 1995a, 1995b, 2001, Adams and Demmig-Ad-

ams 1995).

We were able to detect lutein-epoxide in Quercus ilex subsp.
ballota leaves by HPLC, but it accounted for only a small pro-
portion of the total lutein pool (data not shown). We suggest
that lutein-epoxide is equivalent to violaxanthin in the V + A +
Z cycle, and zeaxanthin is equivalent to lutein. Therefore, if
pigments of this “second” xanthophyll cycle participate in dis-
sipation (cf. Garcia-Plazaola et al. 2003), we suggest that
lutein and not lutein-epoxide would have a function similar to
zeaxanthin. This suggestion is supported by our observations
of the effects of other stress treatments where we found high
correlations between lutein concentrations and energy dissipa-
tion (cf. Larbi et al. 2004).

In summary, photoinhibition in Q. ilex subsp. ballota was
greater in winter than in summer. We found that Q. ilex subsp.
ballota was able to avoid damage to the photosynthetic appa-
ratus during periods of low temperature in two ways. First,
photo-oxidative damage, in the form of bleaching of pho-
tsynthetic pigments (especially chlorophylls), was not de-
tected. Second, the low F,/F,, ratios found at predawn did not
recover during the day in winter, but recovered when tempera-
ture increased in spring. Thus, leaves subjected to two differ-
ent episodes of stress, summer stress and winter stress, were
able to photosynthesize when temperatures increased in
spring.

Acknowledgments

This work was supported by the projects 1FD97-0911-C03-
01.SUBP1 and SC96-086 to E.G-P and a postgraduate INIA grant to
L.C. We thank Dr. Manuel Sanchez Diaz and staff (Departamento de
Fisiologia Vegetal, Facultades de Ciencias y Farmacias, Universidad
de Navarra, Spain), especially Ricardo Aroca, who aided L.C. with
the enzyme assays.

References

Abadia, J. and A. Abadfa. 1993. Iron and plant pigments. /n Iron
Chelation in Plants and Soil Microorganisms. Eds. L. Barton and
B. Hemming. Academic Press, San Diego, CA, pp 327-344.

Abadia, A., E. Gil, E. Morales, L. Montafiés, G. Montserrat and
J. Abadia. 1996. Marcescence and senescence in a submediterra-
nean oak (Quercus subpyrenaica E.H. del Villar): photosynthetic
characteristics and nutrient composition. Plant Cell Environ. 19:
685-694.

Adams, III, W.W. and B. Demmig-Adams. 1994. Carotenoid compo-
sition and down regulation of photosystem II in three conifer spe-
cies during the winter. Physiol. Plant. 92:451-458.

Adams, IIT, W.W. and B. Demmig-Adams. 1995. The xanthophyll cy-
cle and sustained thermal energy dissipation activity in Vinca minor
and Euonymus kiautschovicus in winter. Plant Cell Environ. 18:
117-127.

Adams, III, W.W., B. Demmig-Adams, A.S. Verhoeven and D.H.
Barker. 1995a. “Photoinhibition” during winter stress: involve-
ment of sustained xantophyll cycle-dependent energy dissipation.
Aust. J. Plant Physiol. 22:261-276.

Adams, IIT, W.W., A. Hoehn and B. Demmig-Adams. 1995b. Chilling
temperatures and the xanthophyll cycle. A comparison of warm-
grown and overwintering spinach. Aust. J. Plant Physiol. 22:
75-85.

TREE PHYSIOLOGY VOLUME 25, 2005

220z 1snbny 9| uo 1senb Aq ¥18Z 1 £ 1/66G/5/GZ/eI10Me/sAydasiy/woo dno-olwspeoe//:sdiy wolj papeojumoq



QUERCUS PHOTOSYNTHESIS AND SUMMER-WINTER ADAPTATIONS 607

Adams, III, W.W., B. Demmig-Adams, T.N. Rosenstiel and V. Eb-
bert. 2001. Dependence of photosynthesis and energy dissipation
activity upon growth form and light environment during the winter.
Photosynth. Res. 67:51-62.

Adams, III, W.W., C.R. Zarter, V. Ebbert and B. Demmig-Adams.
2004. Photoprotective strategies of overwintering evergreens. Bio-
Science 54:41-49.

Allué-Andrade, J.L. 1990. Atlas fitoclimatico de Espaifia: taxo-
nomias. MAPA-INIA, Madrid, 224 p.

Asada, K., K. Yoshikawa, M.A. Takahashi, Y. Maeda and K. En-
manji. 1975. Superoxide dismutases from a blue-green alga,
Plectonema boryanum. J. Biol. Chem. 250:2801-2807.

Becana, M., P. Aparicio-Tejo, J.J. Irigoyen and M. Sdnchez Diaz.
1986. Some enzymes of hydrogen peroxide metabolism in
leaves and root nodules of Medicago sativa. Plant Physiol. 82:
1169-1171.

Berry, J.A. and O. Bjorkman. 1980. Photosynthetic response and ad-
aptation to temperature in higher plants. Annu. Rev. Plant Physiol.
31:491-543.

Bjorkman, O. and B. Demmig. 1987. Photon yield of O, evolution
and chlorophyll fluorescence characteristics at 77 K among vascu-
lar plants of diverse origins. Planta 170:489-504.

Chabot, B.F. and D.J. Hicks. 1982. The ecology of leaf life spans.
Annu. Rev. Ecol. Syst. 13:229-259.

Corcuera, L., J.J. Camarero and E. Gil-Pelegrin. 2002. Functional
groups in Quercus species derived from the analysis of pres-
sure—volume curves. Trees 16:465-472.

Corcuera, L., J.J. Camarero and E. Gil-Pelegrin. 2004. Effects of a se-
vere drought on Quercus ilex radial growth and xylem anatomy.
Trees 18:83-92.

Demmig-Adams, B. and W.W. Adams, III. 1992. Photoprotection
and other responses of plants to high light stress. Annu. Rev. Plant
Physiol. Plant Mol. Biol. 43:599-626.

Demmig-Adams, B. and W.W. Adams, III. 1996a. Xanthophyll cycle
and light stress in nature: uniform response to excess direct sun-
light among higher plant species. Planta 198:460-470.

Demmig-Adams, B. and W.W. Adams, I1I. 1996b. The role of xantho-
phyll cycle carotenoids in the protection of photosynthesis. Trends
Plant Sci. 1:21-26.

Demmig-Adams, B., W.W. Adams, III, D.H. Barker, B.A. Logan,
D.R. Bowling and A.S. Verhoeven. 1996. Using chlorophyll fluo-
rescence to assess the fraction of absorbed light allocated to ther-
mal dissipation of excess excitation. Physiol. Plant. 98:253-264.

Faria, T., J.I. Garcia-Plazaola, A. Abadia, S. Cerasoli, J.S. Pereira and
M.M. Chaves. 1996. Diurnal changes in photoprotective mecha-
nisms in leaves of cork oak (Quercus suber) during summer. Tree
Physiol. 16:115-123.

Faria, T., E. Silvério, E. Breia, R. Cabral, A. Abadia, J. Abadia,
J.S. Pereira and M.M. Chaves. 1998. Differences in the response of
carbon assimilation to summer stress (water deficits, high light and
temperature) in four Mediterranean tree species. Physiol. Plant.
102:419-428.

Fleck, I., K.P. Hogan, L. Llorens, A. Abadia and X. Aranda. 1998.
Photosynthesis and photoprotection in Quercus ilex resprouts after
fire. Tree Physiol. 18:607-614.

Foyer, C.H., M. Lelandais and K.J. Kunert. 1994. Photooxidative
stress in plants. Plant Physiol. 9:696-717.

Franco, A.J. 1990. Quercus L. In Flora Ibériabout. Vol. 2. Eds.
S. Castroviejo, M. Lainz, G.L. Gonzdlez, P. Montserrat,
F. Muifioz-Garmendia, J. Paiva and L. Villar. Real Jardin Boténico,
CSIC, Madrid, pp 15-36.

Garcia-Plazaola, J.I., T. Faria, J. Abadia, A. Abadia, M.M. Chaves and
J.S. Pereira. 1997. Seasonal changes in xanthopyll composition and
photosynthesis of cork oak (Quercus suber L.) leaves under Medi-
terranean climate. J. Exp. Bot. 48:1667-1674.

Garcia-Plazaola, J.I., U. Artetxe and J.M. Becerril. 1999. Diurnal
changes in antioxidant and carotenoid composition in the Mediter-
ranean schlerophyll tree Quercus ilex L. during winter. Plant Sci.
143:125-133.

Garcia-Plazaola, J.I., A. Hernandez, J.M. Olano and J.M. Becerril.
2003. The operation of the lutein epoxide cycle correlates with en-
ergy dissipation. Funct. Plant Biol. 30:319-329.

Gilmore, A.M. and M.C. Ball. 2000. Protection and storage of chloro-
phyll in overwintering evergreens. Proc. Natl. Acad. Sci. USA 97:
11,098-11,101.

Gratani, L. 1996. Leaf and shoot growth dynamics of Quercus ilex L.
Acta Oecol. Int. J. Ecol. 17:7-27.

Gratani, L., P. Pesoli and M.F. Crescente. 1998. Relationship between
photosynthetic activity and chlorophyll content in an isolated
Quercus ilex L. tree during the year. Photosynthetica 35:445-451.

Groom, Q.J., N.R. Baker and S.P. Long. 1991. Photoinhibition of
holly (/lex aquifolium) in the field during the winter. Physiol. Plant.
83:585-590.

Huner, N.PA., G. C")quist, V.M. Hurry, M. Krol, S. Falk and M. Grif-
fith. 1993. Photosynthesis, photoinhibition and low temperature ac-
climation in cold tolerant plants. Photosynth. Res. 37:19-39.

Kingston-Smith, A.H. and C.H. Foyer. 2000. Overexpression of
Mn-superoxide dismutase in maize leaves leads to increased mono-
dehydroascorbate reductase, dehydroascorbate reductase and
glutathione reductase activities. J. Exp. Bot. 51:1867-1877.

Lamontagne, M., F.J. Bigras and H.A. Margolis. 2000. Chlorophyll
fluorescence and CO, assimilation of black spruce seedlings fol-
lowing frost in different temperature and light conditions. Tree
Physiol. 20:249-255.

Larbi, A., A. Abadia, F. Morales and J. Abadia. 2004. Fe resupply to
Fe-deficient sugar beet plants leads to rapid changes in the viola-
xanthin cycle and other photosynthetic characteristics without sig-
nificant de novo chlorophyll synthesis. Photosynth. Res. 79:59—-69.

Larcher, W. 1969. The effect of environmental and physiological vari-
ables on the carbon dioxide gas exchange of trees. Photosynthetica
3:167-198.

Llorens, L., X. Aranda, A. Abadia and I. Fleck. 2002. Variations in
Quercus ilex chloroplast pigment content during summer stress: in-
volvement in photoprotection according to principal component
analysis. Funct. Plant Biol. 29:81-88.

Malking, R. and K. Niyogy. 2000. Photosynthesis. /n Biochemistry
and Molecular Biology of Plants. Eds. B. Buchanan, W. Gruissem
and R. Jones. Am. Soc. Plant Physiol., Rockville, pp 568—628.

Mitrakos, K. 1980. A theory for Mediterranean plant life. Acta
Oecol./Oecol. Plant. 15:245-252.

Morales, F., R. Belkhodja, A. Abadia and J. Abadia. 2000. Photo-
system II efficiency and mechanisms of energy dissipation in iron-
deficient, field-grown pear trees (Pyrys communis L.). Photosynth.
Res. 63:9-21.

Morales, F., A. Abadia, J. Abadia, G. Montserrat and E. Gil-Pelegrin.
2002. Trichomes and photosynthetic pigment composition
changes: responses of Quercus ilex subsp. ballota (Desf.) Samp.
and Quercus coccifera L. to Mediterranean stress conditions. Trees
16:504-510.

Nakano, Y. and K. Asada. 1981. Hydrogen peroxide is scavenged by
ascorbate-specific peroxidase in spinach chloroplasts. Plant Cell
Physiol. 22:867-880.

TREE PHYSIOLOGY ONLINE at http://heronpublishing.com

220z 1snbny 9| uo 1senb Aq ¥18Z 1 £ 1/66G/5/GZ/eI10Me/sAydasiy/woo dno-olwspeoe//:sdiy wolj papeojumoq



608 CORCUERA, MORALES, ABADIA AND GIL-PELEGRIN

Ogaya, R. and J. Pefiuelas. 2003. Comparative seasonal gas exchange
and chlorophyll fluorescence of two dominant woody species in a
Holm Oak Forest. Flora 198:132-141.

Pignatti, S. 1978. Evolutionary trends in Mediterranean flora and veg-
etation. Vegetatio 37:175-185.

Polle, A. and H. Rennenberg. 1991. Field studies on Norway spruce
trees at high altitudes: II. Defense systems against oxidative stress
in needles. New Phytol. 121:635-642.

Piitter, J. 1974. Peroxidases. Methods of enzymatic analysis 2:
685-690.

Schaedle, M. and J.A. Bassham. 1977. Chloroplast glutathione
reductase (in spinach). Plant Physiol. 59:1011-1012.

Schoner, S. and G.H. Krause. 1990. Protective systems against active
oxygen species in spinach: response to cold acclimation in excess
light. Planta 180:383-389.

Tenhunen, J.D., O.L. Lange and M. Braun. 1981. Midday stomatal
closure in Mediterranean type sclerophylls under simulated habitat
conditions in an environmental chamber. II. Effects of the complex
leaf temperature and air humidity on gas exchange of Arbutus
unedo and Quercus ilex. Oecologia 50:5-11.

Thornthwaite, C.W. 1948. An approach toward a rational classifica-
tion of climate. Geogr. Rev. 38:55-94.

Verhoeven, A.S., B. Demmig-Adams and W.W. Adams, II1. 1997. En-
hanced employment of the xanthophyll cycle and thermal energy
dissipation in spinach exposed to high light and N stress. Plant
Physiol. 113:817-824.

Westin, J., L.G. Sundblad and J.E. Hillgren. 1995. Seasonal variation
in photochemical activity and hardiness in clones of Norway
spruce (Picea abies). Tree Physiol. 15:685-689.

Young, A.J., D. Phillip and J. Savill. 1997. Carotenoids in higher plant
photosynthesis. /n Handbook of Photosynthesis. Ed. M. Pessarakli.
Marcel Dekker, New York, pp 575-596.

TREE PHYSIOLOGY VOLUME 25, 2005

220z 1snbny 9| uo 1senb Aq ¥18Z 1 £ 1/66G/5/GZ/eI10Me/sAydasiy/woo dno-olwspeoe//:sdiy wolj papeojumoq



