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Soil temperature and intermittent frost modulate the rate
of recovery of photosynthesis in Scots pine under
simulated spring conditions
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Summary

* An earlier onset of photosynthesis in spring for boreal forest trees is predicted as
the climate warms, yet the importance of soil vs air temperatures for spring recovery
remains to be determined. Effects of various soil- and air-temperature conditions
on spring recovery of photosynthesis in Scots pine (Pinus sylvestris) seedlings were
assessed under controlled environmental conditions.

e Using winter-acclimated seedlings, photosynthetic responses were followed after
transfer to different simulated spring conditions.

* Recovery rates for photosynthetic electron transport and net CO, uptake were slower
in plants from cold or frozen soil compared with controls. In addition, a greater frac-
tion of light absorbed was not used photochemically, but was dissipated thermally
via xanthophyll cycle pigments. Intermittent frost events decreased photosynthetic
capacity and increased thermal energy dissipation. Within a few days after frost events,
photosynthetic capacity recovered to prefrost levels. After 18 d under spring condi-
tions, no difference in the optimum quantum yield of photosynthesis was observed
between seedlings that had been exposed to intermittent frost and control plants.
® These results show that, if air temperatures remain favourable and spells of sub-
freezing air temperatures are only of short duration, intermittent frost events delay
but do not severely inhibit photosynthetic recovery in evergreen conifers during
spring. Cold and/or frozen soils exert much stronger inhibitory effects on the recovery
process, but they do not totally inhibit it.

Abbreviations

AF/F . effective quantum yield of photosynthesis in the light; 1 — gP, excitation
pressure as a measure of the relative reduction state of PSII; A, antheraxanthin; A_,,,
CO, uptake at 1000 umol photons m~2 s~"; Car, carotenoid pigments; Chl, chloro-
phyll; G/ C,, ratio of internal to atmospheric CO, concentration; DEPS, de-epoxidation
state of xanthophyll cycle pigments; D1, reaction centre protein of PSII; F_’
maximal fluorescence at closed PSII centres under actinic light; F_’, minimal fluores-
cence at open PSII centres immediately after illumination; F ’ variable fluorescence
under actinic light; F_,, maximal fluorescence at closed PSII centres; F, instantaneous
(dark) fluorescence at open PSl| reaction centres; F, variable fluorescence; F /F ',
optimum quantum yield of photosynthesis in dark-acclimated needles; g, stomatal
conductance; PPFD, photosynthetic photon flux density; PsbS, small protein subunit
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of PSIl involved in nonphotochemical quenching; PSI, PSIl, photosystems | and II,
respectively; RbcL, large subunit of Rubisco; rETR, relative rate of electron transport;

V, violaxanthin; Vc

max’

maximum carboxylation rate of Rubisco; Z, zeaxanthin

Key words: climate change, cold stress, photochemical and nonphotochemical
quenching, Scots pine (Pinus sylvestris), xanthophyll cycle.
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Introduction

Warmer air temperatures are hypothesized to cause an earlier
onset of photosynthetic activity in northern hemisphere
forests in spring (Suni eral., 2003). Nevertheless, factors
determining the timing and rate of the spring photosynthetic
recovery in these conifers are not well understood in terms of
both underlying physiology and associated environmental
triggers (Suni ez al., 2003; Ensminger ez al., 2004; Slot ez al.,
2005). A mechanistic explanation of the seasonal phenology
of photosynthesis in evergreen conifers can, however, be
derived from the concept of photostasis (Huner ez a/., 1998;
Oaquist et al., 2001). Absorption of light under low-temperature
conditions by green needles can cause photooxidative damage
of the photosynthetic apparatus, created by an imbalance
between the photochemical generation of electrons and their
diminished utilization caused by decreasing sink capacity: the
downregulation of metabolism and growth during autumn
and winter. This is why evergreen plants need to acclimatize
photosynthesis via a suite of photoprotective mechanisms
(Oquist & Huner, 2003). These include, for example,
accumulation of zeaxanthin in the antennae to facilitate thermal
dissipation of excessive light energy (for recent reviews see
Niyogi, 1999; Demmig-Adams & Adams, 2006; Ensminger
et al., 20006).

Such protective mechanisms allow evergreen trees to retain
much of their photosynthetic apparatus during the winter
period, despite being exposed to adverse environmental
conditions. Recent studies have demonstrated that winter
retention of key proteins of photosynthesis and carbon
metabolism, such as thylakoid membrane-bound light-
harvesting complexes, ATPase or Rubisco, as well as some of
the chlorophyll, allows a rapid recovery of CO, assimilation once
more favourable conditions occur in spring (Adams ez 4l.,
2004; Ensminger e al., 2004; Warren & Adams, 2004; Zarter
et al., 20006).

A major trigger for the recovery process in spring is an
increase in air temperature (Leinonen ez a/., 1997; Suni et 4l.,
2003; Sevanto et al., 20006) to above 0°C, favouring the oper-
ation of biochemical reactions including repair and reorgani-
zation of the photosynthetic apparatus (Ensminger ez al.,
2004, 20006). At this time, soluble carbohydrates that have
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accumulated during the previous autumn and that have acted
as cryoprotective agents during winter are consumed in asso-
ciated respiratory processes (Mandre et al., 2002).

Recently, we suggested that the physiological state of the
chloroplast is the driving factor for the onset of photosynthesis
in spring in boreal Scots pine, which is determined by the
excitation pressure on PSII and PSI as a result of the light and
temperature regime imposed by the environment (Ensminger
et al., 2004; Sveshnikov ez al., 2006). This suggests a likely earlier
onset of spring photosynthesis as a consequence of climate
change. However, the ‘de-acclimation’ processes on the needle
level must be orchestrated to some extent with the overall recovery
of metabolic activity and growth. It might therefore be dependent
on prevailing soil temperatures, as low soil-temperature con-
ditions during spring are considered to restrict water uptake
and root activity (Lopushinsky & Kaufmann, 1984; Bergh &
Linder, 1999; Jarvis & Linder, 2000; Strand et a/., 2002; Suni
etal., 2003; Repo ez al., 2005). Limited water availabilicy
caused by subzero soil temperatures in combination with high
light intensities may also enhance photoinhibition and thereby
delay the recovery process (Repo ez al., 2005). In addition,
despite an earlier onset of recovery in spring, the possibility of
increased intermittent frosts might constrain the overall net
rate of recovery of photosynthesis, with an adverse impact on
overall tree carbon balances with increased costs of repair and
respiration for subsequent frost and cold temperature epi-
sodes (Ensminger ez al., 2004).

Here we hypothesize that an interaction of air and soil tem-
peratures modulates the recovery of photosynthesis of ever-
green conifers in spring, reflected largely through changes in
PSII activity, pigment composition and photosynthetic gas
exchange, as well as in the expression of key proteins of pho-
tosynthesis. We used winter-acclimated seedlings of Pinus sy/-
vestris in a factorial design with four different spring recovery
treatments in controlled growth environments: (i) to distin-
guish the importance of air temperature vs soil temperature
effects on the spring recovery of the photosynthetic process;
(ii) to establish the extent to which intermittent frost affects
the recovery process; and (iii) to conclude how soil tempera-
ture regime and intermittent frost can affect the photosyn-
thetic carbon uptake of evergreen conifer trees during the
spring recovery phase.
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Table 1 Overview of growth conditions within five
climate-controlled growth chambers

Air temperature
(°C, day/night)

Soil temperature

Experimental treatment (°C, day/night)

Winter -3/-5 -3/-5
15/15 15/10 15/10
15/+1 15/10 +1/+1
15/-2 15/10 -2/-2
15F/15 15/10 15/10
15F/15 during frost -2/-2 -2/-2

(intermittent frost on days
5-6 and 11-14)

To assess the effect of soil temperature, seedlings exposed to 15/15,
15/+1 and 15/-2 conditions were allowed to grow in two separate
growth chambers. To assess the effect of intermittent frost, seedlings
exposed to 15F/15 were allowed to grow in a second set of two
separate growth chambers.

Materials and Methods

Experimental setup

Seeds derived from Pinus sylvestris L. trees from Hyytiilli,
southern Finland (for a detailed site description see Suni et 4.,
2003) were placed in pertlite substrate in June 2003. Plants
wete watered regularly and fertilized using Ingestad’s solution
(Ingestad, 1979). After 4 wk, seedlings were picked and kept
in a glasshouse at the Max Planck Institute for Biogeochemistry
in Jena, Germany. Growth conditions were 25°/15°C day/
night, 70/60% RH, 17 h photoperiod. In December 2003,
plants were transferred to pots (22 cm deep, 18 cm diameter)
containing a forest soil/perlite substrate, and were exposed
to simulated autumn conditions (15/5°C day/night, 70/60%
RH, 8 h photoperiod). After 3 months, fully acclimated (cold-
hardened) seedlings were transferred to a growth chamber (York
GmbH, Mannheim, Germany) and exposed first to mild winter
conditions (—2/-5°C day/night, photosynthetic photon flux
density, PPFD = 100 pmol m™ s™!, provided by metal halide
lamps (EYE MT 400 DL, Iwasaki Electric Co., Tokyo, Japan)
and 8 h photoperiod for 10 d), followed by late winter condi-
tions with a decreased temperature during the day, increased
PPFD (-3/-5°C day/night and 300 pmol m™ s™! provided
by metal halide lamps, EYE MT 150 D) and a photoperiod
of 8 h for 10 d. Acclimation of seedlings to the moderate winter
temperature and light conditions in the growth chamber, as
compared with winter growth conditions in the field, was
assessed using a portable fluorometer (PAM-2000, Heinz Walz
GmbH, Effeltrich, Germany). We assumed winter acclimation
and sustained downregulation of photosynthesis when predawn
values of the optimum quantum yield of PSII (F,/F, ) were
<0.45 (Horton eral., 1996). Winter-acclimated seedlings
were then transferred to spring ambient air temperature
conditions in growth chambers (simulated by 15/10°C day/
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night, PPFD = 300 pmol m~2s7!, 14 h photoperiod) for a
total of 18 d, while a subset of seedlings remained under winter
conditions.

Four different spring treatments were used (Table 1), and
each treatment was repeated twice, each with 18 plants. Two
separate growth chambers (1 and 2) were used to assess the
effect of soil temperature on the spring recovery process in
seedlings exposed to warm air and warm soil temperatures
(termed 15/15), warm air and cold but nonfrozen soil (soil
temperature at +1°C, termed 15/+1) and warm air and frozen
soil (soil temperature at —2°C, termed 15/-2). Pots contain-
ing seedlings were placed in large plastic trays filled with sand,
which completely surrounded the root zone of the seedlings
within the pots. In the 15/+1 and 15/-2 treatments, cooling
coils within the sand surrounded the pots. Soil temperature
was maintained at 1 and —2°C, respectively, by continuous
flow of cooling medium using an external thermostat (Peter
Huber Kiltebaumaschinen GmbH, Offenburg, Germany).
Treatment effects on these seedlings were estimated using two-
way ANOVA (see Statistics). Two separate growth chambers (3
and 4) were used to assess the effect of intermittent frost on
the spring recovery process. Pine seedlings were exposed to warm
air and warm soil with intermittent frost events (sequences of
2 and 4 d with air temperature —2/—2°C day/night, termed
15F/15. The term ‘15F/15 during frost’ refers to data points and
measurements from samples of the 15F/15 treatment during
an intermittent frost). The effect of intermittent frost compared
with 15/15 plants growing in chambers 1 and 2 was estimated
using one-way ANOVA (see Statistics). Pt 100 temperature probes
inserted at 15 cm depth within the pots were used to control
the thermostat temperature in the treatments with +1 and
—2°C soil temperature. In addition, for each box, soil temper-
ature was recorded using two thermocouples connected to a
datalogger (CR10X with multiplexer AM16/32; Campbell
Scientific Ltd., Bremen, Germany). The surface of the sand and
the pots were covered with polystyrene to simulate the insulating
effect of snow covering the ground. Plants were watered
regularly, except those from the 15/-2 treatment with frozen
soil.

Photosynthetic gas exchange

Leaf gas-exchange measurements started not earlier than 2 h
after the lights were turned on in the growth chambers. For gas-
exchange measurements with a Li-6400 (Li-Cor, Lincoln, NE,
USA), c. eight needles that remained attached to the seedlings
were placed into the cuvette to form a flat area. Light-saturated
net assimilation (A,) and stomatal conductance (g,) were
measured within the cuvette routinely ata CO, concentration
(C) of 400 pmol mol™ and at a saturating PPFD of 1000

! once steady-state photosynthesis was achieved

pmol m™ s
(usually after approx. 7 min) according to Farquhar & von
Caemmerer (1982). The cuvette temperature was always st to

the seedling growth temperature. The airflow was controlled by
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the Li-6400 system to keep humidity within the chamber
constant during measurements. During measurements under
spring conditions (15°C), VPD was typically in the range 0.7—-
1.2 kPa; under winter conditions and during frost in 15F/15,
VPD was in the range 0.2-0.3 kPa.

In addition to routine measurements of A_ , CO,-response
curves (4/C) were obtained during frost (day 14) in the 15F/
15 treatment and at the end of the experiment in all treat-
ments (day 18). A/C; curves were measured using CO,
concentrations of 800, 600, 400, 200, 50 and 0 pmol at a
PPED of 1000 pmol m™ s™!. Photosynthesis parameters
were calculated according to Farquhar & von Caemmerer
(1982) to estimate the maximum carboxylation velocity of
Rubisco (Ve ), and C/C, using the A/C-response data.
These parameters were obtained by least-squares fitting
of the observed data points using the PHOTOSYN ASSISTANT
software package (Dundee Scientific, Dundee, UK). All
responses were calculated with model parameters set to
growth temperature.

During measurements of gas exchange, needles remained
attached to the seedlings and were harvested subsequently and
scanned to determine the light exposed (upper) surface area
using the WINSEEDLE software package (Regent Instruments Inc.,
Québec City, QC, Canada). The rate of photosynthetic
gas exchange was then expressed per surface area exposed

to the light.

Chlorophyll fluorescence

Similarly to gas exchange, determinations of chlorophyll fluores-
cence started after at least 2 h photosynthesis in the growth
chambers. Chlorophyll fluorescence of attached needles was
measured using a PAM-2000. Light-acclimated needles were
first exposed to actinic light (500 pmol photons m™ s™") for
3 min, followed by a pulse of completely saturating light (6000
pmol photons m™2 57!, 600 ms). Immediately after obtaining
the maximal fluorescence of the light-acclimated sample
(F)), the light was shut off and the needles exposed to weak
far-red light to measure the minimal fluorescence of the light-
acclimated needles (F.). Following this sequence, the transient
fluorescence (F) was recorded in the light once steady-state
fluorescence was attained. Needles were then kept in darkness
for 2 h before maximal and minimal fluorescence of the dark-
acclimated sample (¥ and F ) were assessed.

The ratio of variable to maximal fluorescence, reflecting the
optimal quantum efficiency of PSII in the dark, was calculated
asF/F = (F - F)/F_,and the effective quantum efficiency
of PSII in the light was calculated as AF/F, "= (F, ' — F)/F, .
The relative rates of electron transport from PSII to PSI (tETR)
were calculated as AF/F,_” x PPFD X 0.5 according to Genty
et al. (1989).

The excitation pressure on PSII describing the fraction of
closed reaction centres caused by the reduction state of the
primary electron acceptor Q, in the light-adapted state was
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expressed as 1—¢gP=(F —F")/(F'—F)) according to
Bjérkmann & Demmig-Adams (1995).

The partitioning of the absorbed light energy was calculated
according to Demmig-Adams ¢ a/. (1996). The fraction of the
absorbed light used in photochemistry was calculated as
P=FIF ' X qP with ¢qP representing the fraction of open
reaction centres and being expressed as (F, " — F )/(F, ' — F.").
Thermal dissipation was calculated as D=1—F,/F, ’. D rep-
resents regulatory changes in the efficiency with which excita-
tion energy is delivered to open PSII centres (Demmig-Adams
et al., 1996), thus giving an estimate of nonphotochemical
quenching. Excess energy, reflecting the fraction of absorbed
light neither used photochemically nor dissipated via regulated
thermal processes and potentially damaging for PSII, was esti-
mated as E=F//F, ' x (1 — gP) (Kato ez al., 2003; Kornyeyev
et al., 2003).

Needle water potential

The water potential of individual needles was determined using
a pressure bomb (Scholander ez al., 1964). Measurements
were carried out in the morning before the lights were
switched on in the growth chambers, as described by Lloyd &
Howie (1989).

Sampling for determination of photosynthetic pigments
and thylakoid proteins

Needles were sampled for analysis of photosynthetic pigments
(chlorophylls and carotenoids) on day 14 in the 15F/15
treatment (during intermittent frost) and from all
treatments (including intermittent frost) on day 18 following
transfer to spring conditions for three randomly chosen plants
of each replicate and from seven plants maintained under winter
conditions. Sampling of needles started not earlier than 2 h after
the lights were turned on in the growth chambers. Immediately
after sampling, needles were frozen in liquid nitrogen and
subsequently stored at —80°C until further analysis.

Photosynthetic pigments

Needles were ground to a fine powder in liquid N and subse-
quently freeze-dried. Extraction of photosynthetic pigments
was carried out according to Ensminger e al. (2004) using
99.9% acetone buffered with NaHCO; under low-light
conditions at 4°C. Extracts were used to determine
photosynthetic pigments by HPLC with a reversedphase C18
column (Supelco, Bellefonte, PA, USA) according to Ensminger
et al. (2001).

Nonstructural carbohydrates

Whole seedlings from spring and winter conditions were
sampled on the last day of the experiment and separated into
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roots, shoots and needles, dried at 75°C for 72 h (modified
from Rose et al., 1991), and stored in a desiccator until further
analysis.

Dried plant material (50 mg) was homogenized in a FastPrep
FP120 instrument (Thermo Savant, Holbrook, NY, USA)
during four runs each of 35 s at 4.5 speed using steel beads
(2 mm diameter, ASK Kugellagerfabrik Artur Seyfert GmbH,
Korntal-Miinchingen, Germany). Soluble sugars and starch
were extracted from the homogenized plant material according
to Ogren (1997) and determined spectrophotometrically by
the anthrone method (Jermyn, 1975). Standard curves were
derived using 8-D-(+)-glucose monohydrate in 80% ethanol
and soluble starch in 30% perchloric acid.

Proteins of photosynthesis

To estimate the abundance of the photosynthetic proteins
D1, PsbS and RbcL, total protein was extracted according to
Ensminger ez a/. (2004) in a buffer containing 0.12 m Tris-HCI
(pH 6.8), 4% SDS and 30% sucrose by sonication (three cycles
each of 20 s on ice) and following solubilization at 75°C for
5 min. For SDS-PAGE, 0.04 M DDT was added. Twenty pg
protein was loaded per lane on 10% Bis—Tris gels (NuPage,
Invitrogen, Karlsruhe, Germany). Following electrophoretic
protein separation using a MES/SDS running buffer, proteins
were transferred to a PVDF membrane (0.2 pm pore size; Bio-
Rad, Miinchen, Germany) and probed with specific antibodies
against PsbS, RbcL and D1 (Agrisera, Vinnis, Sweden).
Proteins were detected on the membrane using chemilumin-
escence (ECL detection kit, Amersham, Freiburg, Germany),
and the optical density of each band was quantified using the
scION software package (Scion Corp., Frederick, MA, USA).

Statistics

spss 14.0 (Chicago, IL, USA) was used for most statistical
analysis. Normal distribution of the data was tested using
the one-sample Kolmogorov—Smirnoff test. The effect of soil
temperature on 15/15, 15/+1 and 15/-2 seedlings was analysed
by two-way aNova using ‘treatment’ and ‘chamber’ as fixed
factors. Chamber or the interaction of chamber X treatment
never had any significant effect. To test frost effects, we first used
one-way ANOVA to test that there was no significant effect of
chamber (chambers 3 and 4) on the seedlings growing under
15F/15 conditions. In a second step, we compared the average
values obtained per chamber and treatment (7 = 2) of 15/15
and 15F/15 seedlings using one-way aNova. Whereas for the
statistical analysis 7 varied depending on the treatment (z = 4—
6 for soil temperature treatments; 7z =2 for intermittent frost
treatments), data shown in all figures and tables represent the
average per treatment across two chambers and identical
treatments £ SD. (Line fits in Figs 1,4 come from a multilevel

segmented regression analysis; Table S1 in Supplementary
Material.)
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Results

Chlorophyll fluorescence

Effects of soil temperature and intermittent frost on the
quantum yield of fluorescence A temperature shift from
winter to spring air temperature conditions (15/10°C day/
night) rapidly triggered recovery of the optimum quantum
yield of photosystem II (F/F,), indicating an increase in
functional PSII reaction centres (Fig. 1a,b) within 24 h.
This was also shown by a major increase in the effective
quantum yield (AF/F,’) obtained from samples exposed to
500 pmol photons m™ s™!. This recovery occurred irrespec-
tive of the soil temperature treatment (Fig. 1a,c). Overall, the
temporal pattern shows two phases in the response of F,/F_
and AF/F /. A first rapid phase occurred within 24 h after
the transfer to spring conditions, accounting for 65% of the
total recovery (days 0-1; Fig. la,c). This is followed by a
second, much slower phase occurring for ¢. 10 more days
thereafter (Table S1). Although after 18 d exposure to
spring conditions all treatments exhibited similar patterns
of F/F_ (Fig. 2a,b), there were significant differences in
AF/F '(Fig. 1c,d; Table S1; P < 0.05) and in the relative rate
of photosynthetic electron transport (tETR, Table 2). Although
rETR was lower for seedlings exposed to 15/-2 treatment than
for seedlings from 15/15 or 15/+1, the effect of soil temperature
was not significant.

There was no significant effect of intermittent frost

when comparing 15/15 and 15F/15 plants at the end of
the experiment (Table 2), and significant decreases in F/F, ,
AF/F '(Fig. 1) and rfETR only during frost events (P < 0.05;
Table 2). On the completion of intermittent frost periods, all
photosynthetic parameters studied returned rapidly within 2 d
to prefrost levels.
Increased efficiency of photochemical energy conversion was
accompanied by a decrease in the excitation pressure on
PSII (1 — ¢P; Table 2), and the de-epoxidation status (DEPS)
of the photoprotective xanthophyll cycle pigments for all
spring treatments (Fig. le,f). The relaxation of DEPS caused
by conversion of the de-epoxidized xanthophylls zeaxanthin
and antheraxanthin into the epoxidized violaxanthin,
showing similar multiphasic temporal patterns as for F/F,_
and AF/F,’. At the end of the experiment, 1 — gPand DEPS
were highest in 15/4+1 and 15/-2 seedlings, with soil
temperature effects being significant (P < 0.05). For both
AF/F 'and DEPS, these differences at the end of the
experiment were caused by vastly different rates of recovery
from days 1-11, after which no significant differences
were observed, irrespective of soil temperature treatment
(Table S1).

Levels of 1 — ¢P and DEPS were exceeded only during
intermittent frost in 15F/15 seedlings, with the effect of
intermittent frost also being significant for 1 —gP

(Table 2).
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Fig. 1 Recovery of photosynthesisin 1-yr-old

seedlings of Scots pine (Pinus sylvestris)
under different experimental spring
conditions in growth chambers. (a,b)

Optimum quantum yield of dark-acclimated
needle samples (F,/F,); (c,d) effective
quantum yield of needles exposed to

500 pmol photons m=2 s~ (AF/F, /) during
the experiment; (e,f) de-epoxidation status
(DEPS) of xanthophyll cycle pigments. Day O
refers to winter conditions. Each data point
represents the average of n =6 (+ SD)
measurements. Exposure of 15F/15 seedlings
to periods of intermittent frost indicated by
shaded background. *, P = 0.05. See Table 1
for treatment abbreviations and detailed
description of treatments.

Effect of soil temperature and intermittent frost on energy
partitioning in seedlings Inwinter-acclimated seedlings, 78%
of the light energy absorbed by the antennae was dissipated
thermally, with only 4% used to drive photochemical processes.
The remaining 18% of the energy absorbed was in excess and
was not quenched photochemically or via thermal dissipation
(Fig. 2). After 18 d exposure to continuous 15°C air temper-
ature, the fraction of photochemically converted energy had
been increased significantly and the level of thermally dissipated
energy had been decreased significantly in 15/15 seedlings
(Fig. 2). Soil temperature was affecting the pattern of photo-
synthetic energy partitioning, with a significant negative effect
on the fraction of energy being used for photochemical processes
after 18 d (46% in 15/15 vs only 24% for 15/-2), and with
plants from the 15/=2 treatment dissipating the largest fraction
of energy via heat (56%). Nevertheless, soil temperature did not
have any effect on the fraction of excess energy that was neither
used for photochemistry nor dissipated thermally (Fig. 2).
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For 15F/15 plants, the pattern was reversibly affected during
intermittent frost periods with significant effects on the thermal
(P <0.01) and photochemical (P < 0.01) quenching. However,
at the end of the experiment we did not discern any differences
between 15/15 and 15F/15 seedlings (Fig. 2).

Differences in proteins of photosynthesis

Expression of the D1 reaction centre protein of PSIT was lowest
under winter conditions (Fig. 3a), with the highest levels of
expression after 18 d recovery occurring for the 15/15 treatment
(P < 0.05). Values for the 15/+1 and 15F/15 treatments were
intermediate. Nevertheless, soil temperature effects were not
significant. Likewise, intermittent frost also caused no signifi-
cant differences in D1 levels.

PsbS, a transthylakoid membrane protein involved in flexible
nonphotochemical quenching, showed highest abundances in
the 15F/15 and 15/+1, and slightly lower abundances for the
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Fig. 2 Effect of soil temperature and intermittent frost on energy partitioning in photosystem Il (PSIl) in Scots pine (Pinus sylvestris) needles
under various experimental conditions. Dark grey bars, fraction of light energy absorbed by PSII antenna that is used for photochemical charge
separation; light grey bars, thermally dissipated energy fraction; white bars, excess energy that does not go to either P or D. Each data point is
the average obtained from needles of n = 6 (£SD) seedlings per treatment. Two-way anova indicates statistically significant differences caused
by soil temperature between 15/15, 15/+1 and 15/-2; one-way anova indicates statistically significant differences caused by intermittent frost
between 15/15 and 15F/15 or 15F/15 and 15F/15 during frost. *, P=0.05; **, P = 0.01; ns, not significant. See Table 1 for treatment

abbreviations and detailed description of treatments.

15/15 treatment. Higher levels of PsbS indicate an increased
capacity for a flexible component of nonphotochemical quench-
ing; statistical analysis revealed a significant effect of soil tem-
perature on the expression levels of PsbS for 15/15, 15/+1 and
15/-2 seedlings, but no effect of intermittent frost between
15F/15 and 15/15 (Fig. 3b). By contrast, the level of the large
subunit of Rubisco, RbcL, remained rather unchanged, with no
significant soil temperature or intermittent frost effects (Fig. 3c).

Recovery of net CO, assimilation

Net CO, assimilation under saturating light (A, ) was almost
completely suppressed under winter conditions (day 0 in Fig. 4)
and showed a different pattern of recovery from that observed
for the fluorescence parameters and DEPS: specifically, no rapid
recovery was observed within the first 24 h. Rather, 4,
increased in a simple linear manner over the first 11 d, with
recovery rates for the 15/+1 and 15/-2 seedlings both being
significantly slower than for 15/15 seedlings during this period
(P < 0.05; Table S1). As for the fluorescence parameters and
DEPS in Fig. 1, there was also no significant effect of soil
temperature on rates of recovery after day 11.

Although A was suppressed in 15F/15 compared with
15/15 seedlings by as much as 80% during intermittent frost
events (Fig. 4b), after the 18-d recovery period there was no
significant difference in A_, between the two treatments.

CO, response of assimilation at the end of the
recovery process

Low or freezing soil temperatures reduced both the initial slope
and maximum rates of the relationship between assimilation

New Phytologist (2008) 177: 428-442

(A) vs internal CO, concentration (C), but with the lowest
overall rates being observed by 15F/15 during intermittent
frost periods (Fig. 5a). Fig. 5b shows the relationship between
A, and Rubisco activity (Ve ), clearly reflecting a strong
correlation. The relationship between A and DEPS shows
two clusters separating seedlings exposed to low soil temperature
or 15F/15 during intermittent frost (Fig. 5¢), with higher 4
occurring with low DEPS values for 15/15 and for 15F/15
seedlings during nonfrost periods.

The sensitivity of gas exchange to intermittent frost and
low soil temperatures was also reflected in differences in sto-
matal conductance (g,), with this being lowest for 15/2 and
15/+1 treatments and with values being significantly affected
by soil temperature (2 < 0.001; Table 2). Although g, for 15F/
15 during intermittent frost was still higher than for 15/+1
and 15/-2 seedlings at the end of the experiment, frost effects
were significant in comparison with 15/15 (2 < 0.01) and also
with 15F/15 values at the end of the experiment (P < 0.05;
Table 2).

Intermittent frost did not affect C./C, for the 15F/15 seed-
lings, with values during frosts 1 and 2 being in the typical
range of 0.7-0.8 for C3 plants. Nevertheless, C./C, was signi-
ficantly lower for needles of the 15/+1 or 15/-2 treatments
(P < 0.05), and was apparently even lower than under winter
conditions (Table 2).

Water potential of the seedlings

Seedlings under winter conditions, under exposure to frost,
and exposed to the 15/+1 and 15/-2 treatments all had lower
predawn needle water potentials () than control plants,
with soil temperature having a significant effect (2 <0.05).
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Fig. 3 Effect of soil temperature and intermittent frost on
expression levels of proteins of photosynthesis in needles of Scots
pine (Pinus sylvestris) at the end of the experiment. The optical
density of the winter sample was arbitrarily scaled to 1 and used as
areference to calculate the expression level in the spring treatments.
(a) The PSII reaction centre protein D1; (b) the small subunit of PSII
involved in nonphotochemical quenching (PsbS); (c) the large
subunit of Rubisco (RbcL) under winter conditions and after 18 d
under different spring conditions. Each data point is the average
obtained from needles of n = 4 (£SD) seedlings per treatment.
Two-way Anova indicates statistically significant differences caused
by soil temperature between 15/15, 15/+1 and 15/-2; one-way
ANovA indicates statistically significant differences caused by
intermittent frost between 15/15 and 15F/15 or 15F/15 and 15F/
15 during frost. *, P = 0.05; ns, not significant. Refer to Table 1 for
treatment abbreviations and detailed description of the treatments.

15/15
1154t 4.6
0310
216.5+£62.6
0810
-0.4+0.2

0.7£0.2
-1.0£0.1

9.0+1.2
8+
26.8+5.8

Treatment

Winter
0.001; ns, not significant.

Intermittent frost exposure had no long-term effect on , as
shown by similar values for 15F/15 and 15/15 plants at the
end of the experiment.

0.01; ***, P

0.05; **, P

Photosynthetic pigments

Soil temperature and intermittent frost did not affect foliar
concentrations of Chlz + & (dry weight basis; Table 3) with

Table 2 Effect of soil temperature and intermittent frost on relative rate of electron transport (rETR) estimated from fluorescence measurements, excitation pressure (1 — gP) reflecting the redox
state of PSII, stomatal conductances (g,), ratio of internal to external CO, (C;/C,), predawn needle water potential, y, under winter conditions, during frost in the 15F/15 treatments and after
indicates statistically significant differences caused by soil temperature between 15/15, 15/+1 and 15/-2; one-way anova indicates statistically significant differences caused by intermittent

g.and C/C, were obtained at 1000 pmol photons m=2 s~ and 400 pmol CO,. Each value represents the average obtained from needles of n
frost between 15/15 and 15F/15 (Frost 1) or 15F/15 and 15F/15 during frost (Frost 2).

18 d under different spring conditions

C/C, (umol m2 s™"/pmol m2 s™")

rETR (umol electrons m=2 s~")
Water potential (MPa)

1 — qP (arbitrary units)
g, (mmol H,0 m2s7")

*,P
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Fig. 4 Recovery of light-saturated CO,
assimilation in 1-yr-old Scots pine (Pinus
sylvestris) seedlings under different
experimental spring conditions in growth
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Each data point is the average obtained from
n =4-7 (£SD) measurements. Exposure of
15F/15 seedlings to periods of intermittent
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Chla + 6 values after 18 d recovery tending to be lower for all
treatments when compared with the winter-acclimated plants.
Soil temperature did, however, have a significant effect on the
ratio of chlz to chlé (P < 0.01) with lowest values observed in
15/-2. Intermittent frost promoted a relative loss of Chlé in
15F/15 during freezing (P < 0.05) and resulted in significantly
lower values for 15F/15 compared with 15/15 at the end of
the experiment (P < 0.05; Table 3).

Total carotenoid, expressed on a dry weight basis, declined
after exposure to spring conditions, with neither soil temperature
nor intermittent frost having any significant effect (Table 3). Like-
wise, the concentrations of total carotenoid to total chlorophylls
did not show significant responses to soil temperature or inter-
mittent frost, increasing only slightly in response to low soil
temperature or intermittent frost. Nevertheless, the amounts
of the various carotenoids varied considerably according to growth
conditions. For example, the pool of lutein to chlorophyll
increased in all treatments after transfer from winter conditions
(Table 3). Nevertheless, none of these trends proved to be sta-
tistically significant.

Perhaps the most interesting shift occurred in the pool size
of the xanthophyll cycle pigments (violaxanthin, antheraxanthin
and zeaxanthin) per chlorophyll (VAZ/Chl). VAZ/Chl decrea-
sed after transfer from winter to spring air temperatures in all
treatments, with the greatest decline in 15/15 seedlings
(Table 3). Plants exposed to low soil temperatures had lower
VAZ/Chl levels than during winter stress, but still retained
larger pools of xanthophylls to chlorophyll than was the case
for 15/15 plants (P < 0.05; Table 3). Intermittent frost did
not exert any significant effect on VAZ/Chl levels, although
the sequence of 4 d of intermittent frost temporarily reversed

the decline in VAZ/CHhl.

Partitioning of nonstructural carbohydrates

In general, soluble sugar concentrations in roots, shoots and
needles were highest in winter-acclimated seedlings (Fig. 6).
By contrast, starch concentrations were always lower in all
parts of winter-acclimated seedlings. Shifting of seedlings to
spring air temperatures resulted in an overall decrease in
soluble sugars for all treatments. In needles, no significant soil

New Phytologist (2008) 177: 428-442

abbreviations and detailed description of
treatments.

temperature effects or effects of intermittent frost on soluble
carbohydrates were discerned, and only soil temperature had
significant effects on needle starch content (2 < 0.01), with
lower starch content in 15/-2 than in 15/15 or 15/+1 seedlings.

For shoots, soil temperature was a significant factor affecting
both soluble sugars (< 0.01) and starch (P < 0.05), with the lowest
carbohydrate content observed for the 15/15 plants. Intermittent
frost did not account for any difference in shoot carbohydrate
levels between 15/15 and 15F/15 at the end of the experiment.

For roots, soil temperature had a highly significant effect on
soluble carbohydrate content (2 < 0.001), with lowest levels
found in 15/15. Starch levels were not affected by soil temper-
ature. Intermittent frost did not significantly affect root soluble
carbohydrate, but did cause an accumulation of starch
(P<0.01).

Discussion

Defence mechanisms of the photosynthetic apparatus
against low temperatures during winter conditions

Low temperatures and intermittent frost are both environmental
factors potentially constraining the onset of photosynthesis
in northern hemisphere conifers during the winter—spring
transition. Our results provide the first evidence that low soil
temperatures can exert a much stronger constraining effect
than intermittent frost on the spring recovery of photosynthesis.
Indeed, it was remarkable that the inhibitory effect of
intermittent frost on photosynthesis was negated within only
afew days, once seedlings were exposed to warmer temperatures.
In order to understand why short-term freezing has a much
less detrimental effect on the recovery process, it is important
to understand how the photosynthetic apparatus actually
survives freezing winter conditions.

In our controlled experiments with relatively mild winter
conditions, sustained photoinhibition represented a major
component of the photosynthetic defence system. This was
indicated by low F /F, (Fig. 1), similar to what is observed for
field-grown plants under both mild (Adams & Demmig-Adams,
1994; Karpinski ez al., 1994; Repo et al., 2005) and harsh win-
ter climates (Ottander et al., 1995; Ensminger et al., 2004).
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Fig. 6 Carbohydrate content in different tissues of Scots pine
(Pinus sylvestris) seedlings after acclimation to either winter or
experimental spring conditions. Soluble sugars (grey bars) and starch
(white bars) per dry matter (DM) in needles (a); shoots (b); roots (c).
Each data point is the average obtained from needles of n = 4-6
(£SD) seedlings per treatment. Two-way anova indicates statistically
significant differences caused by soil temperature between 15/15,
15/+1 and 15/-2; one-way anova indicates statistically significant
differences caused by intermittent frost between 15/15 and 15F/15
or 15F/15 and 15F/15 during frost. *, P=0.05; **, P=0.01; ***,
P =0.001; ns, not significant. See Table 1 for treatment
abbreviations and detailed description of treatments.

FII =

Nevertheless, although net CO, assimilation rates at
saturating light were very low, they were not completely
suppressed under the simulated mild winter conditions, as also
reported by Hansen & Beck (1994); Vogg ez al. (1998) (Fig. 4).
RbcL levels were, however, similar to those after 18 d of spring
treatments (Fig. 3c). This indicates that photosynthetic capac-
ity during winter is not limited by the amount of Rubisco
present, but rather its function caused by downregulation of
the enzyme’s activity (Ensminger ez al., 2006; Fig. 5b). This
finding also supports the hypothesis that Rubisco may func-
tion as an important nitrogen store in conifers during the winter,
which is also required to allow rapid recovery of photosynthe-
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sis in spring (Warren & Adams, 2004). Although notsignificant,
the lower expression levels of the D1 reaction centre protein
of PSII during winter compared with 15/15 seedlings (Fig. 3a)
may have resulted from light capture exceeding energy con-
sumption, causing over-reduction of the photosynthetic elec-
tron transport chain, thus increasing the excitation pressure
on PSII (1 — ¢P; Table 2), this being a consequence of decreased
sink capacity of the Calvin cycle under low-temperature con-
ditions. Under such conditions, thermal dissipation of excess
energy via zeaxanthin from the xanthophyll cycle helps to
prevent photo-oxidative damage of thylakoid membranes
(Fig. 1e,f) (Greer ez al., 1991; Ottander ez al., 1993; Sveshnikov
et al., 2000).

Thermal dissipation of excitation energy via NPQ was high
in winter plants (Fig. 2), but with the level of PsbS protein
(Fig. 3b), which facilitates the flexible component of NPQ (Li
et al., 2004; Stroch ez al., 2004), being low at the same time.
This argues towards an increase of thermal dissipation via
sustained NPQ associated with PSII core rearrangements or
degradation in winter-acclimated trees, as suggested by
Ensminger et al. (2004); Ebbert ez al. (2005).

Warm spring air temperatures rapidly release cold-
induced inhibition of photosynthesis

Warm air temperatures re-established electron transport rates
and light-saturated CO, assimilation in 15/15 seedlings
(Table 2; Fig. 4a) (Pelkonen & Hari, 1980; Lundmark ez /.,
1988; Wang & Zwiazek, 1999), thereby helping to balance
the redox state of the chloroplast and to decrease 1 — gP. The
increase in F/F_ values occurred within 24 h (Fig. 1a,b),
similarly to, but much faster than, those observed in earlier
reports by Verhoeven ez al. (1996); Oquist & Huner (1991),
who reported a fast recovery of £ /F_ within only 48 h. This
recovery was accompanied by a concomitant epoxidation of
xanthophyll cycle pigments (Fig. 1e) with rapid changes within
the first 24 h, followed by a much slower second phase, which
took up to 2 wk to complete. Mild frost and relatively low light
intensity during the pretreatment may have contributed to the
fast recovery within the first 24 h.

The much faster recovery observed in F/F_, butnotin4_,
suggests that much faster rearrangements in the thylakoid
membrane system can occur compared with the changes
required to restore fully competent carbon fixation and cytosolic
carbon metabolism (Fig. 4). Thus under warmer temperature
conditions, recovery of the light reactions is probably simply
withheld by temporary limitations in the recovery of the Calvin-
cycle components.

After warming, levels of soluble sugars decreased in needles,
with starch beginning to accumulate in the chloroplast (Fig. 6),
a pattern that is consistent with reports from other conifer
species (Mandre ez al., 2002; Repo et al., 2005). Carbohydrate
levels in 15/15 and 15F/15 shoots and roots (Fig. 6b,c) also
suggest remobilisation of sugars between compartments. This

www.newphytologist.org  © The Authors (2007). Journal compilation © New Phytologist (2007)
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is most likely to provide the energy required for the early
increased metabolic demand for energy with the Calvin cycle
and cytosolic carbon metabolism still impaired. Carbohydrate
pools in shoots represent a considerable source of utilizable
energy during the onset of physiological activity in spring, as
indicated by the significant decrease in concentration in the
15/15 seedlings compared with the low soil temperature and
winter-acclimated seedlings.

Low soil temperatures affect spring recovery of the
photosynthetic processes

Low soil temperatures strongly modified the processes described
above. While F/F_ in 15/+1 and 15-2 seedlings was fully
restored after 18 d under spring temperature conditions
(Fig. 1a), the photochemical efficiency of PSII in the light
(AFIF ) was considerably lower in seedlings from the 15/+1
and 15/-2 treatments than in seedlings from 15/15 or 15F/
15 treatments (Fig. 1a,b). Soil temperature also had a significant
effect on the water potential of needles, with 15/+1 and 15/-2
seedlings having considerably lower values than 15/15 or 15F/
15 plants. This pattern probably reflects initially facilitated
needle transpiration under warm spring air temperature
conditions, at the same time with water uptake from the soil
being limited, and with water reserves from roots and shoots
also presumably being small for 15/+1 and 15/-2 seedlings.
Nevertheless, the water status of the needles, reflected by
needle water potential in 15/+1 and 15/-2, was not excessively
low enough to account for severe drought stress in Scots pine
(Eastman & Camm, 1995; Irvine ez al., 1998; Repo et al.,
2005 for a classification of shoot water potential in spruce
seedlings). Cold-induced synthesis of abscisic acid in the roots
could, however, have acted as the well described long-distance
signal mediating stomatal closure before changes in leaf water
potential occurred, thereby preventing further water loss by
transpiration and potential desiccation (Davies & Zhang, 1991;
Irvine er al., 1998). A stomatal limitation is also suggested by
the low stomatal conductance in 15/+1 and 15/-2 seedlings.
However, the lower initial slope of the A/ C, relationship in 15/
+1 and 15/-2 seedlings additionally suggests nonstomatal
limitations of photosynthesis, as indicated by low Ve, values
(Fig. 5b). As a result, stomatal and nonstomatal effects both
impaired the ability of CO, assimilation to act as a sink for
electrons derived from the photochemical reactions for the
plants exposed to low soil temperatures. This probably serving
continually to suppress the recovery of electron transport
between PSII and PSI (Table 2). This also provides an
explanation for the increased photoprotective dissipation of
excess energy via xanthophyll cycle pigments for the 15/+1
and 15/-2 seedling, as compared with 15/15 seedlings
(Fig. le,f). Although A_ was much lower in seedlings from cold
or frozen soil conditions, RbcL levels were the same irrespective
of soil temperature or water potendal, suggesting significant
deactivation of Rubisco as noted above. Downregulation of

© The Authors (2007). Journal compilation © New Phytologist (2007)
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photosynthesis in conifers exposed to low soil temperature is
also consistent with reports for Engelmann spruce and Scots
pine (DeLucia, 1986; DeLucia ez a/., 1991; Strand ez al., 2002).

In 15/-2 seedlings, PsbS levels remained relatively low, sug-
gesting a mechanism of nonphotochemical quenching differ-
ent from flexible zeaxanthin-dependent dissipation. One such
mechanism, involving increased levels of B-carotene, has

recently been described for Jack pine (Busch e 4/., 2007).

Intermittent frost reversibly affects spring recovery of
photosynthesis

In contrast to the continuous low soil temperature treatments,
intermittent frost exposed seedlings to only short periods of
stress. The imposed sequences of subfreezing air temperatures
impaired PSII efficiency in a manner similar to 15/-2 seedlings
(Fig. 1b), and with increased excitation pressure and limitations
in electron transport from PSII to PSI, as discussed above
(Table 2). Rapid cold-induced stomatal closure, as reported by
Wilkinson et al. (2001) for Commelina communis, and in
contrast to the low soil temperature treatments, might have been
the primary cause of the rapid impairment of photosynthesis.
This may have been because of the direct stomatal effect of
low temperature via increased Ca** leading to the loss of guard
cell turgor and stomatal closure (Assmann & Shimazaki, 1999),
rather than the effects of increased VPD. It is also important
to consider any effects of freezing temperatures restricting the
transport of water and thereby contributing further to low
stomatal conductance, as has been reported earlier for conifers
such as black spruce (Lamontagne ez 4., 2000). In addition to
the direct effect of chilling and water stress during intermittent
frost, there is also a role for stomatal closure through an abscisic
acid root signal (see above) to prevent water loss, a long-term
defence mechanism proposed by Davies ez a/. (2002), involved
in protecting from further chilling episodes. It is very likely
that this mechanism prevented the formation of extremely low
water potentials in our pine needles, and severe drought stress.

Chlorophyll concentrations, as well as total carotenoids, were
not affected by intermittent frost in our experiments (Table 3).
Nevertheless, the pool of the xanthophyll cycle pigments
increased during 4 d of frost, demonstrating de novo synthesis
of xanthophylls. The concomitant increase in zeaxanthin
(Fig. 1f) and antheraxanthin (Table 3) acts as a rapid photo-
protective response to mediate increased excitation pressure
resulting from limitations in CO, assimilation during short
frost events. Most importantly, effects of intermittent frost
during spring were rapidly reversed, with photosynthetic
capacity of the seedlings fully restored within 4 d of return
to control conditions. Nevertheless, decreased D1 levels,
compared with the 15/15 treatment, suggest a loss of functional
PSII on exposure to frost. Therefore the lower rates of CO,
assimilation during recovery from exposure to frost and at the
end of the experiment, compared with 15/15, might have
been caused by decreased rates of ATP and NADPH synthesis

New Phytologist (2008) 177: 428-442
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caused by less efficient photochemical energy conversion and
linear electron transport. An increased capacity for flexible
thermal de-excitation in 15F/15 at the end of the experiment,
expressed by high levels of VAZ/Chl and DEPS, is also sug-
gested by high levels of the PsbS protein (Fig. 3b).

Another mechanism involved in the stress response of
15F/15 seedlings to intermittent frost is suggested by changes
in the carbohydrate composition of the needles (Fig. 6a).
In particular, increased levels of soluble sugars vs starch in
needles resembled the pattern observed in 15/-2 and winter
plants much more than that in the fully recovered 15/15 seed-
lings. This suggests that 15F/15 plants continued to exploit
the cryoprotective osmotic properties of these carbohydrates
(Kontunen-Soppela ¢t al., 2002).

Thus intermittent frost inhibits the recovery process of
conifers only reversibly, demonstrating a remarkable plasticity
and robustness of this process. Nevertheless, intermittent frost
also decreased CO, assimilation, being only approx. 16%, for
example, on day 14 during intermittent frost, and approx.
65% on day 16, 2 d after intermittent frost, compared with
seedlings that were not exposed to disturbing frost events
(Fig. 4). It will be interesting to study sequences of frequent
frost events to determine effects of more severe disturbance
regimes as well as the response of larger trees under controlled
conditions.

Conclusions - low soil temperatures counteract the
recovery process to a greater extent than intermittent
subzero air temperatures

Both low soil temperatures and intermittent frost decrease the
rate of the photosynthetic spring recovery process in conifer
seedlings but, most importantly, our data indicate that low soil
temperatures counteract the recovery process to a much greater
extent than mild, intermittent frost. Low soil temperatures do
not limit the onset of photosynthesis in spring per se, but
rather reduce the actual rate of recovery and hence delay the
full recovery of photosynthetic capacity.

Under generally warmer future climatic conditions, this low
soil temperature effect on the spring recovery of photosynthesis
could become an important issue in natural forests. Globally,
a 10% reduction in the extent of snow cover has been observed
over the past 40 yr, and current climate-change models predict
these trends to continue (Houghton ez 4/., 2001). Snow-removal
experiments demonstrated that snow keeps the soil warm during
spring, with daily averages consistently >0°C, whereas snow-free
soil temperatures commonly dropped below —3°C during
spring (Decker et al., 2003). Relating our experimental data
to these observations, we conclude that in the Northern
hemisphere, the likely effects of increased land surface air
temperatures for an earlier onset of photosynthesis in spring
can be negated, at least to some extent, by generally lower soil
temperatures in areas where a decrease in snow cover is

predicted.
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