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Increased Air Temperature during Simulated Autumn
Conditions Does Not Increase Photosynthetic Carbon
Gain But Affects the Dissipation of Excess Energy in
Seedlings of the Evergreen Conifer Jack Pine1[o^
Florian Busch, Norman P.A. Huner, and Ingo Ensminger*
Department of Biology and The BIOTRON,University of Western Ontario, London, Ontario, Canada N6A
5B7 (F.B.,N.P.A.H., I.E.);Institute of Chemistry and Dynamics of the Geosphere (ICG-III):Phytosphere,
ForschungszentrumJiilich, 52425 Juelich, Germany (F.B.);and Max-Planck-Institutfur Molekulare
Pflanzenphysiologie, 14476 Golm, Germany (I.E.)
Temperatureand daylengthact as environmentalsignals that determinethe length of the growing season in borealevergreen
conifers.Climate change might affect the seasonal development of these trees, as they will experiencenaturallydecreasing
daylengthduring autumn,while at the same time warmerair temperaturewill maintainphotosynthesisand respiration.We
characterizedthe down-regulationof photosyntheticgas exchangeand the mechanismsinvolved in the dissipationof energy
in Jack pine (Pinus banksiana)in controlled environments during a simulated summer-autumntransition under natural
conditionsand conditionswith alteredair temperatureand photoperiod.Using a factorialdesign, we dissected the effectsof
daylengthand temperature.Controlplants were grown at eitherwarm summerconditionswith 16-hphotoperiodand 22°Cor
conditionsrepresentinga cool autumnwith 8 h/7°C. To assess the impactof photoperiodand temperatureon photosynthesis
and energydissipation,plantswere also grown undereithercold summer(16-hphotoperiod/7°C) or warmautumnconditions
(8-h photoperiod/22°C). Photosyntheticgas exchange was affected by both daylength and temperature.Assimilationand
respirationrates under warm autumn conditionswere only about one-halfof the summervalues but were similarto values
obtained for cold summer and naturalautumn treatments.In contrast,photosyntheticefficiencywas largely determinedby
temperaturebut not by daylength. Plants of differenttreatmentsfollowed differentstrategiesfor dissipating excess energy.
Whereasin the warm summertreatmentsafe dissipationof excess energywas facilitatedvia zeaxanthin,in all othertreatments
dissipation of excess energy was facilitated predominantlyvia increased aggregation of the light-harvestingcomplex of
photosystemII. These differenceswere accompaniedby a lower deepoxidationstate and largeramountsof /3-carotenein the
warm autumn treatmentas well as by changes in the abundanceof thylakoidmembraneproteinscomparedto the summer
condition.We conclude that photoperiodcontrolof dormancyin Jackpine appears to negate any potentialfor an increased
carbongain associatedwith higher temperaturesduring the autumn season.

Temperatureand daylength are important drivers
of physiological changes in boreal evergreen conifers
because they determine the length of the growing
season. In late summerand early autumn the decrease
of the daylength is a signal that initiates cold hardening, a transitionof physiological processes that allow
hardy plants to survive severe winter conditions.
The cold hardening process includes the cessation of
growth and long-term changes in the metabolism of
the tree (Weiser,1970;Bigras et al, 2001). Short days
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are supposed to induce the cold hardeningmost effectively,whereasdecreasingtemperaturesaffectthisprocess only to some extent (Christersson,1978).
As evergreen conifers keep their needles during
winter, the cold hardeningprocess involves a reorganization of the photosyntheticmachinery(Ensminger
et al., 2004),as the needles retaina substantialamount
of chlorophyll (Chi) and proteins and thereforecontinue to absorblight. Absorptionof light under winter
conditions can cause photooxidative damage of the
photosynthetic apparatus, created by an imbalance
between the photochemical generation of electrons
and theirdiminishedutilizationdue to decreasingsink
capacity,i.e. the down-regulationof metabolismand
growth in winter (Oquistand Huner,2003).To maintain the balance between light capture and energy
utilizationunder conditionswith alteredsink capacity,
energy flow and photosynthesis have to be adjusted
by a processdefined as photostasis(Oquistand Huner,
2003). Plants have developed a wide range of mechanisms to achieve this balance and to avoid photooxidative damage. This includes adjustmentsof the Chi
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and proteinconcentration,changesin antennasize and
organization,stoichiometryand aggregationof components of the photosyntheticapparatus,and a range
of alternativeenergy dissipation pathways (DemmigAdams et al., 1996;Asada, 1999;Oquist and Huner,
2003; Munekaga et al., 2004; Horton et al., 2005;
Kanervoet al., 2005;Ensmingeret al., 2006).Recently,
the carotenoid zeaxanthin in combination with the
PSIIsubunit PsbS has gained interestas both play an
importantrole in the safe thermaldissipationof excess
energy via nonphotochemical quenching (NPQ; Li
et al., 2000, 2002; Savitch et al., 2002; Niyogi et al.,
2005).NPQ actuallyconsists of three differentcomponents that are commonly defined by referringto their
relaxationpropertiesin darknessfollowing a period of
illumination(Mulleret al., 2001).A dynamic quenching mode is rapidly inducible and driven by the
conversion of violaxanthininto zeaxanthin and protonation of the PsbS protein in response to acidification of the thylakoidlumen.Statetransitionquenching
relaxeswithin tens of minutes and is assumed not to
be of great importancefor photoprotectionin terrestrial plants under high light (Niyogi, 1999; Kanervo
et al., 2005).The sustainedquenchingmode (^) in turn
is inducedin connectionwith a decreasein PsbSlevels
and a loss of functionalPSII(Ensmingeret al., 2004;
Ebbertet al., 2005).In evergreenconifers,this qlis also
associatedwith the terminationof growth and induction of frosthardiness(Oquistand Huner,2003).In this
qYstate, a reorganizationof the photosyntheticapparatusmay protectconiferneedles by dissipatingexcess
energyas heat independentof a pH gradient(Gilmore
and Ball, 2000; Horton and Ruban, 2005; Ensminger
et al., 2006).Overwinteringevergreenconifersseem to
be able to shiftbetween the dynamicand the sustained
antennaquenching (qo) modes for dissipating excess
energy (Oquistand Huner,2003).Aside from NPQ of
excess energy in the antenna, a zeaxanthin independent way of quenching has been described in the
reactioncenter(RC;Ivanovet al., 2001,2006;Lee et al.,
2001;Sane et al., 2003;Finazziet al., 2004).In addition
to antenna and RC quenching, excess energy can be
funneled into a range of alternative electron sinks,
most notably photorespiration(Osmond and Grace,
1995;Strebet al., 1998),the water-watercycle (Asada,
1999),and cyclicelectrontransport(Ivanovet al., 2001;
Kanervoet al., 2005). For recent reviews, see Scheibe
et al. (2005)and Ensmingeret al. (2006).
Over the past decades substantial warming has
occurredin northernlatitudes,especiallyin the winter
(Serrezeet al., 2000).It has been suggested that this is
likely to increasethe length of the growing season and
thus the productivityof northernhemisphere forests
(White et al., 2000; Saxe et al., 2001). Increasedtemperaturesin autumn allow trees to maintaina higher
quantum yield (Methy et al., 1997). However, little
dataareavailableregardingthe metabolicresponsesof
evergreensof the boreal forests to extended growing
seasons as a result of warmerair temperaturesin late
autumn. In this study, we focus on the interactionof
Plant Physiol. Vol. 143, 2007

alteredautumngrowth conditionsand photosynthesis
in Jack pine (Pinus banksianaLamb.), an important
evergreen conifer forming dominant stands on dry
sandy soils in the western boreal zone of Canada,e.g.
NorthernSaskatchewan.Climatechange will alterthe
phasing of temperatureand daylength,the signals that
triggerlow temperatureacclimationand development
during autumn in conifer trees. The question is how
the seasonal development is affected once trees experience the naturally decreasing daylength regulating
growth cessation and limiting sink capacity while at
the same time increasedairtemperatureallows to maintain photosyntheticand respiratorycapacity.Here, we
used a factorialexperimentwith 16-hversus 8-h photoperiod (representinglong day during July/August
and short day during October/November,respectively,
at e.g. 54°N,105°Win northernSaskatchewan)and 22°C
versus 7°C (summerand autumn,respectively)to separatethe effectsof daylengthand temperatureon photosynthesisand respirationto distinguishwhich processes
are regulatedby temperatureor daylengthonly or by a
combinationof these abiotic factors.In particular,we
focusedon the effectsof thesetreatmentson the acclimation of photosyntheticcapacityand energy dissipation
and the compositionof the photosyntheticapparatus.

RESULTS
Gas Exchange

Needle level gas exchange was performedon samples of seedlings of all four treatments(Fig.1). At 1,000
/xmolphotons m~2s"1,we observedthe highest rateof
light-saturatednet assimilation (Asat)in the summer
conditions with 16-h photoperiod and 22°C (LD/HT)
treatment. In the natural autumn control with 8-h
photoperiod/7°C (SD/LT),Asatwas decreasedby 19%.
Withinthe othertwo treatments,Asatwas considerably
lower, with the warm autumn conditions with 8-h
photoperiod/22°C treatment (SD/HT) showing 41%
lower values than LD/HT and 28%lower values than
SD/LT. This pattern was also observed when net
assimilationwas measured at growth light conditions
(Fig. 1). While assimilation did not show any clear
effect of either temperatureor photoperiod and only
showed a significant difference in the interactionof
both factors,we observed a clear response of respiration to eitherfactorplus the interactionof both factors.
Withinthe warm temperaturetreatments,the respiration rate in LD/HT was more than twice the rate
observedin SD/HT (Fig.1), suggesting an effectof the
shorter photoperiod. Low temperature imposed an
additionaleffecton darkrespiration,being responsible
for a furtherdecreasein cold summer conditionswith
16-h photoperiod/7°C (LD/LT) and SD/LT needles.
These results are also valid when data are expressed
on a fresh weight basis because the ratio of fresh
weight to leaf area (grams per meter) only changes
minimallybetween treatmentsover the durationof the
1243
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Figure 1. The effect of daylength and temperature on needle level
CO2 assimilation and respiration per needle area. Bars indicate lightsaturatednet CO2 assimilation,measuredat 1,000 /xmol photons m~2 s~1
PPFD (/4sat),CO2 assimilation at growth light conditions of 350 /imol
photons m"2 s"1 PPFD (A35O).Black bars indicate dark respiration
measured after 20 min of dark acclimation. All measurements were
performed at growth temperature (22°C in LD/HTand SD/HT, 7°C in
LD/LTandSD/LTplants). Eachbar representsthe average of n = 7 to 8 ±
se biological replicates. #, , and *, Significant differences due to
daylength, temperature, and their interactive effect, respectively. Two
symbols, P < 0.01 ; three symbols, P < 0.001 .

experiment(LD/HT, 369 ± 40; SD/HT, 342 ± 19;LD/
LT,341 ± 21; SD/LT, 366 ± 37).
Chi Fluorescence
Chi a fluorescence was measured simultaneously
with gas exchange. Maximum photochemical efficiency of PSIIin the dark-adaptedstate (Fy/Fm)was
highest in the LD/HT control (TableI). The sole effect
of a decreased length of the photoperiodresulted in a
10%decreaseof Fv/Fmin SD/HT plants. Low temperaturehad a much strongereffect on decreasingFv/Fm
in the LD/LTcomparedto the LD/HT treatment.The
effectwas additive when combiningboth factorsin the
SD/LT treatment (51%decrease) with no interactive
effect between daylength and temperature.In both
high temperaturetreatmentsthe quantumyield of PSII
did not differ significantly from each other, but low
temperaturedecreased the yield to less than one-half

in LD/LT and to about one-quarterin SD/LT compared to the LD/HT treatment(Fig. 2A). q?as a measure of the fraction of open PSIIRCs revealed large
differencesthat were temperaturedependent but did
also depend on the interactiveeffect of daylengthand
temperature;e.g. values of the SD/HT treatmentwere
56%higher than in the summer controlLD/HT treatment (Fig. 2B). Using nonphotochemical(qN)and antenna quenching (qo),we calculatedthe ratioof qo/qN
to indicate the relative component of the qo from all
nonphotochemicalprocesses (TableI). qo/qN values
were lowest during the typical LD/HT treatment,
whereas under SD/HT conditions or under SD/LT
conditions, the respective values were 40%and 38%
higher than in LD/HT (Fig. 2C), showing solely a
photoperiod dependence.
on the
Effectsof Photoperiodand Temperature
AggregationStateof Chl-ProteinComplexes
Nondenaturing SDS-PAGEwas used to estimate
the amount of Chl-bindingprotein complexes in the
thylakoid membrane. The ratio of monomeric lightharvesting complex of PSII (LHCII3)and dimeric
LHCII(LHCII2)to oligomericLHCII(LHCII1)was determinedfrom gel scans to assess the degree of aggregation of LHCII,with a low ratio indicating a high
aggregationstate of the LHCIIs(Fig. 3). The bulk of
LHCII in all four treatmentswas found in form of
oligomeric LHCII1;only one-fifth to one-third, depending on the treatment,was found as LHCII2and
LHCII3.In LD/HT controls, the ratio of LHCII2+3/
LHCII1was 0.66 ± 0.23 and thus about twice the ratio
determined in SD/HT (0.35 ± 0.07), LD/LT (0.33 ±
0.08),and SD/LT (0.29 ± 0.08),which indicatesa much
higher aggregationstate in the lattertreatments.
PhotosyntheticPigments
Chi a and Chi b levels differedby less than 10%in
the two warm temperature treatments, and Chi b
increased significantly in the two cold treatments.
Photoperiod had no effect on Chi levels (Fig. 4A).
However, because the low temperatureincreases in
Chi b exceeded the slight increases in Chi a, we
observed a temperature-dependentdecrease in Chi

Table I. The effect of daylength and temperature on Chi fluorescence parameters
Fv/Fm,qo, and qN, measured under saturating light conditions (1,000 /imol photons m~2 s~1); n = 8 ± se. Two-way ANOVA analysis indicates
statistically significant differences due to daylength, temperature, or an interactive effect of both factors. #, , and *, Significant differences due to
daylength, temperature, and their interactive effect, respectively. One symbol, P< 0.05; two symbols, P< 0.01; three symbols, P< 0.001; n.s., not
significant.
Treatment

Fv/Fm
qo
qN
1244

Significance

LD/HT

SD/HT

LD/LT

SD/LT

Daylength

0.80 ± 0.01
0.36 ± 0.03
0.93 ± 0.01

0.72 ± 0.02
0.52 ± 0.02
0.96 ± 0.01

0.51 ± 0.05
0.35 ± 0.05
0.74 ± 0.06

0.39 ± 0.02
0.38 ± 0.03
0.71 ± 0.05

• • •
• •
n.s.

Interactive Effect
Temp

n.s.
*
n.s.
Plant Physiol. Vol. 143, 2007
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approximatelyone-halfof the carotenoidpool and did
not vary much between treatments(Fig.5). In contrast,
the fractionsof the remainingcarotenoidswere more
variable, indicated, for example, by an increase in
/3-caroteneand an almost completeabsenceof zeaxanthin in the SD/HT treatment.In turn, this treatment
showed the highest amount of violaxanthinbut the
least amount of antheraxanthin.As a result,the deepoxidation state was considerably lower in SD/HT,
reachingonly aboutone-quarterof the values obtained
in the other treatments(Fig. 4D). This effect has been
observed in two independentexperimentscarriedout
in two separateyears.
Changesin Proteinsof Photosynthesisand
Metabolism
Carbohydrate
The acclimationin response to daylength and temperature (Fig. 6) shows the highest levels of RC proteins of PSIIand PSI(PsbAand PsaA/B, respectively)
underLD/HT conditionscomparedto decreasedlevels
in cold temperaturetreatmentswith lowest values in
the LD/LT treatment.However, although the overall
amount of RC proteins was variableamong the treatments, the ratio of PsaA/B over PsbA remainedconstant (Fig.6). PsbSlevels decreasedby 19%in response
to short photoperiod and by 15%in response to low
temperatureas comparedto the summer control.The
additive effect of decreasedphotoperiodand low temperatureresultedin PsbSlevels in the SD/LTtreatment
to be 34% lower than in LD/HT, indicating that its
regulationis independentwith no interactiveeffect of
temperatureand daylength (Fig.6).
Therewas also a clearresponse of the LHCproteins
Lhcal, Lhca4,and Lhcb5to daylength (Fig.6). Protein
levels in LD/HT and LD/LT clearly exceeded the
levels in SD/HT and SD/LT,while therewas no effect
of temperature.By contrast,Lhcbl was significantlyaffectedby temperature,as indicatedby the accumulation

Figure 2. A, The effect of daylength and temperatureon quantum yield
of PSIIunder steady-state condition at 1,000 /xmol photons m"2 s"1
PPFD.B, Estimatedq?. C, qo/qN as an estimate of the amount of qo. All
measurements were performed at growth temperature (22°C for LD/HT
and SD/HT and 7°C for LD/LTand SD/LT). Each bar represents the
average of n = 8 ± se biological replicates. #, , and *, Significant
differences due to daylength, temperature, and their interactive effect,
respectively. Two symbols, P < 0.01; three symbols, P < 0.001 .

a/Chi b (Fig. 4B), which also showed an interactive
effect. Total carotenoids per total Chi was constant
among all treatments, except for SD/HT needles,
which revealed a significant increase of about 15%
compared to the other three treatments (Fig. 4C). In
general, the share of neoxanthin and lutein made up
Plant Physiol. Vol. 143, 2007

Figure 3. The effect of daylength and temperature on the degree of
aggregation of LHCII.Bars indicate the ratio of LHCII3and LHCII2to
LHCII1as determined from nondenaturing SDS-PAGE.Each bar represents the average of n = 4 ± se biological replicates.
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Figure 4. The effect of daylength and
temperatureon the composition of photosynthetic pigments in needles of Jack
pine. A, TotalChi per fresh weight; Chi b
was affected by temperature. B, Chi a to
Chi b ratio. C, Totalcarotenoids per total
Chi. D, Deepoxidation status of the xanthophyll cycle pigments, calculated as
(0.5A + Z)/(V + A + Z). Each bar
represents the average of n = 8 ± se
biological replicates. •, , and *, Significant differences due to daylength, temperature, and their interactive effect,
respectively. One symbol, P < 0.05;
two symbols, P < 0.01; three symbols,
P< 0.001.

of this protein, with LD/LT being 35% and SD/LT
being 26%higher than LD/HTand SD/HT levels (Fig.
6). Lhca2and Lhcb2exhibitedminimal differencesbetween LD/HT and the three other treatments(Fig. 6).
Theaccumulationof the largesubunitof Rubisco(RbcL)
followed the same pattern observed for the RC pro-

teins of PSIIand PSI.CytosolicFru-l,6-bisphosphatase
(cFBPase)and UDP-Glcpyrophosphorylase(UGPase),
both cytosolic enzymes that are required to convert
triosephosphateexportedfromthe chloroplastintoSue,
were clearlyaffectedby daylengthand UGPasealso by
temperature.Short-dayconditions alone induced the

Figure 5. The effect of daylength and temperatureon the carotenoid composition in
needles of Jack pine. Each carotenoid
component is normalized to the total
amount of carotenoids. The relative size
of each pie reflects the amount of carotenoids based on a per total Chi basis.
j8C,j8-carotene;V, violaxanthin; A, antheraxanthin; Z, zeaxanthin; L, lutein; N,
neoxanthin. Values represent the average
of n = 8 ± se biological replicates.
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Figure 6. The effect of daylength
and temperatureon the expression
levels of key proteins of photosynthesis in needles of Jack pine. The
average optical density of the LD/
HT treatmentwas arbitrarilyscaled
to 1. Typicalbands fromthe original
western blots are shown next to the
values, with each lane loaded on
an equal protein basis. Each value
=
representsthe average of n 8 ±
se biological replicates. Two-way
ANOVA analysis indicates statistically significant differences due to
daylength, temperature,or an interactive effect of both factors. •, ,
and *, Significantdifferences due to
daylength, temperature, and their
interactiveeffect, respectively.One
symbol, P< 0.05; two symbols, P<
0.01; three symbols, P < 0.001;
n.s., not significant.

accumulationof cFBPaseby 27%and exposure to low
temperatureby 13%.A similarpatternwas observedin
the expressionof UGPase(Fig.6).
DISCUSSION
Promote
ShortPhotoperiodand LowTemperature
of
Down-Regulation PhotosyntheticCapacity
It is remarkablethat net CO2 assimilation in the
SD/HT treatment is considerably lower than in the
LD/HT and comparableto that of the two low temperature treatments(Fig. 1). Photosynthesisthereforeappears to be not only temperaturedependentbut is also
stronglyinfluencedby the length of the photoperiod.In
conifers,shortened daylength acts as a signal for the
inductionof terminalbudsetand the cessationof growth
(Repoet al, 2001).Incombinationwith low temperature,
this is an early autumn prerequisiteto induce freezing
resistanceand thereforean important mechanism to
prepare for the harsh winter conditions in northern
forest environments (Bigras et al., 2001). This actual
effectof daylengthon photosynthesisprobablyreflects
feedback regulation through an overall decrease in
metabolicactivity and growth. Such down-regulation
of photosynthesis due to a reduced sink capacity is
associatedwith the cessation of growth (Savitchet al.,
2000).A decreasedrateof CO2uptakeis thereforelikely
due to the cessationof growth in pine aftercold acclimation.Carbohydratepartitioningundergoesa tremendous shift as growth ceases and metabolic activity
decreasesunder short photoperiod and low temperaPlant Physiol. Vol. 143, 2007

ture. Increasedexpressionof cFBPase,one of the key
regulatoryenzymes controllingthe conversionof those
phosphate exported from the chloroplast into Sue
(Strandet al.,2000),is associatedwith shortphotoperiod
(Fig.6) and indicatesincreasedcapacityfor Sue synthesis. Thereis a dual role for Sue duringautumn;it canbe
exportedto the rootsto be used for starchsynthesisfor
winter storageand it may serve as a cryoprotectantto
increase frost resistancein needle tissue. This clearly
shows that the regulationof an importantpathwayfor
the cold hardening process strictly requires proper
phasing of low temperatureand daylength.However,
levels of UGPase,actingdownstreamof cFBPasein the
Suesynthesispathway(Kleczkowskiet al.,2004),did not
show this exclusiveincreasedue to shortdaylengthbut
increasedalso in responseto temperature(Fig.6).
Down-regulationof metabolicprocessesin response
to low temperatureand short photoperiod was also
reflectedin decreasedrates of darkrespirationin SD/
HT, LD/LT, and SD/LT compared to LD/HT. The
response of plants to a shorterdaylength was a more
than 50%decreasein the rate of respiration.However,
as a resultof warmertemperatures,the respirationrate
in the SD/HT treatmentremainedhigher than in the
SD/LT treatment.
Acclimationof PhotosyntheticEnergyConversion
and Compositionof the PhotosyntheticApparatus
to GrowthConditions
Decreased sink capacity requiresacclimationof the
energy partitioning process to balance the flow of
1247
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Figure 7. Model of extended energy quenching including LHCIIaggregation. The model depicts the amount of photochemical and NPQ
controlled by the deepoxidation state of the xanthophyll cycle and the
aggregation state of LHCII,based on the model of Horton et al. (2005).
Energy absorbed (yellow arrows) is quenched either nonphotochemically (black arrows) in the antenna complex (green rectangles) or
photochemical ly through the photosystems (white parts, open RCs;
hatched parts, closed RCs) and used for CO2 fixation (gray arrows).
Depending on the aggregation state of LHCII (represented by the
proximity of the green rectangles) and the xanthophyll configuration,
energy is preferentiallyquenched one way or the other (the thickness of
the arrows marks the efficiency of the respective processes). State A
refers to the situation found in our LD/HT treatment, with a low
aggregation state of LHCIIin combination with a high deepoxidation
state. State B is dominant in the SD/HT treatment, where high aggregation of LHCIIcoincides with a very low zeaxanthin concentration.
This results in nonphotochemical and photochemical quenching that
compares to the situation observed in state A, except that not all of the
energy provided through the photochemical quenching process is used
for CO2 fixation. In this situation, alternative electron sinks, including
photorespiration, water-water cycle, and charge recombination, play a
prominent photoprotective role to support the photochemical quenching process. State C refersto both the LD/LTandSD/LTtreatments, with
high aggregation and high deepoxidation states; a large portion of the
incident light is quenched in the antenna, photochemical quenching is
relatively small. See text for furtherdetails.

6). This coincided with a low deepoxidation state of
the xanthophyll cycle pigments and a lack of zeaxanthin (Figs. 4 and 5), pigments that are preferentially
bound in bulk by these proteins (Morosinottoet al.,
2002). The down-regulation of photosynthesis in autumn was reflected in partial losses of PSII and PSI
RCs as well as the RbcLcontent,which clearly reflects
adjustmentof photosynthesis to the reduced need for
photosynthates under cold temperatures (see also
Zarteret al., 2006).However, in the SD/HT treatment,
the decrease of PsbA was balanced by an increase in
the fractionof open RCs of PSII,resulting in a similar
yield as in LD/HT (Figs. 2, A and B, and 6). While in
LD/HT the photosynthetic apparatus remains fully
functionaland associatedwith a considerablesink for
photosynthates, in low temperaturetreatments a reduced sink capacity was clearly accompanied by a
decreasein the photochemicalefficiency.A decreasein
photochemicalefficiencywas not apparentin SD/HT
plants, reflecting an energetic imbalance in these
plants. Apparently this imbalance was not reflected
by qF(Fig. 2B), suggesting alternative sinks for electronsthat could include photorespiration,water-water
cycle, and cyclic electron transport.Increasedphotorespirationhas previously been shown to be an effective photoprotectivestrategy in high mountain plants
under low temperature(Strebet al., 1998).Ivanov et al.
(2001)suggested that cyclic electrontransportaround
PSI is necessary to dissipate excess energy and to
retainfunctionalityof the photosyntheticapparatusin
winter-stressed pine needles. Our observation of a
significant increase in j8-carotenein SD/HT (Fig. 5)
points toward an increased formation of singletexcitedoxygen (1O2*),
which can efficientlybe quenched
by j8-carotene(Cantrellet al., 2003; Krieger-Liszkay,
2005; Telfer, 2005). XO2*is generated from singletexcited Chi via the Chi triplet state, if the energy of
excited Chi cannot be used for photochemistry or
dissipated as heat (Adams et al., 2004). There are at
least two possible sites of an increased production of
1O2*(Krieger-Liszkay,2005). It could either originate
fromthe antenna,wheresingletChicannotbe quenched
due to low concentrationsof zeaxanthin and hence
passes its energy down to produce 1O2*,or in the RCof
PSIIvia charge recombination.Here, j8-caroteneis the
principalquencherof excess energybecause tripletChi
cannotbe quencheddirectly.In this case, chargerecombination would contributeto filling the gap between
electrons generated, as measured by the yield and
electronsused by CO2fixationin the SD/HT treatment.

energy between energy capturedby the light reactions
and the energy utilized metabolically.This may be
achieved by changing properties of the thylakoid
membrane-boundLHC proteins, thereby altering the
efficiency of capture, conversion, and dissipation of
light energy. Several of the LHC proteins showed a
response to photoperiod. Lhcal, Lhca4, and Lhcb5
reachedthe lowest levels in the SD/HT treatment(Fig.

Dissipationof ExcessEnergyDependson the
AggregationStateof LHCII
Not only did the yield of photochemistry differ
between treatments but we also observed different
strategies to dissipate energy that is in excess to be
used for photochemistry.It has been suggested that
high qo in relation to qN is an indicator for high qo
(Bukhovet al., 2001;Sane et al., 2003).We found qo/qN
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values in the LD/HT treatment considerably lower
than in the other treatments(Fig. 2C). Previous work
also showed thata higheramountof aggregatedLHCs
is associatedwith improved photoprotectionin overwintering evergreensand other plants (Hortonet al.,
1991;Rubanet alv 1993;Ottanderet alv 1995;Gilmore
and Ball, 2000; Krol et alv 2002). Reorganizationof
pigment-proteincomplexes, which is indicated by an
increasedaggregationstate of LHCII,was observed in
all but the LD/HT control treatment (Fig. 3) and
typicallycoincideswith higher c\oin these treatments.
Shortphotoperiod,as well as low temperature,seem
to provide a separate signal that invokes elements
of the cold acclimationpathway,resulting in a structural reorganizationof the photosyntheticapparatus.
Througha constitutive and nonregulated quenching
component facilitated by aggregated antenna complexes, SD/HT plants thathave been grown under the
same temperatureregimeas the LD/HT plants do not
require to accumulatelarge quantities of zeaxanthin
and hence show a much lower deepoxidation of the
xanthophyllcycle pigments. Based on these observations, we conclude that zeaxanthin is not the main
component required to facilitate the quenching of
excess energy in the SD/HT treatment.
Our observationssupport the LHCIIconformation
model for NPQ proposed by Horton et al. (2005).In
this model, the amount of quenching is regulated
within minutes by the aggregationstate of LHCIIin
combinationwith binding of either violaxanthin or
zeaxanthin, with the highest quenching efficiency
resulting from an aggregated configurationbinding
zeaxanthin.A similarmechanismmightbe responsible
for the acclimationto seasonalchangesin photoperiod
and temperature(Fig.7), with the zeaxanthin-binding
componentof NPQ
aggregatedstaterepresentingthe qY
7C).
(Fig.

development in conifer trees. One can now speculate
that there is a temperaturewithin the range of predicted climate change at which field-growntrees cannot behave optimally and thus cannot exploit the
growing season optimally. The temperatureincrease
apparentlyalters the phasing of the two criticalenvironmental stimuli, thereby not only decreasing the
sink capacity of the trees but even turning it into a
potential source for the respiratory release of CO2.
Thus, photosynthetic down-regulationdue to photoperiodic control of growth cessation during the autumn appears to offset any potential carbon gain
resulting from a prolonged growing season in the
autumn (Saxe et al., 2001). In response to experimentally increased autumn temperature,Jack pine seedlings exhibitan energy-quenchingmechanismthatdoes
not follow the well-described PsbS- and zeaxanthindependent dissipation pathways. Thus, further investigations are essential to determine whether our
findings fromcontrolledenvironmentexperimentsare
consistent with climatic changes under natural environmentalconditions on an ecosystem scale.

Increase
Does IncreasedAutumnAir Temperature
Gain?
Photosynthetic
Our results indicate an experimentally extended
growing season does not necessarily result in increasedCO2uptake and carbongain in an evergreen
conifer.On the contrary,short-day photoperiod and
warm temperaturesmight even have the opposite
effect due to increased rates of respiration and decreased maximum capacity for carbonuptake. Based
on these experimentsusing seedlings in climate controlledchambers,we cannotpredicthow short photoperiod and warm autumn temperaturemight affect
entireboreal forests in the future. In addition, in our
treatments we used a relatively large temperature
differencein the SD/LT (7°C/5°C) versus the SD/HT
(22°C/18°C, warm autumn) treatment compared to
the predictedincreaseof mean annualland air surface
temperaturethat is in the range of 4°C to 6°C by the
end of 2100 (IPCC,2001). Nonetheless, our results
suggest thatincreasedautumnair temperaturehas the
potential to interruptthe regulation of the seasonal

Photosynthetic Gas Exchange
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AND METHODS
MATERIALS
PlantMaterialand GrowthConditions
RootedJackpine (Pinusbanksiana
Lamb.)seedlingswere obtainedfroma
local nursery (SomervilleSeedlings) and planted in a mixture of ProMix
(PremierHorticulture)and low nutrientmineralsand (1:2,v/v). The plants
were kept outside underneatha light shelterfor 1 year.In the second year,
plantswere transferredto controlledexperimentalsummerconditionsat the
end of July,2005(Convirongrowthchambers).Following10d at experimental
summerconditions(see below) to allow for acclimationto chamberconditions,plantswere exposedfor4 weeks to either22°C/18°C(day/night) with a
photoperiodof 16 h (LD/HT),22°C/18°Cwith an 8-h photoperiod(SD/HT),
7°C/5°C with a 16-h photoperiod(LD/LT),or 7°C/5°C with an 8-h photoperiod (SD/LT).All treatmentswere providedwith a photosyntheticphoton
flux density (PPFD)of 350 /umolphotonsm"2s"1.

CO2exchangerateswere measuredon detachedcurrentyearneedlesusing
a LiCor6262 infraredgas analyzerconnectedto a modified LD2/3 cuvette
(Hansatech).The needles were collectedrightbeforethe measurementin the
earlyafternoon,afterseedlingshad been exposedto growthlightof 350/umol
m~2s"1for at least 4 h. TheCO2concentrationwas maintainedat 375 ppm in
airwith 21%O2.Darkrespirationwas measuredin theseneedlesafter20 min
of darkadaptation.Subsequently,plantswere exposedto a PPFDof 350fimol
m"2 s"1 for 7 min to obtain measurementsof steady-statephotosynthesis,
followed by a shift to a saturatingPPFDof 1,000/imol m"2s"1 for another
7 min. Steady-statephotosynthesiswas usually attainedwithin 3 to 6 min,
dependingon actiniclight intensityand temperature.Gas exchangeratesare
averagesover a measuringperiod of 30 s. All gas exchangemeasurements
were performedat growthtemperature.

Chi Fluorescence
Chia fluorescencewas measuredwith a PAM2100Chi fluorometer(Heinz
Walz).Thefiberopticof the PAM2100was connectedto the LD2/3 Hansatech
cuvettevia a custom-madeport to allow simultaneousfluorescenceand gas
exchangemeasurementsafter seedlings had been exposed to growth light
of 350 /Ltmolm"2 s"1 for at least 4 h (see above). Initial (minimum)PSII
fluorescencein the dark-adaptedstate (Fo)and Fmwere determinedafter
20 min of darkadaptationin the cuvette.F0',Fm',and transientfluorescence
(Ft)were obtainedconcomitantlywith the gas exchangemeasurementsafter
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steady-statephotosynthesiswas achieved(Sveshnikovet al., 2006).Optimum
quantumefficiencyof PSIIwas calculatedas Fv/Fm= (Fm- F0)/Fmand
the quantumyield of PSIIin the light as Fv7Fm' = (Fm'- Ft)/Fm'(Genty
et al., 1989).The fractionof PSIIRCsin an open statewas estimatedas qP=
(Fm'- FJ/iF^ - Fo') (Schreiberand Bilger,1987).Nonphotochemicaland
antennaquenchingwere calculatedas qN= 1 - (Fm'- F0')/(Fm- Fo)and
qo = 1 Fq'/Fq,accordingto Reeset al. (1990).

Isolation of Thylakoid Membranes and Separation of
Chl-Protein Complexes
Thylakoidsof fresh needles were isolatedat 4°C accordingto Krolet al.
(2002)by grindingneedlesin 50 mMTricine,pH 7.8,containing0.4 msorbitol,
10 mMNaCl, 5 mMMgCl2,and 20%(w/v) polyethyleneglycol 4000. The
groundsampleswere filteredthroughMiracloth,followedby threewashing
steps in double-distilledwater,1 mMEDTA,and washing buffer,containing
50 mMTricine,pH 7.8, 10 mMNaCl, and 5 mMMgCl2by centrifugationat
4°C at 5,000gfor 10 min. The pellets were solubilized in 300 mMTricine,
pH 8.8, containing13%(v/v) glycerol,0.1%(w/v) SDS, and 0.45%(w/v)
ratioof 20:1(w/w).
dodecylmaltosideto give a SDS + dodecylmaltoside:Chl
TheChl-proteincomplexeswere separatedin the darkat 4°C in nondenaturing 1.3 m Tris-HClpolyacrylamidegels with a Tris/Gly runningbufferthat
contained0.2%(w/v) Deriphat160.Thegels were scannedat 671runand the
relativeamountof Chi in each complexwas determinedas ratioof the peak
areato the totalarea.

Photosynthetic Pigments
Needle samplesfor the pigmentextractionwere takenaroundnoon after
seedlings had been exposed for 4 h to growth light of 350 /imol m~2 s"1.
Needleswere groundto a finepowderin liquidnitrogenand extractedfor2 h
in the dark on ice in 100%acetone bufferedwith NaHCO3.Extractswere
separatedby HPLC with a SpherisorbODS-1 analyticalcolumn (S.P.E.),
modifiedfromGilmoreand Yamamoto(1991)as describedin detail by Krol
et al. (2002).TotalChi and total carotenoidswere estimatedspectrophotometricallyaccordingto Lichtenthaler(1987).The deepoxidationstate was
calculated as (0.5^4+ Z)/(V + A + Z), where V is violaxanthin,A is
and Z is zeaxanthin.
antheraxanthin,

Protein Extraction,SDS-PAGE,and Immunoblotting
For proteinextraction,needles were ground to a fine powder in liquid
nitrogen.Fortymilligramsof sample were extractedin 800 piLof ice-cold
extractionbufferfor 15 min on ice followed by 15 min of extractionat room
temperature.The extractionbuffer consisted of 60 mMTris-HCl,pH 6.8,
containing4%(w/v) SDS, 15%(w/v) Sue, 20 mMdithiothreitol,and Complete, EDTA-free,proteinaseinhibitorcocktail (Roche Diagnostics).Membraneproteinswere solubilizedfor5 min at 75°C,cooledon ice for 1 min, and
then briefly centrifugedto remove debris from the supernatant.The total
concentrationof extractedproteinwas determinedafter Lowryet al. (1951)
using the RC DC protein assay kit from Bio-Rad.Protein(7 /xg/lane) was
loaded and separatedelectrophoretically
at 200 V for 30 min on 10%(w/v)
BisTrisgels (Nupage,Invitrogen)using the XCellMidigel systemand a MES/
SDS buffersystem (Invitrogen).Followingseparation,proteinswere transferredto a nitrocellulosemembrane(0.2-fjnnpore size, Bio-Rad)and probed
with antibodiesagainstPsbA,PsbS,RbcL,cFBPase,UGPase,the LHCproteins
Lhcal, Lhca2,Lhca4,Lhcbl, Lhcb2,and Lhcb5(Agrisera)as well as against
PSI.Goatanti-rabbitand rabbitanti-chickenIgGconjugatedwith horseradish
peroxidase(Sigma-Aldrich)were used as secondaryantibodiesto allow for
chemiluminescentdetectionof the proteins(ECLdetectionkit, Amersham)
bound to the membraneexposed to x-ray film (Biomax Light, Eastman
Kodak).Theopticaldensityof eachbandon the filmwas quantifiedusing the
Scionsoftwarepackage.

Statistics
The effects of daylength and temperatureon photosyntheticproperties
were statisticallyanalyzed by two-way ANOVA at P < 0.05 using SPSS
version14.0.All significantdifferencesmentionedin the textreferto the twoway ANOVAresults.
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